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Abstract 

Miscanthus×giganteus (M×G), a typical bioenergy crop, has been widely planted 
in Ireland. But the virgin miscanthus is considered as a low grade fuel. The aim of 
this study is to investigate a method to (a) investigate the stage of tar analysis 
methods and implement one of them; (b) to upgrade the fuel properties of raw 
miscanthus via torrefaction and to compare tar evolution over a set of process 
conditions during the bubbling fluidized bed gasification; (c) assessment of the 
measurement uncertainty of solid phase adsorption–gas chromatography (SPA-GC) 
measurement system in order to enhance the reliability of the reported results. 

Overview on tar measurement methods has been conducted in order to 
understand the needs and challenges of gasification developers in association with 
the tar characterization. Tar measurement methods are divided in off-line and on-line 
methods. Off-line methods are based on trapping the tar by condensation on cold 
surfaces or filters, by absorption in a cold organic solvent or by adsorption onto 
suitable sorbents. Subsequent analysis is mostly performed by GC or gravimetrically. 
On-line characterize tars in the hot gas phase and offer quick real time information. 
However, in practice, on-line monitoring of tar content in the producer gas is not 
performed. Off-line tar measurements are conducted only occasionally by research 
institutes in the context of research projects.    

The main part of research involved comparing the gasification of raw and 
torrefied M×G. The experiments were conducted in an allothermal air-blown BFB 
gasifier using olivine as bed material at ECN in Netherlands. There is an indication 
that torrefied M×G generates higher yields of both total GC detectable tars as well as 
20 individually quantified tar species. The total GC detectable tar production from 
raw M×G is 14 to 19 gTotal GC detectable tar kg-1

Biomass-daf whereas tar yield for torrefied 
M×G varies from 21 to 31 gTotal GC detectable tar kg-1

Biomass-daf measured for the 
temperature range from 715 to 850 °C and from 660 to 850 °C for raw and torrefied 
M×G, respectively. High tar content is attributed mainly to the higher lignin, but 
lower moisture content and the small particle size of the torrefied M×G may also 
contribute. In terms of the effect of the operational conditions, temperature is 
demonstrated to play the dominant role in tar reforming reactions namely (a) tar 
cracking and (b) PAH enlarging. The highest yields of total GC detectable tar, 
secondary tars, and tertiary-alkyl tars are typically observed between 700 and 800 °C, 
while tertiary polyaromatic tars increase up to the tested maximum temperature of 
850 °C. The data from the two experimental campaigns suggests that at constant 
temperature the ER has relatively little impact on the amount or composition of tar. 

For the SPA-GC measurement system used for tar sampling and analysis the 
uncertainty analysis were performed. The two chromatographic methods studied do 
not give comparable total gas chromatography (GC)-detectable tar results in the 
product gas, although a trend of decreasing tar yields across gasification temperature 
range was observed for both sets of measurements. The GC-FID measurements were 
significantly higher than the GC-MSD measurements. Their overall uncertainties 
also vary by a significant margin. While a quantitative method based on a single 
calibration curve offers a significant advantage, in terms of speed and simple 
quantitation of total GC-detectable tar, such an approach introduces greater 



  

 

 

uncertainty within the reported results.  The relative expanded uncertainty is 109.4 % 
for the GC-MSD based measurement system and 35.0 % for the GC-FID based 
measurement system. The dominant uncertainty contributor arises from the 
chromatographic category and the related quantitation method. 

Overall, the results reveal that the torrefaction of M×G is not a promising 
approach for tar reduction in BFB gasification. Tar measurement systems and their 
calibration methods are the elements of unreliability of the results. As such, they 
remain the on-going challenge for gasification developers.
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Chapter 1: Introduction 

1.1 Background 

Natural and anthropogenic substances and processes that alter the Earth’s energy 

budget are physical drivers of climate change. Man has no influence on the natural 

processes such as volcanic or solar activity. However, recent climate changes cannot 

be explained by such natural causes alone. Research indicates that natural causes do 

not explain most observed warming, especially warming since the mid-20th century 

(IPCC 2014). 

The population is increasing quickly since the 1950s due to improved agricultural 

technologies and medical science (Tilman et al 2002). This population growth has 

resulted in a higher energy demand largely reliant on fossil fuels such as coal, crude 

oil and natural gas. Greenhouse gas emissions from anthropogenic sources contribute 

to the serious environmental issues across the world. The Intergovernmental Panel on 

Climate Change (IPCC 2014) linked the human influence on the climate system with 

a high level of certainty: 1. the atmosphere warming 2. terrestrial and ocean surface 

temperature increase (Figure 1.1a), 3. increase in sea level (Figure 1.1b) and 4. the 

worldwide shrinking of the glaciers coincides with the raise of anthropogenic CO2 

emissions shown in Figure 1.1c. On top of that extensive deforestation has reduced 

the earth’s capacity as a carbon sink. The overall effect of those factors is that the 

concentration of the major greenhouse gas CO2 in the atmosphere is increasing 

gradually (Moron 2013). 

 
 



Chapter 1                                                                                                                         Introduction 

2 

 

 
 

 
Figure 1. 1: (a) Annually and globally averaged combined land and ocean surface 

temperature anomalies relative to the average over the period 1986 to 2005. Colours 

indicate different data sets. (b) Annually and globally averaged sea level change 

relative to the average over the period 1986 to 2005. Colours indicate different data 

sets. All datasets are aligned to have the same value in 1993. (c) Global 

anthropogenic CO2 emissions from forestry and other land use as well as from 

burning of fossil fuel, cement production and flaring (IPCC 2014). 

Changes in atmospheric chemistry have severe effects on the entire biological 

system and are detrimental for flora and fauna. There is a concern that it might 

trigger chain reactions with great uncertainties for future existence of the earth’s 

biodiversity as we know it today (Moron 2013). Substitution of the fossil fuels with 

biomass is an attractive strategy to meet the challenges of climate changes by 

mitigation of greenhouse gas emissions. Providing a carbon sink through the 
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plantation, biomass is considered as a carbon neutral source due to the complete 

carbon cycle as presented in the Figure 1.2. 

 

 
 

Figure 1. 2: Diagram of the earth’s carbon cycle (“UCAR” 2016). 

There are several ways to utilize biomass as a feedstock for bioenergy production. The 

most common routes are (i) thermochemical such as pyrolysis, gasification, combustion; (ii) 

chemical including hydrolysis and, (iii) microbiological with the various fermentation 

technologies. The scope of the present work is biomass gasification technology. 

1.2 Biomass 

From a biofuels point of view lignocellulosic biomass is of particular interest. 

Lignocellulosic biomass is a widely available and cheap feedstock, not competing 

with the human food supply. Energy crops, plants grown for the purpose of energy 

recovery, have a short growing period, high crop yields, and little or no fertilizers are 

required. Miscanthus and willow are widely utilized energy crops (Basu 2010). 

Miscanthus is a perennial grass with its origins in the tropics and subtropics range in 

East Asia and crop yield in the range from 1.5 to 4 kg m-2. Miscanthus×giganteus 

(M×G) contains an average of 2% mineral matter and less than 15% moisture if 

harvested in March. The low fertiliser demand was attributed to the translocation of 

the nutrients to the rhizomes at the end of the growing season. The remarkable 
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adaptability of M×G to different environments makes this crop suitable for 

production under a range of European climatic conditions without the risk of 

proliferation since the seeds are sterile (Michel et al 2011). 

Cellulose, hemicellulose and lignin are major polymeric components of biomass 

materials and they vary substantially with the type of biomass. Figure 1.3 shows the 

mechanical and chemical structure of lignocellulosic biomass. 

 

Figure 1. 3: Structure of lignocellulosic biomass with cellulose, hemicellulose, and 

lignin represented (Alonso et al 2012). 

Cellulose primarily consists of D-glucose microfibrils embedded in a matrix of 

hemicellulose and lignin. Hemicellulose is a branched polysaccharide comprised of 

sugars, such as glucose, xylose, mannose, galactose, arabinose and uronic acids, 

while lignin is a macrostructure composed of three different phenyl propane 

monomers, coniferyl alcohol (softwood), syringyl alcohol (hardwood) and coumaryl 

alcohol (grasses and agricultural crops) with cross linking between the phenyl 

propane units (Yu et al 2014). However, extractives should not be ignored as well. 

Extractives are extracted by using the inert solvents e.g. water and alcohol and 

include waxes, fats, resins, tannin, simple sugars, starches, pigment and so on (Guo 

et al 2010). Table 1.1 presents the lignocellulosic composition of some typical 

biomass feedstocks for gasification. 
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Table 1. 1: Lignocellulosic composition of typical biomass (from ECN Phyllis data 

base; (Pandey et al 2016)). 

wt% (dry) Polar 

#809 

Beech 

#797 

Birch 

#795 

Willow 

#2543 

Miscanthus 

#1040 

Poultry 

litter 

Cellulose 49  49 48 39 45 13 

Hemicellulose  17  22 25 18 30 12 

Lignin 18  24 19 26 21 14 

 

However, despite of the promising perspective for biomass there are 

disadvantages that limit its utilization as a gasification fuel: (Milne et al 1998; 

Kwapinska et al 2015). 

(1) Low energy density of the bulky feedstock generating high transportation 

cost. 

(2) Biodegradability of larger bulk quantities. 

(3) Due to the fibrous structure size reduction and feeding into the reactor is 

difficult. 

(4) Agglomeration in the reactor due to reactive mineral components. 

(5) Tar which limits conversion efficiency and the application of the product gas. 

1.3 The principle of biomass gasification 

Biomass gasification is a thermochemical process operating between 600 - 900 

°C, which converts solid carbonaceous fuels into product gas (e.g. H2, CO, CO2, 

CH4, H2O, C2H2, tars, …) by mixing the fuel with an appropriate gasification agent 

(Good et al 2005). When biomass particles enters into the reactor drying, pyrolysis, 

combustion, and gasification reactions take place. After the drying, the biomass 

polymers thermally decompose and volatiles are released. The products of 

devolatilization (i.e. pyrolysis) are permanent gases such as CO, H2, CO2, H2O and 

primary tars (i.e. bio oil). By introducing oxygen part of the pyrolysis products are 

oxidised which provides the heat necesary for endothermic pyrolysis and gasification 

reactions. Gasification reactions occur between gas and solid phase and between gas 

and liquid phase. For example: Gas-solid reactions (i.e. char gasification) such as the  

Boudouard reaction C + CO2 → 2CO and steam carbon reaction C + H2O → CO + 
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H2. On the other hand gas-liquid reactions (i.e tar reforming) such as steam 

reforming CnHx + nH2O → (n + x/2)H2 + nCO. The location of described reactions 

depend on the type of  gasification reactor which is described in section 1.4 (Gómez-Barea 

and Leckner 2009; Basu 2010). 

Figure 1.4 shows how gasification is classied when the amount of oxygen 

introduced into the reaction is considered. It is exemplified using the stoichiometric 

combustion for glucose. If the amount of oxygen satisfies this reaction we are talking 

about combustion. For combustion the equivalence ratio (ER) or the stoichiometric 

ratio of oxygen to fuel is ≥ 1. As soon as the amount of oxygen decreases, the 

stoichiometric ratio of oxygen to fuel is no longer satisfied. The ER decreases and 

the process can be described as gasification. If the reaction is performed in an oxygen 

free atmosphere, the ER falls to zero. In this case we are talking about pyrolysis 

(Basu 2010). 

 

Figure 1. 4: Definition of the three thermochemical conversion processes based on 

the amount of oxygen introduced into the reaction, the products and their application. 

1.4 The technology of biomass gasification 

Existing gasification technologies can be categorised/classified/grouped on the 

basis of the operational conditions (i.e. heat source, gasification agent, and reaction 

pressure), but the most common classification based on the type of gasifier. Fixed 
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bed, fluidized bed, and entrained flow gasifiers are the three main types of gasifier 

(Gómez-Barea and Leckner 2009). 

In fixed bed gasifiers, the fuel goes through different zones where the gasification 

reactions take place. If the fuel bed moves downwards and the gasification medium 

flows upwards the technology is called updraft or counter-current gasification as 

shown in Figure 1.5a. If the fuel bed and the gasification medium move in the same 

direction the technology is called downdraft or co-current gasification as shown in 

Figure 1.5b. In the updraft arrangement the gasification efficiency is high since the 

fuel is completely converted into gas and tar. However, the tar content is high 

because the gas leaves the reactor near the pyrolysis zone. In the downdraft 

arrangement the temperatures are higher (> 1000 °C) delivering a low-tar product gas 

but the gasification efficiency is also reduced due to enhanced exothermal oxidation 

reactions (Gómez-Barea and Leckner 2009; Higman and Van der Burgt 2011). 

 

Figure 1. 5: The two main types of fixed bed gasifiers (a) updraft (b) downdraft 

(Gómez-Barea and Leckner 2009). 

The concept of the fluidized bed enables scale-up to medium and large scale 

gasifiers that is typically a problem for fixed-bed reactors. The two concepts of 

fluidized bed are presented here. Fluidized bed (FB) is shown in Figure 1.6a and the 
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circulating fluidized bed (CFB) gasifier in Figure 1.6b. Both are essentially fluidizing 

but differ in the sense that in the CFB the recirculation of particles leads to a greater 

efficiency of carbon conversion by increasing the residence time of particles. 

However, if the gasification temperature is not high enough the tar in the product gas 

can make the process unfeasible from a technical and economical point of view 

(Gómez-Barea and Leckner 2009; Higman and Van der Burgt 2011). 

 

Figure 1. 6: The two main types of fluidized bed gasifiers (a) bubbling fluidized bed 

(b) circulating fluidized bed (Gómez-Barea and Leckner 2009). 

Entrained flow gasifiers (EFG) are well known for coal, but the current concept 

without adaptation is not suitable biomass. In principle, an entrained-flow gasifier 

seems to be an attractive way to process biomass, since the high temperature (> 1200 

°C) enables a tar-free gas. But, there are some aspects which are not favourable for 

the biomass. For example, the short residence times of entrained-flow reactors 

requires powder size particles to ensure full carbon conversion. Size reduction of 

fibrous biomass is difficult and not feasible at the current stage of development 

(Gómez-Barea and Leckner 2009; Higman and Van der Burgt 2011). 
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It seems that or the near future, gasification processes for biomass conversion at 

medium and large scale will focus on fluidized bed designs (Gómez-Barea and 

Leckner 2009). 

1.5 Biomass gasification tars 

1.5.1 Tar problem 

Tars are one of the major problems limiting further application of gasification 

product gas. Tar is undesirable because of various issues associated with 

condensation, formation of tar aerosols and polymerization to form more complex 

structures, which cause problems in the process equipment. However, when 

describing the impact of tars it is necessary to make a distinction between firing the 

product gas in a boiler, and more advanced applications of the product gas. When 

using the product gas in a boiler its temperature is kept as high as possible to prevent 

tar-induced problems. More advanced applications, such as utilization of the product 

gas in a gas engine, a gas turbine, or for the production of gaseous or liquid fuels, 

requires a much cleaner product gas. In these cases, tar has to be removed from the 

product gas. In the Table 1.2 the upper tar limits for the product gas applications are 

listed as well as typical levels of tar assoctiated with the type of the gasifier. The 

impact of tar on the performance of downstream processes is not only related to the 

total tar concetration, but also to the specific tar fractions or tar compounds (Van 

Paasen et al 2004). In terms of gasification efficiency, tar typically accounts for 5 to 

15 % of the total energy in the biomass (Quanguo et al 2004). Nevertheless, nearly 

all chemicals found in tar are more or less toxic and dangerous envionmental 

polutants. Tars containing heteroatoms (N, S, O) are highly soluble in water, causing 

wastewater problems (Osipovs 2008). In order to monitor and predict tar related 

issues the ability to identify and quantify tar levels is essential (González et al 2012).  

Compared to coal, lignocellulosic biomass tends to release tars at lower 

temperatures and produce higher overall tar yields. Lignocellulosic tars reflect the 

more highly oxygenated, thermally labile, and reactive makeup of lignocellulosic 

biomass. The greater reactivity of lignocellulosic biomass and their tars tend to make 

process installations more sensitive to their chemical changes (Morgan and 

Kandiyoti 2013). 
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1.5.2 Tar definition and classification 

The definition of tars is one of the most inconsistent terms in biomass gasification. 

Tar can be described as a black, viscous, sticky material composed mainly of 

phenolic and aromatic compounds. Condensed tar from the biomass gasification 

fluidised bed test rig installed in the University of Limerick (Carbolea research 

group) is presented in Figure 1.7. 

 

Figure 1. 7: Condensed tar from the biomass gasification process in the University 

of Limerick, Ireland. 

The term 'tar' describes a complex material composed from hundreds of single 

organic species unavoidably formed during the pyrolysis step of the gasification 

processes (Morf et al 2002). Tar is a mixture of organic molecules including acids, 

aldehydes, ketones, alcohols, phenols, larger polycyclic aromatic hydrocarbons, and 

particulate matter whose amount in the product gas depends on the operating 

conditions (González et al 2012). Some definitions of biomass tars that can be found 

in the literature: 

 Tar is generic (unspecific) term for all organic compounds present in the 

gasification product gas excluding gaseous hydrocarbons (1 to 6 carbon 

atoms) (Biomass 2006). 

 Condensable products at ambient temperature that often imply aromatic 

compounds and polyaromatics (Osipovs 2009). 
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 The organics, produced under thermal or partial-oxidation regimes of any 

organic material (Milne et al 1998). 

 All organics with a molecular weight larger than benzene (excluding soot and 

char) (Van Paasen et al 2004). 

In addition, the definition of tar often refers to the type of gasifier, requirements 

for a particular end-use application, limitations associated with the condensation 

behaviour and tar sampling and measurement methods (Milne et al 1998). 

There are at least three ways how tar could be classified. The first commonly used 

classification is conditional on the capabilities of the tar sampling and measurement 

method described by CEN/ST 15439:2006 (Biomass 2006). Here tars are divided 

into gravimetric tars and tars detected by gas chromatography (i.e. GC detectable 

tars). Gravimetric tars are the residue after solvent evaporation from the tar solution 

collected by the wet condensation method.  Gravimetric tar cannot be defined as total 

tar since, due to the fact that lighter tar compounds will disappear during the solvent 

evaporation procedure used for their determination. Paasen and Kiel stated that only 

compounds larger than 3 aromatic rings fully remain in the evaporation residue (i.e. 

gravimetric tar). GC detectable tars include all individual species able to elute from a 

capillary chromatography column typically in the range from benzene to coronene (7 

aromatic rings). From the following it obvious that the gravimetric tars and the GC 

detectable tars partly overlap which needs to be considered in order to avoid double 

counting (Van Paasen et al 2004). 

A well established classification system presented by Milne et al. divides tars into 

primary, secondary and tertiary groups. The tertiary tar group is further divided into 

alkyl tertiary tars and PAH tars (Milne et al 1998). This classification (Table 1.2) 

based on the gasification temperature regime is also used in the present work. 
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Table 1. 2: Tar classification proposed by Milne et al. (Milne et al 1998). 

 

Up to 

500˚C Primary tar 

Cellulose, hemicellulose and lignin-derived products 

such as levoglucosan, hydroxyacetaldehyde, furfurals, 

methoxyphenols 

 
From 

500 to 

700˚C 

Secondary tar 

Phenolics and olefins  

 
 

 

 

From 

700˚C 

upwards 

Alkyl tertiary 

tar 

Methyl derivatives of aromatics, such as 

methylacenaphthylene, 

methylnaphthalene, toluene, and indene. 

 
Condensed 

polycyclic 

aromatic 

hydrocarbons 

(PAH) tertiary 

tar 

PAH series without substituents, such as benzene, 

naphthalene, acenaphthylene, anthracene, phenanthrene, 

pyrene. 

 
 

 
At process temperatures up to 500 ˚C oxygen rich hydrocarbons called primary 

tars are released from the lignocellulosic fuel. In the temperature range between 500 

and 700 ˚C primary tars evolve into secondary tars which are mainly represented by 

phenols, heterocyclic, and substituted light aromatic hydrocarbons. At temperatures 

higher than 700˚C, tertiary tars, polycyclic aromatic hydrocarbons (PAH), are mainly 

present. 

Another classification system given by Paasen and Kiel divides tars into five 

classes and is presented in Table 1.3 (Van Paasen et al 2004). This system is based 

on the condensation behaviour of tars and their solubility properties in water. 
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Table 1. 3: Tar classification given by Paasen and Kiel (Van Paasen et al 2004). 

Tar class Tar compounds 

Class 1: GC-undetectable Compounds larger than coronene 

Class 2: Heterocyclic 

Aromatics 

Compounds such as phenol, pyridine, cresol 

Class 3: 1 aromatics ring Compounds such as xylene, styrene, toluene 

Class 4: Light polyaromatic 

hydrocarbons (2-3 rings) 

Compounds such as naphthalene, fluorene, 

phenanthrene 

Class 5: Heavy polyaromatic 

hydrocarbons (4-7 rings) 

Compounds from flouranthene, up to coronene 

 

Class 1 includes compounds that cannot be detected by gas chromatography 

equipped with a capillary column. In the product gas these compounds are normally 

present in very small concentrations (less than 0.1 mg Nm-3), but they condense at 

high temperature, typically above 200 ˚C. Class 1 can be determined by subtracting 

the GC-detectable tar fraction from the total gravimetric tar or by HPLC which 

enables analysis of heavy hydrocarbons with a molecular weight larger than 

coronene. Hetero atomic Class 2 includes polar tars highly soluble in water which 

raises problems in the waste water treatment. Class 3 are light tars with one aromatic 

ring. Although they are normally not involved in condensation issues, the 

concentrations can be substantial which can be detrimental to downstream 

applications such as chemical synthesis processes. Class 4 and Class 5 are PAHs with 

a dew point increasing with the molecular size and the concentration. 

1.5.3 Pathways of tar formation and reforming in the fluidized bed 

gasification process 

Biomass gasification in a bubbling fluidized bed is typically conducted in the 

temperature range 600 - 900 °C where drying, pyrolysis, combustion, and 

gasification reactions take place (Basu 2010). In the fluidized bed most of the 

biomass particles float on the bed surface due to their lower density than the bed 

material such as olivine. After de-volatilization from the particles volatiles 

immediately enter into the freeboard converting into aromatic tars via secondary 

reaction pathways. According to the study of Mayerhofer et al. inside the fluidizing 
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bed, only a low tar concentration was measured. The emitted tar seemed to be 

converted into dry gases (i.e. CH4, CO, CO2 and H2) in the presence of the hot bed 

material (Mayerhofer et al 2014). Pyrolysis is the precursor mechanism for tar 

formation during which the lignocellulosic material breaks down releasing primary 

tars, also called pyrolysis oil (Dufour et al 2011). Primary tars resemble biomass 

monomer structures and possessing mainly acid, aldehyde and ketone functional 

groups. Secondary tars evolve from primary tars by partially losing functional groups 

and increasing aromatic molecular structure. Tertiary tars further evolve from 

secondary tars by completing condensation pathway resulting in purely aromatic 

compounds composed from 1 - 5 fused six-membered aromatic rings (Milne et al 

1998). Phenol, benzene, and naphthalene are reported to be the most abundant 

species in any tar mixture (Kinoshita et al 1994). Further tar evolution is the result of 

simultaneous thermochemical reactions including chemolysis, depolymerisation, 

oxidation, polymerisation and cycloaddition (Yu et al 2014). Reaction pathways and 

the amount of tar in the gas depends on process conditions (i.e. temperature, 

equivalence ratio, residence time), feedstock, bed material properties, and reactor 

configuration (Manyà et al 2005; Berrueco et al 2014; Yu et al 2014). 

At elevated temperatures radical reactions are responsible for tar reforming 

reactions and tar polymerisation. Tar reforming can be described by reactions given 

in Equations 1.1 - 1.6: (Gómez-Barea and Leckner 2009; Yu et al 2014). 

Thermal cracking: pCnHx  → qCmHy + rH2                                                         (1.1)                        

Steam reforming: CnHx + nH2O → (n + x/2)H2 + nCO                                         (1.2)                           

Dry reforming: CnHx + nCO2 → (x/2)H2 + 2nCO                                                 (1.3)                         

Carbon formation: CnHx → nC + (x/2)H2                                                              (1.4)                     

Hydrogenation: CnHx + (2n – x/2)H2 → nCH4                                                      (1.5)                                                     

Oxidation reaction: CnHx + (x/4 + n)O2 → (x/2)H2O + nCO2              (1.6)                                                            

The reforming rate also depends on the atmosphere in which the tars are cracked. 

The gas components H2O and CO2 increase the cracking rate of tars whereas H2 

suppresses it (Vreugdenhil et al 2009). PAHs derived from lignin are mainly from 
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the conversion of the phenolic substances. PAHs derived from cellulose and 

hemicellulose are the result of the reaction between miscellaneous hydrocarbons and 

benzene, toluene, ethylbenzene, and xylene (i.e. BTEX). Phenolic pathway initiates 

with phenol release by breaking ether bond in lignin. Phenol loses CO radical and 

one H2 which results in cyclopentadiene radicals which then combine to generate 

aromatics with two or more rings. Another pathway initiates with the propylene and 

butadiene addition reaction forming benzene. PAHs formation initiate by benzene 

growth via the addition reaction of ethylene molecules or directly via the benzene 

ring condensation reaction (Fitzpatrick et al 2008; Yu et al 2014). Morf et al. 

summarized three models for PAH growth. The first one predicts direct fusion of 

intact aromatic rings. The second one suggests thermal degradation of benzene 

forming acetylene. As the acetylene concentration approaches that of benzene, H-

abstraction activates aromatic rings and acetylene addition propagates PAH growth 

by cyclisation. The reaction described is also called H2 abstraction C2H2 addition 

(HACA). The third one initiates with phenol which is then reformed via Diels-Alder 

reaction into PAH such as naphthalene and indene (Morf et al 2002). Paasen and Kiel 

also suggested that PAHs might be produced by the thermal decomposition of large 

tar clusters which are not GC detectable (Van Paasen et al 2004). Figure 1.8 shows 

simplified reaction pathways of pyrolysis tars as suggested by (Dufour et al 2011). 
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Figure 1. 8:  Reaction pathways of homogeneous thermal reforming of the main 

aromatic tar (secondary and tertiary reactions) in a biomass pyrolysis gas (Dufour et 

al 2011). 

1.5.4 The effect of temperature 

Process temperature is consistently described in the literature as a dominant factor 

in tar evolution during biomass gasification (Narvaez et al 1996; Manyà et al 2005; 

Berrueco et al 2014). Tar development initiates with depolymerisation of 

lignocellulosic material at temperatures between 200 °C and 500 °C generating 

oxygen rich primary tars. Secondary tars develop from primary tars at temperatures 

above 500 °C, while at 800 °C the tar molecules undergo rearrangement into tertiary 

tars. Desirable permanent gases such as H2, CO, CH4, and unsaturated C2-C4 

hydrocarbons are derived from temperature driven tar decomposition/evolution 

(Milne et al 1998; Berrueco et al 2014; Yu et al 2014). Total tar production reaches a 

peak at 700 - 750 °C after which there is steep decrease in concentration (Kinoshita 

et al 1994; Van Paasen et al 2004). Figure 1.9 shows the evolution of primary, 

secondary and tertiary tar group measured by Milne et al. (Milne et al 1998). 
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Figure 1. 9: The evolution of the four tar groups as a function of temperature at 0.3 s 

gas-phase residence time (Milne et al 1998). 

Temperature not only affects the amount of tar but also its composition. 

Secondary tars such as toluene, xylene, styrene, indene decease steadily as 

temperature increases. Oxygen-containing phenol, cresols, and benzofuran decease 

significantly with temperature and are almost entirely reformed at 800 °C. 

Substituted and heteroatomic tars reform at lower temperatures by losing OH and 

CH3 groups. Tertiary tars including benzene and polycyclic aromatic hydrocarbons 

(PAHs) increase exponentially with increasing temperature due to promoted 

polymerization reactions (Kinoshita et al 1994; Van Paasen et al 2004).  For 

complete thermal conversion of PAHs under pyrolysis conditions temperatures of at 

least 1200 °C with residence times of up to 10 seconds are required. With the 

addition of reactive gases such as steam complete tar conversion can be achieved at 

900 - 950 °C at residence times of about a second (Morf et al 2002). According to 

Morgan and Kandiyoti who refer to unpublished work at Imperial College of 

London, with the addition of reactive gases such as steam, complete tar conversion 

can be achieved at 900 - 950 °C with a residence times of about 1 s (Morgan and 

Kandiyoti 2013). However, thermal tar conversion results in soot formation which 

may be even more problematic than tars. 
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1.5.5 The effect of equivalence ratio 

The equivalence ratio (ER), defined as the ratio between the oxygen introduced 

into the gasifier and the oxygen needed for the complete stoichiometric combustion 

of the fuel, is also an important process parameter as higher ER values increase the 

CO2 and reduce H2 and CO contents in the product gas (Devi et al 2003). Fitzpatrick 

et al. studied eugenol reforming under both pyrolysis and oxygen-rich conditions. 

High molecular weight PAHs were generated in the absence of oxygen, while in the 

presence of oxygen PAH formation was inhibited by reactions between radical 

intermediates and oxygen (Fitzpatrick et al 2008). In contrast, Kinoshita et al. 

suggested that higher ER stimulates the formation of higher molecular weight PAHs 

(Kinoshita et al 1994). Tar reforming by oxidation may be limited during 

gasification, because tar competes with more reactive permanent gases for the 

oxygen (Gómez-Barea et al 2013). Table 1.4 summarize the findings of the effects of 

equivalence ratio on the evolution of gasification tars. However, in some types of 

gasifiers the ER cannot be independently studied. For example in industrial scale 

auto-thermal reactors the temperature inherently increases by increasing the ER, in 

which case tar production is an effect of temperature rather than ER. 
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Table 1. 4: Literature overview of equivalence ratio effect on tar yields from 

fluidized bed (FB) gasifiers. 

Gasification condition Equivalence ratio effect on tar yields Reference 

•FB. Feed rate constant, 

manipulation of O2 and N2 

ratio for ER adjustment. ER 

range 0.22 - 0.32 at 700 °C. 

•Tar yields reported as  gtar kg-1
biomass(db). 

Total tar decreased by 30%. 

Single-ring species decreased. 

Oxygenated compounds decreased 

steeply. 

2,3,4-ring aromatics increased. 

(Kinoshita 

et al 

1994) 

•FB. Biomass feed rate 

constant, ER adjustment 

mechanism not reported. ER 

range 0.15 - 0.35 at 800 °C 

and with secondary air 

injection. 

•Tar yields reported as gtar m-3. 

Total tar decreased considerably. 

Styrene and phenol decreased. 

Toluene and indene yields were highest 

at an ER of 0.25 followed by a decline. 

Naphthalene yield significantly 

increased. 

(Hanping 

et al 

2008) 

•FB. The ER value was 

changed by adjusting the 

feed rate. ER range 0.25 - 

0.45 at 800 °C. 

•Tar yields reported as gtar Nm-3. 

Total organic carbon of condensates 

decreased significantly. 

(Narvaez 

et al 

1996) 

•FB. The ER value was 

changed by adjusting the 

feed rate. ER range 0.25 - 

0.35 at 800 °C. 

•Tar yields reported as % of feed (as 

received). Gravimetric tar yields 

increased. 

(Manyà et 

al 2005) 

•FB. The ER value was 

changed by adjusting the 

feed rate. ER range 0.22 - 

0.28 with increasing 

temperature from 750 to 950 

°C.  

•Tar yields reported as mgtar Nm-3. 

Total GC detectable tar yield, GC 

undetectable tar, heterocyclic and light 

aromatics decreased. 2 and 3 ring 

aromatics remained constant. Larger 

PAH species increased. Tar dew point 

increased. 

(Van 

Paasen et 

al 2004) 
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1.5.6 The effect of residence time 

The tar composition and yield is a result of multiple consecutive reactions. Each 

reaction has a specific reaction time (reaction time is inversely proportional to 

reaction rate) to be completed at a certain temperature. Paasen and Kiel sampled tar 

at different freeboard heights as well as after the cyclone. The gas residence time 

(RT) of the product gas in the gas phase varied between 1.2 and 5.4 s. Due to the gas 

phase reactions in the free board such as the water gas shift, tar reforming, 

polymerisation and cracking reactions, the total tar concentration in the product gas 

decreased with increasing gas RT. With respect to the tar composition species larger 

than naphthalene increased, while heterocyclic and one ring aromatics decreased 

with increasing RT. In conclusion the longer residence time in the freeboard of a FB 

gasifier was found to have a similar, but much smaller, effect than increasing the 

gasification temperature (Van Paasen et al 2004). Kinoshita et al observed an effect 

on tar composition but tar yields were not influenced by the free board RT in the 

range 3.2 - 4.8 s (Kinoshita et al 1994). Manya et al. studied the effect of residence 

time in the bed zone by extending bed height from 150 to 300 mm. No trend was 

observed in the tar production when the gas residence time in the fluidised bed was 

increased (Manyà et al 2005). The effect of the residence time in the range between 

0.09 to 1.4 s during the pyrolysis in the tubular flow reactor was studied by McGrath 

et al. Residence time at 800 °C had a much larger effect on low temperature tars 

produced at 300 °C than high temperature tars produced at 600 °C (McGrath et al 

2001). Low temperature tars are reach on oxygen and therefore thermally less stable 

resulting in higher reforming rates towards PAH. However, high temperature tars 

generate higher overall yields of PAHs than low temperature tars. 

It needs to be noted that intra-particle phenomena is important and adds 

complexity to the reactions that govern tar amount and composition (Milne et al 

1998). Therefore, the RT of volatiles within particles and the residence time of 

volatiles in the gas phase (i.e. free board zone) need to be viewed separately. Padban 

et al. and Mayerhofer et al. attributed more efficient tar cracking to longer residence 

time of tar compounds in larger particles (Padban et al 2000; Mayerhofer et al 2012). 
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1.5.7 The effect of gasification medium 

In the FB gasification air, steam, nitrogen and oxygen or blends of them are 

typical gasification mediums. Abundant air includes oxygen which has the potential 

to reduce tar levels in the product gas. As stated by Narvaez et al. secondary air or 

oxygen added in the freeboard may have a large impact on tar formation. They 

proposed splitting the air flow in two but maintaining the overall ER constant. For 

example: overall flow with an ER of 0.29 split into a fluidization flow with an ER of 

0.24 and secondary air with an ER of 0.05 (Narvaez et al 1996). In bigger gasifiers 

the secondary air causes a temperature rise in the freeboard (to 1000 °C), providing 

thermal tar cracking. 

Steam can react with tar at high temperature via steam reforming reactions 

presented in Equation 1.2. Steam reforming of tar is a highly endothermic process 

and therefore the available heat determines to what extent the steam can contribute to 

tar reforming reactions. Mayerhofer et al. tested steam to biomass (S/B) in the range 

from 0.8 to 1.2 in an allothermal gasifier. The lowest total tar content was observed 

at the highest S/B ratio. Higher temperatures increased the effect of steam. At 750 °C 

the total tar was reduced by 17 %, but at 840 °C the reduction was of 44 %. The 

temperature also affected steam activity towards individual tar species. At 800 °C all 

tar species are decreased, while at 750 °C only phenolics decreased with the 

increasing S/B ratio (Mayerhofer et al 2012). 

In some small research test rigs the biomass feed rates are small. So air supply is 

also limited with the aim of maintaining a desired ER. In order to facilitate 

satisfactory fluidization condition nitrogen is blended with the oxidising agent. 

Addition of nitrogen is not applicable to the commercial scale gasifiers because it 

dilutes product gas (Van Paasen et al 2004; Kwapinska et al 2015). 

1.5.8 The effect of reactor pressure 

Pressure affects tar evolution in two ways. 1) The increase in the system pressure 

shifts the reaction equilibrium towards fewer molecules. This hinders reforming and 

cracking reactions in the gas phase inducing an increase in the tar content with 

increasing pressure. 2) The gas pressure is also influences the release of primary and 

secondary tars produced inside the biomass particle. An increase in the pressure 
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supress the release of the primary/secondary tars from the biomass particle. That 

leads to the longer residence times, enhancing tar cracking and thus changes the 

composition and yields of the released tars (Mayerhofer et al 2012). In the literature 

no clear tendency could be found for the influence of pressure on the tar content. 

During steam gasification at 750 °C Mayerhofer et al. observed a more than 50 % 

increase in total tar content when pressure increased from 1 to 2.5 bar. Higher 

pressure also had an effect on the individual tar species. The phenolics were only 

slightly affected whereas the concentrations of the larger PAHs increased. The most 

significant increase, by almost 200 % was observed for naphthalene. It has to be 

noted that due to the increased gas pressure the mass flow of the steam was increased 

to ensure proper fluidization. To keep the S/B ratio constant biomass mass flow was 

increased as well which is likely to be a cause of increased tar content with 

increasing pressure (Mayerhofer et al 2012). Wolfesberger et al. tested dual fluidized 

bed steam gasification and found a decrease in the total tar content by 40% when the 

pressure was increased from 1 to 5 bars at a gasifier temperature of 825 °C 

(Wolfesberger et al 2009). Padban et al. evaluated the performance of an18 MW air-

blown, pressurized, circulating fluidized bed gasifier operated at 20 bar. Higher 

pressure resulted in slower devolatilisation and consequently a lower amount of tars 

was produced (Padban et al 2000). 

1.5.9 The effect of biomass composition 

Some highly recognized literature attributes only a secondary influence to the 

quality of lignocellulosic biomass on tar. The temperature regime, type of gasifier, 

residence time and bed material were features described as having a stronger 

influence on tar evolution then biomass itself (Milne et al 1998; Rabou et al 2009). 

Paasen and Kiel claimed that the lignocellulose composition may have some effect 

on the total tar concentration, while having no significant effect on the tar 

composition (Van Paasen et al 2004). Carpenter et al studied four types of feedstock 

and concluded that grassy biomass produce more total tar than wood. However, 

beyond 750 °C although the overall tar yields might be different, the tar 

compositions from the different feedstocks were virtually indistinguishable. They 

also observed that at higher temperatures the differences in overall tar yields between 

feedstock reduced (Carpenter et al 2010). 
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However, recent studies suggested that compositional differences in cellulose, 

hemicellulose, and lignin, water content, and ash content critically affect tar 

formation in the pyrolysis zone. 

The effect of added steam as a fluidizing medium has been evaluated in the 

section 1.5.7. Similarly, the higher moisture content in the biomass promotes steam 

tar reforming reactions. Harthan et al. tested wood with moisture content between 1 

and 20 wt. %. Tar yield reduced with the moisture content of the biomass. However, 

above 10 wt. % of biomass moisture no further reduction in tar yields was observed 

(Harthan et al 2000). Paasen and Kiel observed a decrease in all tar classes with 

increasing moisture content of biomass up to 30 wt. %. Tar dew point also decreased 

together with the tar content (Van Paasen et al 2004). Narvaez et al. introduced the 

H/C ratio to demonstrate the effect of H2O fed into the gasifier. The increase of H/C 

from 1.6 to 2.2 decreased the tar content by 90 %. Increasing the partial pressure of 

the steam in the gasifier promotes tar steam reforming and water-gas shift reactions 

resulting in tar reduction. Alongside tar reduction, H2, CO, and product gas heating 

value increased (Narvaez et al 1996). 

Several authors reported tar cracking reactions being promoted by inorganic 

species (i.e. Ca, Mg, Fe, K) present in biomass. Hanpinget et al. compared wood 

sawdust, wheat straw, and peanut shell and concluded that the lower total tar yield 

and increasing fraction of light tars was attributed to the higher alkali and alkali earth 

metals in the wheat straw and peanut shell (Hanping et al 2008). Link et al. obtained 

similar results by comparing untreated and leached olive residues mixed with reed, 

pine and fir wood chips. They also reported that in the presence of chlorine, fluorine 

and silica catalytic availability of alkali and alkali earth metals is diminished and the 

probability of agglomeration enhanced. The higher tar content and additional 

diversity of tar components was observed when woody biomass was added to the 

leached olive residues. That was attributed to the higher lignocellulosic content of 

woody biomass compared to the leached olive residue, despite higher mineral 

content of woody biomass (Link et al 2012). 

Compared to coal, biomass tars are found to be more reactive and less thermally 

stable due to the high oxygen and nitrogen contents (Milne et al 1998; Vreugdenhil 



Chapter 1                                                                                                                         Introduction 

24 

 

et al 2009). Paasen and Kiel and Rabou et al. said that lignin produces slightly more 

tar than cellulose, but the tar dew point is similar (Van Paasen et al 2004; Rabou et al 

2009). 

McGrath et al. studied PAH evolution during pyrolytic degradation of three 

polymeric substances resembling biomass components. PAH yields from chlorogenic 

acid, a phenolic compound that can be found in many plants and resembles lignin 

were nearly two orders of magnitude higher than PAH yields from cellulose and 

pectin, which was attributed to the higher aromatic makeup of the chlorogenic acid 

structure. Pyrene yields from cellulose, pectin, and chlorogenic acid at a thermal 

cracking at 800 °C were in the ratio of 1:0.2:20 (McGrath et al 2001). Similar results 

were obtained by Yu et al. conducting tests in an entrained flow gasifier. The total tar 

and PAHs yield from lignin was higher than those of cellulose and hemicellulose. 

From 800 °C to 1100 °C the decrease in tar yield from lignin was much less than 

from the other two polymers demonstrating the thermal stability of lignin derived tar 

species. Phenol was the most abundant species derived from lignin, while notable 

quantity of BTEX, benzofuran and furfural were derived from cellulose and 

hemicellulose at 800 °C (Yu et al 2014). During a thermolysis study Fitzpatrick et al. 

detected cellulose derived species such as hydroxyacetaldehyde, acetic acid, 

hydroxypropanone, and levoglucosan, while the furans, guiacols, syringols, and 

phenols were lignin-derived compounds (Fitzpatrick et al 2008). 

Since the monomer structures of lignin and cellulose or hemicellulose differ 

significantly, the final tar composition is expected to depend on the lignocellulose 

composition of the biomass. Primary tars released during structural de-

polymerisation of biomass will have a similar structure to the functional groups of 

original monomer. The phenyl group in lignin is a logical precursor for phenol (Van 

Paasen et al 2004) which was identified as a precursor for the formation of 

naphthalene and other PAHs (Morf et al 2002). However, PAHs can also be formed 

from cellulose, but aromatization of initial thermolysis compounds is required first 

(Anis and Zainal 2011; Link et al 2012).  
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1.5.9.1 Torrefaction 

Torrefaction is a slow pyrolysis process carried out in the temperature range of 

220 – 300 °C, during which biomass goes through dehydration, devolatilisation, 

depolymerisation and carbonization processes. Torrefaction upgrades biomass 

properties by the changes presented in Figure 1.10, but improved storage stability 

due to better microbial resistance and easier feeding into reactor due to more uniform 

shape of particles are also important features of torrefied biomass (Tapasvi et al 

2013; Chen et al 2015). 

 

Figure 1. 10: Property variation of biomass undergoing torrefaction (Chen et al 

2015). 

The torrefaction process removes moisture by heating the biomass over 200 °C.  

Depolymerisation of the long polysaccharide chains and reformation of carbon into 

aromatic structures increase the hydrophobic properties of torrefied biomass. By 

removal of CO2 and H2O it results in a biomass with lower O/C and H/C ratios which 

are related to the increase in energy density and heating value. Torrefaction also 

partially decomposes the fibrous structure of biomass enabling better grindability 

with less energy (Pimchuai et al 2010; Xue et al 2014). 
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During torrefaction cellulose and hemicellulose slowly break down, while lignin 

remains relatively preserved. Meng et al. and Boateng and Mullen compared the 

product distribution of non-torrefied and torrefied biomass from fluidized bed 

pyrolysis. Increasing the degree of torrefaction resulted in decreased mass yield and 

oxygen level in the pyrolysis oil while the yield of biochar and gas yield increased. 

Chromatographic analysis revealed that the products of lignin decomposition (i.e. 

phenols) and anhydrosugars increased with the torrefaction severity whereas light 

oxygenates such as acids, ketones, alcohols, and aldehydes decreased at the expense 

of reduced cellulose and hemicellulose (Meng et al 2012; Boateng and Mullen 2013). 

With respect to gasification, Xue et al. conducted simulations of gasification using 

TGA with CO2 as the gasifying medium. Torrefied (250 °C; 30 min) miscanthus 

(M×G) was more reactive compared to raw M×G but only at the highest gasification 

temperature of 850 °C. The higher reactivity was attributed to the increase in the 

surface area and pore volume of torrefied M×G allowing efficient diffusion of 

gaseous reagents into the particle (Xue et al 2014). Moreover, higher content of 

inorganics (i.e. alkali and alkaline metal species) may improve the efficiency of 

gasification. Work by Kwapinska et al. reported tests carried out in the air blown 

fluidized bed using both torrefied and raw M×G. Raw M×G produced a higher yield 

of H2 and lower yield of CO compared to torrefied material probably due to the 

higher moisture content that potentially promotes the water gas shift reaction and tar 

steam reforming. The yield of CH4 and CO2 was almost the same for the both 

feedstock. The product gas yield and lower heating value of the product gas were 

very similar for both feedstock while the cold gas efficiency and the carbon 

conversion was higher for the raw than the torrefied M×G. The main reason for the 

lower cold gas efficiency and carbon conversion was attributed to carbon loss due to 

increased char elutriation, higher total tar and poorer reactivity for the torrefied 

biomass. Although the initial carbon content of torrefied M×G was slightly higher 

than the raw M×G, it was more difficult to convert it into product gas since it is 

bound within the lignin (Kwapinska et al 2015). Kulkarni et al. studied torrefied and 

raw pine in an air blown, bench-scale fluidized bed gasifier. Similarly, raw pine 

produced syngas with higher cold gas efficiency and higher carbon conversion of 

biomass into syngas (Kulkarni et al 2016). It also has to be noted that the net energy 
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recovery is reduced for torrefied biomass due to the energy loss caused by the release 

of volatile products during torrefaction (Chen et al 2011). 

Torrefaction was also recognized as a potential approach for tar mitigation as a 

consequence of the partial removal of volatiles during the torrefaction process (Chen 

et al 2011; Chew and Doshi 2011). Berrueco et al. measured total tar from 

pressurized FB gasifier comparing torrefied spruce and torrefied forest residue. 

Using sand as the bed material, tar production varied from 65 to 80 g kg-1
dry biomass 

while when using dolomite yields were between 10 and 70 g kg-1
dry biomass (Berrueco 

et al 2014). Kulkarni et al. measured less than half as much total tar from torrefied as 

from raw pine (Kulkarni et al 2016). Dudyński et al. compared non-torrefied and 

torrefied wood pellets (approx. 5×30 mm) in an industrial updraft fixed-bed gasifier 

and observed reduced gravimetric tar yields from torrefied material. However, to the 

authors’ knowledge direct comparison of tars form torrefied and raw grassy biomass 

from fluidized bed gasification has never been reported (Dudynski et al 2015). 

1.6 Tar removal 

Tar formation during biomass gasification seems to be inevitable. Further 

application of the product gas frequently imposes requirements for gas cleaning (See 

Table 1.2) in order to reduce tar levels. Up till now no feasible tar cleaning or 

transformation method has been developed, and still remains the major research 

objective in the field of biomass gasification. The tar removal methods can be 

categorized into primary and secondary methods depending on the location where the 

tar is removed. Primary methods take place inside the gasifier itself while secondary 

methods take place outside the gasifier. Although primary measures (such as biomass 

optimization, using catalytically active bed materials) can reduce the tar content 

considerably, the complete tar removal is not possible without applying secondary 

measures. The selective performance of tar removal methods especially for 

oxygenated tar and large PAHs is a key issue for a successful application of producer 

gas. For example water scrubbing is a secondary method efficient in removing polar 

oxygenated tar and non-polar PAHs but, with a reactor temperature above 850 °C 

(i.e. primary method) the issue of waste water treatment can be mitigated since polar 

tars do not exist at such temperatures (Anis and Zainal 2011). However, waste water 
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treatment cannot be eliminated entirely since a portion of non-polar PAHs as well as 

contaminants such as NH3, H2S will be dissolved in the condensed water. 

Alternatively tar removal technologies can be divided into physical or chemical 

removal. Chemical methods focus on the chemical or thermal decomposition of tars 

inside or immediately after the reactor. Physical methods only remove tars 

downstream of the gasifier. They are the least desirable due to the high operation 

costs and reduction in the thermal efficiency of the gasification unit, since the 

removed tars represent energy loss from the biomass fuel (Milne et al 1998). 

1.6.1 Physical tar removal methods 

Physical gas clean-up systems are used for removal of both particulates and tars 

are divided into dry and wet gas cleaning. Dry gas cleaning is usually used prior to 

gas cooling at temperatures above 500 °C, while wet gas cleaning is used after the 

gas cooling and at temperatures about 20 - 60 °C. The most commonly used types of 

physical methods for tar removal are presented in Table 1.5. The main disadvantages 

of physical tar removal methods are the reduced net energy efficiency of the 

gasification process, fouling problems caused by condensed tar and salt formation, 

and expensive treatment for the waste waters and the sludges (Anis and Zainal 2011). 
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Table 1. 5:  Physical tar removal methods with estimated particle and tar removal 

efficiencies (Milne et al 1998; Anis and Zainal 2011). 

1.6.2 Chemical tar removal methods 

Chemical tar removal also called hot gas cleaning is typically performed at 

temperatures between 700 and 1000 °C. Using solid catalysts for tar cracking is a 

popular approach being continuously investigated. Catalysts can be introduced 

directly into the main gasification reactor as a bed material or added to the biomass 

Tar removal method Tar/particle removal 

efficiency 

Notes 

Wet  cleaning   
Wet scrubbers 
 
 
•  Packed column 
scrubber (Spray tower) 
•  Venturi scrubber 
 
•  Impingement 
scrubber 

 
 
 
•  n/a 
 
•  Tar 50 - 90 %,  particles 
up to 99.9 % 
• Tar > 95 % by 
connecting more 
impingers in series. 

Wet scrubbers use water or 
oil to condense the tar and 
remove the particles. 
• Packing material is 
sprinkled by the washing 
medium 
• Simultaneous spray 
injection of gas stream and 
washing liquid 
• Gas stream flows through a 
liquid medium 

Demisters  n/a Centrifugal flow coalesces 
droplets from the gas. 

Wet electrostatic 
precipitator 

Tar 40 – 70 %,  particles > 
99 %  

Ionized ions, particles or 
droplets are removed by the 
electric field. 

Dry  cleaning 

Fabric, metallic  filters Tar 0 - 50 %, particles 70 
– 95 % 

Filters are not suitable for tar 
removal due to the filter 
plugging. 

Ceramic, glass, quartz  
filters 

Tar 75 - 98 %  

Catalytic filters n/a Combines particle filtration 
and catalytic tar cracking. 

Dry electrostatic 
precipitators (ESP) 

n/a Ionized ions, particles or 
droplets are removed by the 
electric field. 

Rotating particle 
separators (RPS) 

Tar  up to 50 % More efficient for particles 
than tar removal. 

Inorganic bed filter Tar 50 - 97 %, particles 70 
– 99 % 

Hot or cold surface filtration 
media. 

Carbon bed filter  Tar at least 70 % Tar is removed by means of 
adsorption. 
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prior to feeding into the reactor. Catalysts can also be used in the secondary reactor 

(fixed or fluidized bed reactor) with the objective of cleaning up and upgrading the 

product gas properties. A summary of the chemical methods for tar removal is 

presented in Table 1.6. The main problems limiting their application are deactivation 

due to the carbon deposition or poisoning by the sulphur and chlorine contaminants 

(Anis and Zainal 2011). 

Table 1. 6:  Chemical tar removal methods with estimated tar removal efficiencies 

(Anis and Zainal 2011). 

Since no universal tar and particle removal method is available the combination of 

physical and chemical approaches are used to provide the quality of the product gas 

required for advanced downstream applications. 

Tar removal method Tar removal efficiency Notes 

Catalytic cleaning   
Catalytic filter  High tar removal 

efficiency 
Combines particle filtration 
and catalytic tar cracking.  

Catalysts 
•  Metal catalysts 
 
•  Alkali and earth 
alkali metal catalysts 
•  Basic catalysts 
 
•  Acid catalysts 
 
•  Non-metal catalysts 

Tar cracking efficiency 
varies substantially. 
Catalyst support and 
promoter with parameters 
such as acidity, surface 
area, and pore structure 
affect the catalyst activity. 

 
•  Ni, Mo, Al, Fe, Rh, Pd, Pt   
   based 
•  K, Na, Ca, Mg based 
 
•  Natural ores (i.e. olivine,   
   dolomite) 
•  Silicates and 
aluminosilicates   
   (i.e. zeolites) 
•  Activated carbon  or char 

Thermal cleaning The effect of these parameters is addressed in sections 
1.5.4; 1.5.5; 1.5.7 above. Oxidative cleaning 

Steam cleaning 
Plasma cleaning •  Tar 50 - 95 % The plasma of electrons 

breaks down tar compounds. 
Non-thermal plasma methods 
include pulsed corona, 
dielectric barrier discharges, 
DC corona discharges, RF 
plasma, and microwave 
plasma. 
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1.6.2.1 The effect of olivine as a catalysts for tar cracking 

Quartz sand (silica sand) is the most common bed material, because of its 

abundance, low price and excellent attrition resistance. Its main disadvantage is a 

formation of low melting, sticky salts with alkali from herbaceous biomass especially 

when chlorine is also present in the fuel. With respect to tar formation, sand is used 

as a reference material because it seems to have no activity in promoting the tar 

conversion (Siedlecki et al 2009). 

Although natural ores are not so effective in tar reduction compared to metallic 

catalysts, they are attractive due to their natural abundance and low cost. Numerous 

natural ores and minerals have been used as a bed materials tested as catalyst for tar 

cracking. 

Catalytically active olivine is regularly used as a bed material in fluidized bed 

gasification experiments as a promoter of tar cracking reactions. With respect to the 

reference bed material (i.e. silica sand), significant tar reduction (> 70 %) 

accompanied by an increase in gas yield, H2, CO, and CO2 is reported in the 

literature (Rapagna et al 2000; Devi et al 2005; Abelha et al 2013). Olivine 

consisting mainly of silicon dioxide (SiO2 39 – 42 wt. %), magnesium oxide (MgO 

48 – 50 wt.%), and iron(III) oxide (Fe2O3 8 – 10 wt.%) embedded in a tetrahedral 

silicate structure. Fe2O3 and metallic Fe are catalytically active in C-C and C-H bond 

dissociations (Devi et al 2005; Kuhn et al 2008). After calcination at 900 °C, an 

increased catalytic activity of olivine was attributed to the elevated Fe(III)/Fe(II) 

ratio, but it was found that temperatures above 1500 °C cause sintering of olivine 

resulting in reduced catalytic activity. The higher attrition resistance of calcined 

olivine is an additional advantage over other mineral bed materials (Corella et al 

2004). But the fraction of silica, although lower than in sand, still makes olivine 

prone to agglomeration phenomena (Siedlecki et al 2009). 

Dolomite and magnesite are a magnesium ores. The general formula of dolomite 

is MgCO3•CaCO3 that contains about 30 wt.% CaO, 20 wt.% MgO and 45 wt.% CO2 

(Hu et al. 2006) while the proportions of main components in magnesite are MgO 

(47.81%), CaO (2.35%), and CO2 (49.84%) (Hanping et al. 2008). Hanping et al. 

tested olivine, dolomite, and magnesite as a bed additives with three different 
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biomass (sawdust, peanut shell, and wheat straw). It was observed that, with mineral 

addition, the total tar yield reduced greatly. However, biomass samples showed 

different selectivity for tested catalysts. For sawdust, dolomite was the most efficient, 

with total tar removal efficiency of 70 %, while for peanut shell and straw, it was 

olivine with the removal efficiency of about 50 – 60 %. With mineral addition, the 

yield of both heavy tar and light tar decreased (Hanping et al. 2008). Hu et al. tested 

olivine and dolomite in a fixed bed downstream reactor. The catalytic activities of 

olivine and dolomite were improved by calcination. The catalytic activity in tar 

reduction was greater in calcined dolomite but dolomite became very brittle after 

calcination producing significant amount of fine particles during fluidized bed 

processes (Hu et al. 2006).   

In this study olivine has been selected to be used as a bed material due to its better 

agglomeration resistance then silica sand, better attrition resistance then dolomite and 

catalytic tar cracking activity. 

1.7 Uncertainty associated with quantitative tar measurement  

As most applications of gasification require product gases with low tar content, 

robust and reliable tar measurement systems are essential in monitoring gasification 

processes to allow for effective tar removal. Nowadays, gasification workers use a 

number of different sampling and analytical methods to determine tar levels. As a 

result, any comparison of data may be problematic (Basu 2010; Neubauer et al 

2010). For a successful use of producer gas the development of tar measurement 

systems needs to include uncertainty analysis associated with the quantitative 

measurements. Gasification measurements are at most supported by repeatability, 

described as a standard deviation or a coefficient of variation. Such an approach 

covers only a limited part of the possible fluctuation of an analytical result. A more 

robust uncertainty analysis is an effective tool to identify the “weak points” of any 

test procedure. 

Measurement uncertainty is a statistical parameter, which describes the possible 

fluctuations of the result of a measurement (Meyer 2007). But why does 

measurement uncertainty matter? Decisions are made based on the results of 

measurements. Therefore, it is vital that experimental results are reliable which can 
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be achieved by providing an estimate of the measurement uncertainty including all 

known uncertainty contributions. If a persistent uncertainty contributor is 

overlooked, it may lead to misinterpretation or incorrect decisions (Ellison and 

Williams 2012). 

1.8 Objectives of the work 

Pre-treatment of biomass via torrefaction appears to be an interesting option for 

biomass pre-treatment especially for long term storage or transport. Since 

gasification is an emerging technology for biomass conversion a study on tars 

produced during gasification of torrefied grassy biomass was undertaken. In order to 

accomplish this aim following steps were undertaken/following objectives were 

formulated: 

1. An overview on the development stage of tar analysis methods. Over the 

duration of the project, several protocols for tar measurement were trialled. 

As part of this research work these tar measurement methods are classified, 

described, and critically evaluated. 

 

2. The research proposal of this research mission was to investigate the 

possibilities for tar mitigation in the product gas arising from torrefaction of 

biomass as it had been suggested as a potential method for tar mitigation 

(Chen et al 2011; Chew and Doshi 2011). Tar evolution was to be compared 

over a set of process conditions during the bubbling fluidized bed gasification 

of raw and torrefied M×G. The direct comparison of tars from raw and 

torrefied biomass using FB air gasification had not been reported prior to this 

work. 

 

3. Over the course of the development and implementation of tar measurement 

methods the authors realised the necessity of undertaking as assessment of the 

measurement uncertainty in order to enhance the reliability of the reported 

results. On the basis of the work of Ortiz et al. (Ortiz et al 2013) a detailed 

analysis of the measurement uncertainty of the SPA tar quantitation system 

was performed including the following aspects (i) to express the 
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measurement uncertainty resulting from the analysis of tar by an SPA–GC 

measurement system; (ii) to deduce the uncertainty contribution arising from 

the commonly used quantitation method based on a single representative 

calibration curve (i.e. “quantified as naphthalene”); and (iii) to compare the 

uncertainty contributions due to both mass selective and flame ionisation 

detectors. In fulfilling these objectives the present work will facilitate 

improved comparability of tar data in the field of gasification. 
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Chapter 2: Review on qualitative and quantitative 

techniques for sampling and analysis of gasification 

tars 

2.1 Introduction - why and what tar measurements are? 

Most applications of product gases require low tar content. However, for some 

applications a very rough estimate is sufficient while for others a very detailed 

chemical characterisation of tars may be necessary for successful operation. Tar 

measurement becomes essential in monitoring gasification processes, tar clean up 

efficiency, addressing legal issues, and in protecting downstream unit processes 

(Brage et al 1997; Good et al 2005; Li and Suzuki 2009). Tar analysis is 

complementary to gas analysis. But it is a more challenging, expensive, and time-

consuming task, because tar is a complex mixture of organic compounds, and its 

composition and properties vary remarkably depending upon the biomass feedstock 

and gasification conditions, which puts special requirements on the design of tar 

sampling and measurement systems (Kinoshita et al 1994; Neeft et al 2002; 

Carpenter et al 2007). 

Nowadays, gasification workers use a number of different sampling and analytical 

methods to determine tar levels. As a result, any comparison of data may be 

problematic. For a successful use of producer gas not only the quantity tar but also 

the chemical composition associated with the condensation behaviour of the tar 

components is important. In this regard, the development of tar measurement systems 

needs to be conducted in both a quantitative and qualitative manner (Biomass 2006; 

Neubauer et al 2010). For any analysis method it is crucial to identify and quantify 

the factors which can influence the result (Ahmadi, Knoef, et al 2013a), but in reality 

the sources of uncertainty are rarely properly estimated. The downstream 

components of the gasifier system such as the temperature of heated gas pipes, 

condensers and filters influence the quantity and composition of tars detected 

(Gredinger et al 2012). When sampling tar transfer lines and sampling ports should 

be as short as possible and heated in the range of 350 - 450 °C to minimize losses 

from both condensation and thermal decomposition (Carpenter et al 2007). 
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Little is known about tar make up in terms of mass distribution or structure, 

beyond that obtained from gas chromatography methods (GC), although it is known 

that tars contain material outside of the GC detectable range. Using GC data on its 

own to compare tar composition from different processes or fuels can be misleading 

(George et al 2011). On the other hand, highly sophisticated methods require high 

costs and operational knowledge that many cannot afford (Neubauer and Behrendt 

2007). 

2.1.1 Off-line vs. on-line tar measurements? 

Off-line methods are based on trapping the tar by condensation on cold surfaces 

or filters, by absorption in a cold organic solvent or by adsorption onto suitable 

sorbents. Subsequent analysis is mostly performed by GC or gravimetrically (Li and 

Suzuki 2009). Incomplete sampling, post sampling reactions and losses, and the 

averaging of sample composition are the potential sources of misleading information 

(Milne et al 1998). Off-line methods allow one to obtain averaged results only, 

because sampling is typically conducted over a period of time (e.g. 30 min) (Karellas 

and Karl 2007). 

The main advantage of on-line methods is real time observation of differences in 

tar content due to the effects of discontinuous fuel feeding or other process disorders. 

Real time observations are also valuable for studying the various reactions, which 

take place in the gasifier (Karellas and Karl 2007). On-line tar measurements are 

being continuously developed (Li and Suzuki 2009) due to the high importance of 

rapid tar information for the optimization of gasification processes (Hofmann et al 

2011). The presence of particles and condensable compounds incurs difficulties 

related not only to the sampling of the gas stream but also in terms of the need to 

protect on-line measurement instruments (Kaufman Rechulski et al 2012). Therefore, 

it is crucial that all parts of the on-line systems where hot gases are kept are operated 

at elevated temperatures to prevent condensation. The on-line tar measurement has to 

address factors of specific importance such as the response time and the robustness 

of the method. The development of on-line tar analysis techniques are poorly 

reported in the literature, (Ahmadi, Knoef, et al 2013a) probably due the lack of 
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interest by the industrial sector and the confidential nature of the development of on-

line tar measurements. 

In practice, on-line monitoring of tar content in the producer gas is not performed. 

Off-line tar measurements are conducted only occasionally by research institutes in 

the context of research projects. There is a pressing need for a method, which would 

be easy to operate, requires little maintenance, would be robust and could be 

operated at gasification plants on a daily basis (Neubauer et al 2010). 

This chapter concerns tar analysis with a focus on quantitative tar measurements 

and molecular tar composition. This review presents current development status and 

applicability of tar measurement methods divided into classes as shown in Figure 

2.1. 

 

Figure 2. 1: Classification of tar measurement methods. 

Although more analytical methods for the characterization of tar matrices have 

been published, not all are included in this review. These methods include high-

performance liquid chromatography (HPLC), open column-liquid chromatography, 

solvent fractionation, liquid-liquid extraction (LLE), nuclear magnetic resonance 
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spectroscopy (NMR), tandem mass spectroscopy (MS-MS) (Brage and Sjӧstrӧm 

1991). In particular HPLC may be practical technique due to shorter analyis time 

comparing to GC, lower operation costs (e.g. helium vs. aqueous solutions) and 

avoiding analyte degradation as may be the case in hot injector in GC. However, 

separation efficiency and identification capabilities of HPLC systems are lower 

comparing to GC systems. Another, practical approach not covered is to identify and 

measure marker compounds which are indicators of the overall chemical 

composition or tar yields (Brage et al 1997; Baumhakl and Karellas 2011; Dufour et 

al 2011). 

2.2 Off-line tar measurement methods 

2.2.1 Tar protocol (TP) 

The tar protocol is the most widely accepted tar sampling method for gasification 

processes (Brage et al 2007). The origin of the tar protocol goes back to 1998, 

developed under the International Environmental Agency involving seventeen 

project partners (Li and Suzuki 2009). The method is based on tar cold trapping in an 

impinger train filled with a solvent followed by subsequent laboratory analysis 

(Moersch et al 2000). The tar protocol, also called tar guideline or cold solvent trap is 

a standardized technical specification for sampling of organic compounds and 

particles from gasification product gas and analysis of these organic compounds and 

particles (particle sampling is beyond the scope of present review). 

Tar protocol allows determination of following parameters: 

1)  The concentration of gravimetric tar in mg Nm-3 by means of rotary evaporation 

of the solvent and gravimetrical determination of residual tar. 

2) The concentration of GC-detectable individual organic compounds and the sum of 

all quantified tar compounds in mg Nm-3  (Biomass 2006). 

The sampling train is composed of a heated probe, a heated particle filter, a 

condenser, a series of impingers filled with organic solvent and equipment for 

pressure and flow rate adjustment and measurement. Figure 2.2 shows the impinger 

train proposed by TarWeb.Net. 
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Figure 2. 2: Proposed tar protocol impinger train for tar and particle samplin 

(“TarWeb.Net” 2016). 

The sampling occurs by condensation and absorption in the solvent (Good et al 

2005). Neeft et al (Neeft et al 2002) reported that 35 - 43 wt% of total tar mass is 

captured in the first impinger and the rest is evenly distributed into each of the other 

impingers. Subsequently, two methods are given for the analysis of tars as mentioned 

aerlier: 1. Gravimetric determination 2. Gas chromatography determination using 

GC-FID or GC-MS (Biomass 2006). 

The recommended solvent is 2-propanol, since it has the most suitable properties 

in the terms of volatility, freezing point, chromatographic overlap with the analyte 

peaks, reactivity with analytes and toxicity (Neeft et al 2002). The gas volume 

sampled should be adjusted to the concentration of tar in the gasification product gas, 

cooling and saturation capacity of the impinger train (Biomass 2006; Dufour et al 

2007). 

The temperature of the particle filter must be high enough in order to prevent filter 

plugging, caused by the tar build-up, but low enough to prevent thermal 

decomposition, polymerization, and carbonization reactions of the tar on the filter 

surface. Experience has shown that keeping the heated transfer lines as short as 

possible and in the range of 350 - 450 ˚C provides a good compromise that 

minimizes losses from both condensation and thermal decomposition (Carpenter et al 
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2007). Sampling efficiency may suffer by the fact that producer gases contain 

aerosols. Additional aerosols may be formed within the impinger train, which results 

in aerosol breakthrough and analyte loss during the sampling. The use of fritted discs 

in combination with a wide temperature gradient in the entire sampling train 

improves sampling efficiency by breaking aerosols and reducing aerosol formation, 

rspectively (Neeft et al 2002). Ideally sampling should be performed in iso-kinetic 

mode, because aerosols behave like particulates. In is-kinetic sampling, the velocity 

in the sampling nozzle is the same as elsewhere in the stream, which increases the 

accuracy and reliability of sampling. In practice is not feasible to apply iso-kinetic 

sampling (Milne et al 1998; Good et al 2005). 

Addition of a known quantitity of a know substance as an internal standard at the 

end of the sampling, reduces the uncertainty due to evaporation of the solvent and 

light analytes during sample handling and storage (Dufour et al 2007). Gravimetric 

tar is not equal to the total tar mass since there are tar compounds that are removed 

during the solvent evaporation procedure. Therefore, gravimetric tar provides only an 

estimation of the total tar mass (Morf et al 2002). On the other hand, the GC method 

can determine only 70 wt% to 90 wt% of the total tar mass (Neeft et al 2002). 

However, the range of tars estimated by gravimetric analysis partly overlap with the 

GC-detectable tars (Van Paasen et al 2004). Round Robin tests showed significant 

deviation in repeatability and reproducibility of the tar protocol method. The 

repeatability of individual organic compounds was found to be 1.4 - 32.7 % and 

reproducibility 11.6 - 130.1 %, while repeatability of gravimetric tar was found to be 

76 % and reproducibility 133 % (Biomass 2006). 

Post-sampling handling can have a significant impact on the final result. Xu et al. 

studied the effect of storage of tar in a dicholromethane solution at 3 ˚C over 5 days, 

estimating the gravimetric tar each subsequent day. Depending on storage conditions 

the estimated gravimetric tar decreased by 35 wt% or increased by 55 wt% with 

respect to the fresh tar/dicholromethane solution. Their recomendation was to carry 

out analysis within a few hours of sampling and never stored longer than 24 hours. 

On the other hand Kinoshita et al. (Kinoshita et al 1994) did not observe any 

significant changes in the composition of tar samples even after 10 days when tar 

was kept in a methanol solution at a temperature below 0 ˚C (Xu et al 2006). 
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The number of parameters that have an influence on the sampling efficiency of 

the tar protocol is large. The type of solvent, temperature regime, flow rate of the 

producer gas, design of the impinger bottle, actual composition of the tar, etc. (Neeft 

et al 2002). 

Although a substantial effort has been invested in order to standardize the tar 

protocol sampling method, researchers still apply various sampling conditions and 

solvents (Milne et al 1998). For example the Danish Technological Institute poposed 

an alternative sampling collector the petersen column (Biomass 2006).  An efficient 

wet sampling based on a liquid quenching was developed by (Kaufman Rechulski et 

al 2012). 

Table 2.2 shows some of most recently reported studies where impinger trains 

were used, while Table 2.1 shows reported advantages and disadvantages of the tar 

protocol. 
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Table 2. 1: Advantages and diasdvatages of tar protocol. 

Advantages Disadvantages 

• Method is standardized (Biomass 

2006). 

• Convenient sampling method for higher 

tar concentration (Dufour et al 2007). 

• Simultaneous sampling of tars and 

particulates 

(Milne et al 1998). 

• Simple, inexpensive equipment and 

near-universal applicability for varying 

gasification conditions (Carpenter et al 

2007). 

• Accurate for determination heavy tar 

compounds (Osipovs 2013). 

 

 

 

• Time consuming, large amount of 

solvent is consumed and does not allow 

on-line monitoring (Moersch et al 2000). 

• Tar aerosol breakthrough results in 

analyte loss (Neeft 2005). 

• Large analyte losses for light 

compounds. Not suitable for 

determination of benzene the share of 

which in tar may reach 60% (Osipovs 

2008, 2013). 

• Difficult to obtain more than one data 

point per day. Requires good operator 

skills, which results in significant 

variation in results among less skilled 

operators (Xu et al 2005). 

• Harmful for health (Osipovs 2013). 

• Large amount of water is mixed with 

tar (Simone et al 2011). 

• Poor accuracy at lower tar 

concentration (Neeft et al 2002). 

Comparison with other methods 

The tar protocol is viewed as a reference method for tar sampling. Therefore, the 

comparision with the other methods is given within sections describing these other 

methods. 
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Table 2. 2: Applications of tar protocol method. 

Tar sampling and detection 

method 

Process Authors 

4 bottles; 3th and 4th bottle 

fritted, flow rate 1 L min-1, 

cooling temperatures 0 ˚C (ice) 

and - 60 ˚C (2-propanol/liq.N2), 

solvent methanol. 

Quartz tubular pyrolysis 

reactor up to 1000 ˚C, 

batch feed of 0.5 g of 

wood chips. Comparision 

of TP and SPA-TD. 

(Dufour et al 2007) 

6 bottles; 1th,5th and 6th filled 

with bead, flow rate 2 L min-1, 

cooling temperatures water/ice 

and acetone/dry ice, solvent 

dichloromethane. 

Atmospheric FB gasifier, 

feed rate of 2 - 5 kg h-1 of 

discarded seed corn. 

Comparision of TP and a 

solvent-free condensation 

method. 

(Xu et al 2005) 

6 stainless steel bottles, flow 

rate 8 L min-1, cooling 

temperatures 35 – 40 ˚C (water 

bath), - 15 to - 20˚C (dry-ice/2-

propanol bath), solvent 

isopropanol. 

Model compound studies 

and FB gasification at 650 

°C, feed rate of 20 kg h-1 

of corn stover pellets. 

Comparision of TP and 

MB - MS. 

(Carpenter et al 

2007) 

8 bottles, 8th filled with cotton, 

flow rate 1 L min-1, cooling 

temperatures 0˚C and - 18˚C, 

solvent isopropanol. 

Bench scale dual FB 

reactor up to 850 °C, feed 

rate of 250 g h−1 of pine 

wood. 

(Virginie et al 2012) 

7 bottles, flow rate 1.7 L min-1, 

cooling temperatures 40˚C and -

20˚C,  

solvent isopropanol. 

20 kW circulating FB 

gasifier, feed rate of 4 kg 

h-1 of pine/coal pellets. 

(George et al 2011) 

4 bottles, flow rate N/A, cooling 

temperatures 0 ˚C (water/ice), 

solvent silica gel and acetone. 

FB gasification, feed rate 

of 2.4 kg h-1 of sawdust, 

peanut shell, and wheat 

starw. 

(Hanping et al 2008) 
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2.2.2 Solvent-free tar quantification method (Dry condenser 

method) 

The so called dry condenser is based on dry cooling where the product gas is not 

in contact with a solvent or any other cooling liguid. A version of such a sampling 

system was presented by Xu et al. Their system was essentialy divided into two 

temperature zones. A zone of 105 °C is assembled from a hot plate, household 

pressure cooker, inside of which is 6 meter of Santoprene tubing and a steel container 

filled with fiberglass. The pressure cooker was filled with water and the pressure was 

adjusted to reach 105 °C. At this temperature water condensation is prevented while 

the condensed organics were referred to as “heavy tar”. Gravimetric analysis of the 

tube and fiberglass enables determination of  the heavy tars. Most of the tar 

compounds directly condensed onto the inner surface of tubing. Any remaining 

aerosols that passed through the tubing were trapped in the container filled with 

fiberglass. A second zone of 0 °C located downstream of the pressure cooker 

included an impinger bottle submerged in an ice bath for the purpose of removing 

water and some light hydrocarbons. The weight of liquid collected in the impinger 

gives an estimate of the concentration of water in the raw producer gas. During the 

collection time of about 1 h and and a  flow rate 2 L min-1 tar concentrations of 

between 7.5 and 15.6 g Nm-3 were measured (depending on the gasification 

temperature). A precision of 5 % and accuracy of 10 % was estimated for the tar 

measurements by refering to the tar protocol. The limit of detection was assumed to 

be greater than 0.01 g Nm-3. Water concentrations determined by the dry condenser 

method ranged between 120 and 367 g Nm-3 (depending on the gasification 

temperature). Figure 2.3 shows the sampling set up designed by Xu et al. (Xu et al 

2005). 
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Figure 2. 3:  Dry condenser method designed by Xu et al. Schematic of the dry 

condenser system (the upper flow path), while the lower flow path presents tar 

protocol: (1) particulate thimble filter; (2) pressure cooker; (3) Santoprene tubing; (4) 

glass-wool-packed canister; (5) hot plate; (6) chilled bottle; (7) vacuum pump; (8) 

rotameter; (9) dry gas volume meter; (10) water/ice bath; (11) acetone/dry ice bath 

(Xu et al 2005). 

A version of the solvent-free condensation method for tar sampling was also 

presented by Simone et al.. 15 L min-1 of the pyrolysis gas passed through a heated 

(200 °C) particle filter. The sampling system was then divided into three temperature 

zones. The first zone included one bottle maintained at 120 °C to collect the heavy 

tar fraction. The second temperature zone contained two bottles maintained at 10 °C 

allowing for the condensation of light tars and moisture. The third zone contained a 

bottle chilled to -15 °C in order to protect the pump from water or light 

hydrocarbons. Ceramic rings and glass beads were used in the bottles to increase the 

contact surface. Condensates were divided into fractions namely 1, 2A, 2B, 3 of 

which fraction 3 was always the most abundant. Poor sampling repeatability was 

attributed to clogging in the particle filter (Simone et al 2011). Aznar et at. used a dry 

condensation system made of two ice condensers where most of the tar and water 

were collected. The condensers were glass traps with an internal refrigeration jacket 

filled with ice. Hot product gas surrounded the refrigeration jacket and water and tar 

condensed on the inner surface of the condenser (Aznar et al 2008). Aznar et at. and 

Simone et al. recovered tars from the dry condensers with the solvent for 

chromatographic characterization (Aznar et al 2008; Simone et al 2011). 
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Padban et al. also developed their own solvent free trapping (LU condensation 

method) system capable of retaining the tars and water from the product gas. After 

the filtration, the product gas passed through three stainless steel vessels connected in 

series. The first vessel (cooler) was submerged in ice bath (0 °C) trapping water, 

condensates and the PAHs. The second (aerosol catcher) and the third (dryer) vessel 

operated at ambient temperature. The second vessel captured aerosols on fine-mesh 

metal nets. The third vessel was filled with sawdust followed by a layer of silica gel 

trapping all the remaining condensable compounds. The tar fraction and water were 

determined gravimetrically. To test the sampling efficiency of their solvent free 

trapping system they combined two sampling methods; solvent free (cooler) and cold 

trap method (three impinger bottles) into one system. Only 4 wt. % of the PAHs 

escaped from the first vessel (cooler) (Padban et al 2000). 

Brage et al. presented a small and compact device for the measurement of heavy 

tars from biomass gasification. The sampling device was built from a 27 cm stainless 

steel filter holder operated at ambient temperature and a T-shaped sampling line 

connector maintained at ≈ 300 °C. The product gas flow through the sampling device 

was induced by a mini vacuum pump. Glass fibre filters, PTFE membranes and 

stainless mesh filters were tested for their tar trapping efficiencies. Tars were 

recovered using polar solvents and quantified by both gravimetric and 

chromatographic approaches. The overall precision was estimated within 3% and the 

accuracy was about 95 % for the sampled PAHs. No breakthrough of heavy tars was 

detected during these trials (Brage et al 2007). 

Table 2.3 presents the advantages and disadvantages of dry condensation 

methods, and Table 2.5 shows studies where dry condensation methods were applied. 

Table 2. 3: Advantages and diasdvatages of dry condensation methods. 

Advantages Disadvantages 

• Simple and affordable set up (Xu et al 

2005). 

• Quick gravimetric determination of tar 

content (Simone et al 2011). 

• Tar losses due to aerosol formation. 

• Light hydrocarbons (BTEX) may be 

trapped only partially (Padban et al 

2000). 
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Comparison with other methods 

Xu et al. stated that the solvent-free method is a simpler alternative to the tar 

protocol. Comparing these two sampling methods the precision of the dry condenser 

in measuring tar concentrations appeared to be as good as the tar protocol. However, 

agreement in terms of measuring the water content of the producer gas was poor, 

perhaps due to the different sampling efficiencies of low-boiling-point hydrocarbons, 

which condensed in the same temperature range as water. However, both methods 

are expected to overestimate the water content as a result of the simultaneous 

condenstaion of low-boiling-point hydrocarbons (Xu et al 2005). Table 2.4 compares 

the measured values from the solvent-free method and the tar protocol. 

Table 2. 4: Average and 95% confidence interval for tar and water concentrations as 

determined by the dry condensation method and the TP (Xu et al 2005). 

 Tar loading (g Nm-3) Water loading (g Nm-3) 

Gasification 

temperature (°C) 

Dry 

condensation 

Tar protocol Dry 

condensation 

Tar protocol 

650 14.9 ± 0.5 15.6 ± 1.2 327.4 ± 30.8 218.1 ± 38.9 

705 8.8 ± 0.9 9.6 ± 0.9 257.9 ± 28.9 175.1 ± 8.5 

788 7.7 ± 0.3 8.2 ± 0.3 134.9 ± 14.4 121.9 ± 6.1 

Padban et al. used the TP as a reference method to validate their solvent free 

trapping system and the SPA method. Both the TP and solvent free trapping system 

showed good agreement for PAHs (naphthalene and heavier). With the observed 

difference of the total PAHs being less than 5 %, the method was deemed suitable for 

the determination of gravimetric tars. On the other hand, the solvent free trapping 

system was incapable trapping light aromatics (Padban et al 2000). Brage et al. 

suggested a combination of the solvent-free method with the SPA method for 

determination of total tar concentration (Brage et al 2007). 
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Table 2. 5: Applications of dry condensation methods. 

Tar sampling and detection 

method 

Process  Authors 

Dry condensation followed by 

gravimetric tar determination 

and chromatographic 

characterisation. 

Pressurised FB gasifier, 

feed rate 4 kg h-1 of 

forestry residues and 

magnesite as a bed 

material. 

(Padban et al 2000) 

Dry condensation followed by 

gravimetric tar determination. 

Atmospheric FB gasifier, 

fed rate 2 - 5 kg h-1 of corn 

seed waste. 

(Xu et al 2005)  

Dry condensation followed by 

gravimetric tar determination 

and chromatographic 

characterisation. 

n/a (Brage et al 2007) 

Dry condensation followed by 

gravimetric tar determination 

and chromatographic 

characterisation. 

Laboratory scale FB 

gasifier, sewage sludge as 

a feedstock and silica sand 

as a bed material. 

(Aznar et al 2008)  

Dry condensation followed by 

gravimetric tar determination 

and chromatographic 

characterisation. 

Pilot scale fixed bed 

pyrolysis reactor 

(Simone et al 2011) 

2.2.3 The solid-phase adsorption (SPA) method 

The first attempt to apply the SPA method for tar sampling goes back to 1991 

when Brage and Sjӧstrӧm from the KTH Royal Institute of Technology, Sweden 

developed a solid-phase extraction technique based on a polar aminopropylsilane 

phase bonded to silica gel in order to pre-fraction tar compounds prior to GC 

quantification. For the model tar compounds tested, the overall extraction recovery 

from the sorbent was estimated to be 94 % (Brage and Sjӧstrӧm 1991). In 1997 

Brage et al. developed a method for sampling tar compounds originatingfrom the 

thermal decomposition of biomass at 700 - 1000 ˚C by adsorption and condensation 
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of tar vapours on a solid phase sorbent maintained at ambient conditions. Tar 

vapours pass through the sorbent by pulling 100 ml of the product gas. The method 

was descirbed as suitable for the quantification of tar compounds in the range from 

benzene to coronene (Brage et al 1997). However, according to Paasen et al. and 

Rabou et al. this technique offers a reliable measurement range from xylene/phenol 

to pyrene (Van Paasen et al 2004; Rabou et al 2009). A comparison between SPA 

and on-line GC results for benzene showed that SPA measurements corresponded to 

~90 % of those obtained by on-line GC. The precision was reported  to be greater 

than 3.0 %. Tar sampling is followed by selective solvent desorbtion, addition of 

internal standards (to compensate for analyte losses or any other analyte change and 

drifts originating from chromatography), and chromatography determination (Brage 

et al 1997, 2000; Osipovs 2008, 2013). Once the tars are stored as a solution they can 

be kept over a long period with little ageing effects (Vreugdenhil et al 2009). 

Osipovs modified the SPA method by adding a second sorbent, activated coconut 

charcoal in order to improve the sampling efficiency for benzene, toluene, and 

xylene (BTX) compounds. Two sorbents in series (Figure 2.4a) allow for the 

assessment of a product gas with a tar concentration of up to 30 – 40 g m-3 which 

meets the requirements of most gasifiers. The maximum adsorption capacity of the 

amino-phase sorbent (excluding volatile organic compounds), was reported to be 1 – 

3 % of the sorbent mass, while the maximum benzene adsorption on activated 

coconut charcoal was reported to be 2 %. The majority of tar compounds are 

adsorbed in the first sorbent cartridge, while the volatile organic compounds (mainly 

BTX) are trapped in the second sorbent cartridge. Benzene as a limiting factor 

demonstrates not only poor adsorption efficiency, but also the poorest desorption 

efficiency from the amino phase sorbent (Osipovs 2008, 2009). Moreover, Ahmadi 

observed an inability to sample acenaphthene (Ahmadi Svensson 2013). Sampling 

efficiency depends on a range of factors, among them the amount of the product gas 

drawn through the sorbent, the product gas temperature and the concentration of tar 

in it. At low tar concentration in the product gas, it is possible to increase the 

sampling volume up to 300 mL, while at higher tar concentration it is possible to 

increase the mass of activated coconut charcoal  to 300 mg. The number of detected 

compounds increased with sampling volume, but when summed they added up to 
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only 0.58 % of  the total GC detectable tar (Osipovs 2008, 2009). Ahmadi et al. have 

mentioned a method detection limit of 2.5 mg Nm-3, without stating any specific tar 

compound or tar group (Ahmadi, Svensson, et al 2013). Figure 2.4 shows three SPA 

sampling devices. 

 

Figure 2. 4: Schematic of the SPA sampling device. a.) 1. Pump or syringe 4. Fritted 

disc 5. Activated charcoal 7. Amino-phase charcoal 9. Rubber septum 12. Heating 

tape 13.-14. Process line (250-300 ˚C) (Osipovs 2009), b.) (Horvat, Kwapinska, Xue, 

Dooley, et al 2016), c.) (Israelsson et al 2013). 

Ortiz Gonzales et al. conducted a further study on the SPA method by testing four 

different commercially pre-packed cartridges applied to tar sampling from sewage 

sludge gasification. Supelclean™ ENVICarb/NH2 which is a single cartridge packed 

with two sorbents one on top of another has been demonstrated as the most suitable 

arrangement to sample abundant tar compounds like naphthalene and benzene. They 

observed low extraction recovery for some important tar compounds like 

phenanthrene. The estimated breakthrough volume and adsorption capacity of the 

chosen cartridge was shown to be higher than that required for real product gas 

sampling. Additionally, no significant influence was detected from water, H2S or 
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NH3 on the sampling performance. Storage stability of the loaded SPA samples has 

been tested at 4 and −18 °C for 1–7 days. Storage for one day did not result in 

notable analyte loss, but 7 days of storage produced losses of about 30 % for phenol 

and 10 % for naphthalene (González et al 2012). Ortiz et al. performed an uncertainty 

analysis for model tar compounds namely benzene, toluene, phenol, naphthalene and 

phenanthrene and found it to be in the range between 11 and 22 % (Ortiz et al 2013). 

Water vapours in the product gas condense instantaneously when they pass 

through the sorbent and therefore the sampled volume can be assumed to be taken on 

a dry basis (Siedlecki et al 2009). Although SPA is the fastest available off-line 

method it is still too slow for monitoring purpose in a real gasification process 

(Ahmadi, Knoef, et al 2013a). Nowadays the SPA method is commonly applied in 

universities and research laboratories as an alternative to the tar protocol because of 

its availability and simplicity (Simone et al 2011; González et al 2012). Table 2.6 

presents the reported advantages and disadvantages of the SPA method and Table 2.7 

shows applications of the SPA method reported by several researches. 
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Table 2. 6: Advantages and diasdvatages of SPA method. 

Advantages Disadvantages 

• Fastest available off-line method 

(Ahmadi et al 2011). 

• Lowest sampling discrimination among 

all off line methods (Brage et al 1997). 

• Accurate sampling for light PAHs 

(Osipovs 2009). 

• Simplicity, accuracy, repeatability, and 

specificity (Brage et al 2000). 

• Some components are not completely 

adsorbed or desorbed from the sorbent 

(Moersch et al 2000) 

• Due to the losses of BTX SPA samples 

are not suitable for transport to another 

lab for analysis (Mayerhofer et al 2012). 

The heavier tar fraction (> coronene) 

cannot be measured due to the low gas 

concentration and chromatographic 

discrimination (Devi et al 2005). 

• Due to the solvent used and sampling 

particularities it is difficult to automate 

(Dufour et al 2007). 

• It is not standardized although it has all 

attributes to be so. 

Comparison with other methods 

Brage et al. described SPA as superior in terms of discrimination of BTX and 

accuracy compared to solid phase micro extraction (PSME) and the TP. But, PSME 

is easier to handle and the absence of solvent is favourable for GC-MS application 

(Brage et al 1997). Osipovs obtained 22.3 % higher total GC detectable tar by the 

SPA method versus TP sampling, due to the higher SPA accuracy for BTX 

compounds while the sampling of heavier tars appeared to be more efficient by TP. 

During TP the aerosols of tar and solvent flow out from the sampling device causing 

losses (Osipovs 2013). Ortiz Gonzales et al. tests indicated that tar sampling with 

Supelclean™ENVI-Carb/NH2 cartridges was comparable with impinger bottles, 

except for phenol (González et al 2012). Ahmadi et al. observed higher fluctuation of 

SPA results, while the photo ionization detection (PID) response followed the 

expected linear trend. Significant random effects may cause higher fluctuation during 

the SPA analysis so repeated SPA sampling was recommended in order to minimize 

these random effects, which always exist in real gasifiers (Ahmadi, Knoef, et al 
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2013a). Padban et al. 2000 used cold solvent trapping (i.e. tar protocol) and their 

solvent free trapping system as a reference method to validate the SPA method. The 

SPA method was demonstrated to be a good method to sample the phenolic tar 

fraction, which is applicable for low-temperature gasification tars. The SPA method 

was recognized as not being suitable for the heavy PAHs due to the quantities 

captured being well below the limit of quantitation (LOQ). Similarly, the deviations 

in the amounts of lighter compounds were larger for the SPA method (Padban et al 

2000). 
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Table 2. 7: Applications of SPA method. 

Tar sampling and detection 

method 

Process  Authors 

SPA-GC-FID Pressurized free fall 

tubular pyrolyser, feed rate 

1 kg h-1 of different 

biomasses. 

(Brage et al 1997) 

SPA-GC-MS Lab scale FB gasifier, feed 

rate 1 kg h-1 of beech 

wood, bed material sand, 

olivine, and dolomite. 

(Devi et al 2005) 

SPA-GC-MS Short, heated (200 - 300 

˚C) pipe for evaporisation 

of model tar compounds. 

(Osipovs 2008) 

SPA-GC-MS Large scale circulating FB 

gasifier, feed rate 250 kg h-

1 of peat. 

(Osipovs 2013) 

SPA-GC-FID (samples shipped 

to another lab for analysis) 

FB gasifier, feed rate 2.0-

5.3 kg h-1 of wood pellets, 

bed material olivine. 

(Mayerhofer et al 

2012) 

SPA-GC-MS Microcavity reactor for 

evaporization of model tar 

compounds at 200 ˚C. 

(González et al 2012) 

SPA-GC-FID 2 − 4 MWth indirect 

gasifier coupled to a 12 

MWth circulating FB 

boiler. 

(Israelsson et al 

2013) 

SPA-GC-MS Lab scale FB gasifier, feed 

rate 0.5 kg h-1 of 

Miscanthus × giganteus 

olivine as a bed material. 

(Horvat, Kwapinska, 

Xue, Rabou, et al 

2016) 



Chapter 2 Review on qualitative and quantitative techniques for sampling and analysis of 

gasification tars 

61 

 

2.2.4 Solid-phase adsorption-thermal desorption (SPA-TD) 

The application of SPA-TD cartridges tubes is now standardized for monitoring 

volatile organic compounds in the atmosphere according to ISO 16017-1. Multibed 

solid-phase adsorbtion followed by thermal desorption was developed as a new 

method for tar sampling by Dufour et al. within a French inter-institutional 

cooperative program. SPA tubes, Carbotrap 300, packed with graphitised carbon 

black and carbon molecular sieve enabled sampling of broad spectrum of volatile 

organic analytes (boiling point from - 30 to 215 °C). All transfer lines were kept at 

350 °C. After conditioning by flushing with a hot helium flow, pyrolysis vapours 

werewithdrawn by means of a vacuum pump at constant flow rates 5 - 100 mL min-1 

under ambient conditions. Deuterated internal standard slolutions were injected into 

the tubes after sampling. Primary thermal desorption from the SPA tubes at 330 °C 

to a Tenax TA trap was followed by rapid secondary desorption from - 25 to 330 °C. 

The desorbed tars were the injected onto a GC-MS and 60 compounds were 

identified. The adsorption efficiency may be affected by water in the product gas, 

hence dry conditioning prior to sampling was recommended. Good sampling 

efficiency was found for compounds up to pyrene without condensation along the 

sampling installation. Desorption recovery was higher than 99.5% for all compounds 

tested (Dufour et al 2007). SPA-TD was demonstrated to be an accurate method for 

tar concentrations < 10 mg Nm-3 however, adsorption breakthrough and complete 

desorption was highlighted as critical during implementation of the method (Masson 

and Dufour 2012). Figure 2.5 shows the sampling configuration for the SPA-TD 

method and the chromatographic instrumentation coupled with the thermal 

desorption unit. 
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Figure 2. 5: (a) Scheme of SPA-TD sampling devices; (b) Thermal desorption unit 

coupled with GC-MS-FID (Masson and Dufour 2012). 

Table 2.8 presents the advantages and disadvantages of the SPA-TD method and 

Table 2.9 shows the application of PSA-TD method. 

Table 2. 8: Advantages and diasdvatages of SPA-TD method reported by (Dufour et 

al 2007). 

Advantages Disadvantages 

• Considerably shortens the sampling 

time (few seconds). 

• Reduced the limit of detection (LOD) 

due to the absence of the solvent dilution 

effect. 

• Improves chromatography separation 

due to the absence of solvent. 

• The sampling line could easily be 

installed on an industrial process. 

• Possible analyte loss due to 

simultaneous adsorption/desorption 

processes. 

• Due to thermal desorption 

chromatographic analysis is two times 

longer than for liquid injection. 

Comparison with other methods 

Dufour et al. compared the SPA-TD and impinger sampling and no discrimination 

was observed for 10 quantified compounds except for benzene which was about 40 

wt.% lower during SPA-TD measurments. The average reproducibilities for both the 
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impinger train and SPA-TD were similar, with  relative standard deviation (RSD) = 

12 and 7 %, respectively, but the SPA-TD is highly reproducible for light PAHs 

(Dufour et al 2007). Arena et al. compared the total tar values measured by the SPA-

TD and the total tar obtained by a calculation method based on the carbon balance 

(CTar = CBiomass - CGas - CSolid). The values obtained by the calculation method were 

generally higher, probably due to the smaller errors in measurements of solids and 

gases (Arena et al 2009). 

Table 2. 9: Applications of SPA-TD method. 

Tar sampling and detection 

method 

Process  Authors 

SPA-TD-GCMS Pyrolysis quartz tubular 

reactor at 700 °C.; batch 

feed of 0.5 g of wood 

chips (spurce). 

(Dufour et al 2007, 

2009) 

 

SPA-TD-GCMS Pilot scale FB reactor; feed 

rate of 60 kg h-1 of plastic 

waste. 

(Mastellone and 

Arena 2008; Arena et 

al 2009) 

2.2.5 Solid phase micro extraction (SPME) method 

SPME is an established method for trace analysis of polyaromatic hydrocarbons 

(PAHs) in water, air, and food matrices (Risticevic et al 2010). Microextraction 

means that the amount of extracted analyte is very small compared to the total 

amount in the sample. The method is based on extraction of analytes from a sample 

matrix by adsorption onto a stationary phase, followed by desorption of the analytes 

in an analytical instrument. SPME as a tar sampling method was introduced by KTH 

when Brage et al. tested fused silica fibres coated with non-polar and polar liquid 

phases. After two hours of conditioning in a hot helium stream, sampling was 

performed by exposing/immerging a fibre into the product gas stream for 3 min. The 

SPME tar samples were desorbed by direct introduction into a heated GC injection 

port. They observed differences in selectivity between the SPME liquid phases. Non-

polar phase had higher affinity for aromatics while polar phase favoured the 

adsorption of phenol (Brage et al 1997). Ahmadi et al. tested this method further by 
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using nonpolar 50 μm of polydimethylsiloxane solid phase assembled into a device 

as presented in Figure 2.6 (Ahmadi, Svensson, et al 2013). 

 

Figure 2. 6: SPME device (Zhang et al 1994). 

They aimed to develop a suitable sampling method for low/trace tar concentration 

that could be applicable in the chemical analysis of synthesis gas and monitoring of 

product gas cleaning systems. During optimization of the method the tar 

concentration range, sampling time, and sampling temperature were tested for 12 

model tar compounds in a solution, ranging from benzene to pyrene. The properties 

of stationary phase were found to be critical because this controls the degree of 

affinity for the analytes of interest. Well-adjusted sampling temperature was also 

very important. Temperature needs to be high enough to avoid tar condensation, 

which otherwise will result in analyte loss. On the other hand, the temperature needs 

to be low enough to ensure a high sensitivity of the method because the adsorption of 

tar components on the stationary phase increased with decreasing temperature. 

Optimum temperature was tricky to determine for all tar components present in the 

product gas. 
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The method sensitivity is defined with the partition coefficient (Pc) as the ratio of 

the concentration of the analyte in the stationary phase to that in the gas phase. If the 

concentration in the stationary phase is constant, then a linear relationship exists 

between the logarithm of the Pc and the reciprocal temperature (T) as presented with 

Equation 2.1. 

                                                                                                                                             (2.1) 

                                                                                                                                                                                                                                                      

where a = ΔHV/2.303R, b = log(RT/γip*) − (ΔHV/2.303RT*), ΔHV is the heat of 

vaporization of the pure analyte, p* is the analyte vapor pressure at a known 

temperature T*, T is the temperature of interest, γi is the activity coefficient, and R is 

the gas constant. 

Generally, the method sensitivity/adsorption increases with tar aromaticity and 

also due to uncertainties caused by condensation. Figure 2.7 shows the sensitivity 

variations with respect to the nature of the analyte and sampling temperature 

(Ahmadi, Svensson, et al 2013). 

 

Figure 2. 7: The response of the SPME for individual tar compounds versus the 

sampling temperature (Ahmadi, Svensson, et al 2013). 

At levels below 0.1 mg Nm-3 all compounds heavier than naphthalene can be 

sampled at 60 °C, but for compounds lighter than naphthalene the temperature needs 

to be lower than 60 °C. In other words, for each compound, there is an optimal 

1log Pc a b
T

 
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temperature, where maximum sensitivity is achieved and condensation avoided 

(Ahmadi, Svensson, et al 2013). Ahmadi also conducted SPME tar sampling from 

real producer gas after the catalytic reformer. Sampling temperature of 78 and 129 

°C were tested. For samples with molecular weights up to the fluorene the values 

were comparable for both sampling temperatures but for the compounds from 

phenanthrene to pyrene 129 °C seemed to be more suitable ( Ahmadi Svensson 

2013). 

After few minutes of sampling adsorption reaches equilibrium. However, 

equilibrium does not need to be reached as long as the same sampling time is used 

for calibration and measurement, but in this case, the sensitivity may decrease. 

The sample matrix could influence the tar analysis since other gas compounds 

compete for the same stationary phase. C5+ hydrocarbons have been identified as a 

potential source of interference with similar polarity and a boiling point close to the 

sampling temperature. However, the amount of C5+ hydrocarbons in producer gas 

above 600 °C is insignificant (Ahmadi, Svensson, et al 2013). 

Woolcock et al. successfully employed time-weighted average solid-phase 

microextraction (TWA-SPME) and gas chromatography in sampling tar vapours 

from a pilot-scale gasifier. Unlike conventional SPME, fibre is retracted inside 

needle opening, which offers protection from particulates, enables zero-sink sorption, 

and reduces the effects of competitive adsorption onto the SPME coating. The results 

obtained with TWA-SPME were of the same order of magnitude as literature data 

but lower than results obtained by the impinger train (Woolcock et al 2013, 2015). 

Table 2.10 presents the advantages and disadvantages of SPME method and Table 

2.11 shows the application of SPME method reported by various researchers. 
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Table 2. 10: Advantages and diasdvatages of SPME method. 

Advantages Disadvantages 

• Reliable sampling method for trace 

amounts below 0.1 mg Nm-3 (Ahmadi, 

Svensson, et al 2013). 

• SPME sampling device is reusable 

(Risticevic et al 2010).  

• Solvent-free sample preparation 

improves the efficiency of the 

chromatographic separation (Risticevic et 

al 2010).  

• SPME analysis can easily be automated 

with separation and detection systems 

(Risticevic et al 2010). 

• Sampling and sample preparation times 

are significantly shorter comparing to the 

other off-line methods (Woolcock et al 

2013). 

• Need to account for the matrix effects 

in complex samples (Risticevic et al 

2010). 

• Method calibration may be troublesome 

(Ahmadi Svensson 2013). 

• Sampling temperature is limited to < 

300 °C due to SPME fibres (Woolcock et 

al 2015). 

Comparison with other methods 

When compared to SPA, the SPME method requires longer sampling time, no 

solvent elution, and a similar GC program, giving a similar total analysis time (< 1 

hour). When sampling is undertaken at 60 °C, the detection limits for all compounds 

are lower than for SPA (2.5 mg Nm-3). At 125 °C, this is achieved for all compounds 

heavier than toluene (Ahmadi, Svensson, et al 2013). SPME delivered lower 

concentrations for tars lighter than acenaphthene but values for heavier tar are 

comparable compared to SPA. However, the repeatability of SPME was significantly 

better than that of SPA. This was attributed to the short (1 minute) analysis time of 

SPA and is therefore more susceptible to variation within the gasification regime 

(Ahmadi Svensson 2013). Woolcock et al. attributed the higher applicability of 

TWA-SPME to its capability of capturing the dynamic nature the gasification 

system, whereas the uncertainty of the traditional impinger train analysis increases 
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due to the long sampling and post-sampling times (1 – 3 days) (Woolcock et al 

2015). 

Table 2. 11: Applications of SPME method. 

Tar sampling and detection 

method 

Process  Authors 

SPME-GC-FID Pressurized free fall tubular 

pyrolyser, feed rate 1 kg h-1 

of different biomass. 

(Brage et al 1997)  

SPME-GC-FID Heated glass vessels sealed 

with a septum. Solutions of 

12 model tar compounds.  

(Ahmadi Svensson 

2013; Ahmadi, 

Svensson, et al 2013) 

TWA-SPME-GC-FID Model syngas stream (N2 + 

benzene).  

(Woolcock et al 

2013)  

TWA-SPME- GC-FID Pilot scale gasifier, feed 

rate 20 kg h-1 of 

switchgrass. 

(Woolcock et al 

2015) 

2.3 On-line tar measurement methods 

2.3.1 Molecular beam mass spectrometer (MB-MS) system 

MB-MS was developed by the National Renewable Energy Laboratory, Colorado. 

It was demonstrated as an on-line method for complete characterisation of the 

products from thermochemical conversion processeses. Mass spectrometry is 

powerfull characterisation tool possessing nearly universal detection capability that 

provides a “fingerprint” of the complex vapor mixtures. Evans and Milne 1987 used 

MB-MS for real-time studies of a pyrolysis gas at high temperature and atmospheric 

pressure. The method enables fundamental studies of solid-phase as well as 

subsequent gas-phase transformations as a function of process conditions (Evans and 

Milne 1987a, 1987b). 

After hot filtering, a molecular beam is formed by dragging sampled gases/vapors 

into a three-stage vacuum MB-MS system. The vacuum enables free-jet gas 

expansion resulting in a rapid transition to collisionless flow. Due to the decreased 
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internal energy of the sampled gases, chemical and condensation reactions are 

inhibited which  keeps analytes in their original state. A conical skimmer focusses 

the molecular beam towards the ionization section where the molecules are ionized 

by a low energy (22.5 eV) electron ionization beam that allows adequate ionization 

efficiency while minimizing the molecular fragmentation. The positive ions created 

are separated using a quadrupole mass analyzer and detected using an electron 

multiplier. The method enables simultaneous sampling of permanent gases, heavier 

hydrocarbons as well as inorganic constituents up to 750 m/z. The measurement 

range of the instrument is from 10-6 - 102 % v/v. For calibration, the method of 

standard addition has been proposed due to the effect of sample matrix on the 

instrument response (Carpenter et al 2002, 2007). 

Figure 2.8 shows the mass spectrum of producer gas from corn stover gasification. 

The spectrum is mostly comprised of aromatics in the range from one (m/z 78) to 

five (m/z 278) aromatic rings (Carpenter et al 2007). Most of the even numbered ions 

in mass spectrum can be directly related to molecular mass of the chemical species. 

On the other hand, odd numbered ions are a result of fragmentation and are useful for 

fragmentation pattern identification such as the peak at m/z 43 (CH30+) a common 

fragment from aldehydes and ketones. The mass spectrum was an average of few 

tens consecutive scans with subtraction of the background signal due to electronic 

noise. Interpretation of data form Figure 2.8 may be troublesome since mass spectra 

can be altered by effects such as: (1) the electron ionization energy which affects the 

fragmentation pattern and ion sensitivities. Low ionization energy favours 

compounds with low ionization energies (e.g., aromatics vs. permanent gases); (2) 

quadropole tuning determines the mass resolution and detector sensitivity (3) free jet 

sampling causes mass discrimination that favours heavier molecules (Evans and 

Milne 1987a). 
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Figure 2. 8: Averaged mass spectrum of raw syngas derived from indirect 

gasification of corn stove (Carpenter et al 2007). 

The “total tar” estimated by MB-MS was obtained by adding the concentrations of 

toluene, phenol, cresol, naphthalene, and phenanthrene/anthracene, each determined 

separately from the calibration curves. The concentrations of the other tars were 

obtained by applying the response factor for naphthalene to the mass spectra 

intensities from m/z 80 to 176 and by applying the response factor for phenanthrene 

to the mass spectra intensities from m/z 180 to 400 (Carpenter et al 2007). Due to the 

associated uncertainties and chemical grouping, relative changes in composition can 

be reliably measured rather than the absolute concentrations of compounds. 

Nevertheless, MB-MS is a very useful tool to follow reaction pathways of 

hydrocarbons in the gas phase (Evans and Milne 1987a). For example, Jablonski et 

al. examined the MB-MS mass spectra using multivariate curve resolution (MCR) 

and interactive self-modelling multivariate analysis (ISMA) in order to determine the 

global chemistry and kinetics of biomass gasification. MCR and ISMA describe 

correlations between samples and identify differences in gasification conditions such 

as the temperature. Primary, secondary, and tertiary pyrolysis products were 

identified and related to the possible reaction pathways during gasification. However, 

no quantitative measurement of the products could be obtained, but instead the 
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relative intensities may be used to interpret which masses are important within a 

particular reaction pathway (Jablonski et al 2009). Brown et al. described a system 

based on the MB-MS technique with some modifications. The important feature of 

the single photon ionization, molecular beam sampling, reflectron time-of-flight 

mass spectrometer SPI/MB-TOF-MS is the use of low energy (10.5 eV) laser 

ionization instead of electron impact, providing an ionizing radiation, which reduces 

the fragmentation of the ionized species. Additionally the time-of-flight mass 

spectrometer offers better resolution compared to the quadrupole mass analyser. 

Such a set up facilitates the simultaneous detection of alkali metal vapours in 

hydrocarbons (Brown et al 2001). 

Table 2.12 summarizes the advantages and disadvantages of MB-MS method and 

Table 2.13 summarizes the relevant applications of MB-MS reported in the literature. 

Table 2. 12: Advantages and diasdvatages of MB-MS method. 

Advantages Disadvantages 

• Rapidity of data acquisition (Evans and 

Milne 1987a). 

• Remains the most advanced real-time 

tar quantification method (Dufour et al 

2011). 

• MB-MS is transportable instrument 

(Carpenter et al 2002). 

• Enables investigation of the reaction 

pathways in the product gas (Jablonski et 

al 2009). 

• Not possible to distinguish isomers 

(Evans and Milne 1987a). 

• Due to fragmentation, the mass spectra 

may be difficult to interpret because 

some mass peaks can result from 

different compounds (Dufour et al 2011). 

• Not possible to observe separated peaks 

(Carpenter et al 2007). 

• Daily calibration is required due to day-

to-day changes in detector sensitivity 

(Carpenter et al 2002). 

Comparison with other methods 

Conventional tar sampling methods based on condensation are capable of trapping 

30 - 70 % of gas vapours while MB-MS detects all pyrolysis vapours. However, MB-

MS mass spectra are more complex due to the absence of a chromatographic 

separation step, which give rise to significant overlapping of ions (Evans and Milne 

1987a). Carpenter et al compared MB-MS and impinger sampling followed by GC-
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MS quantitation. Both methods demonstrated good accuracy while measuring model 

tar compounds and tar species derived from corn stove product gas. MB-MS 

measurements deviated from the actual concentrations by 6 %, whereas the impinger 

method measurements deviated by 11 - 21 %. In the case when the product gas 

contains a high fraction of steam, sampling efficiency of the impinger method for 

phenolic compounds increased because they are easily dissolved in the condensing 

steam. On the other hand, more hydrophobic compounds (e.g. PAHs) tend to remain 

in the gas as an aerosol and pass through the impinger train uncollected. The 

repeatability of both methods was also similar, ranging from 2 to 11 % for the MB-

MS and from 5 to 15 % for the impinger. “Total tar” values estimated by the both 

methods are consistently within 20 % of each other (Carpenter et al 2007). 

Evans and Milne stated that the accuracy of MB-MS suffers due to the same reasons 

as simpler quantitation techniques such as GC-FID, GC-MS, FTIR. That is 

complicated calibration for diverse tar materials (Evans and Milne 1987a). 
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Table 2. 13: Applications of MB-MS method. 

Tar sampling and detection 

method 

Process Authors 

MB-MS Quartz-tube pyrolysis 

reactor, batch feed of 

wood. 

(Evans and Milne 

1987a, 1987b) 

SPI/MB-TOF-MS Quartz-tube (ID 2.54 cm) 

pyrolysis reactor at 500 °C, 

batch feed of biomass. 

(Brown et al 2001) 

Portable MB-MS Bench scale and pilot scale 

FB gasification of mixed 

hardwood and softwood. 

(Carpenter et al 

2002) 

MB-MS Model compound studies 

and FB gasification at 650 

°C, feed rate of 20 kg h-1 of 

corn stover pellets. 

(Carpenter et al 

2007) 

MB-MS Pilot scale gasifier, feed 

rate of 0.5 tonne per day 

testing four feedstocks. 

(Jablonski et al 2009) 

2.3.2 Introduction to fluorescence spectroscopy 

Online optical (spectroscopic) methods are non-destructive. Tars can be examined 

qualitatively as well as quantitatively. Fluorescence occurs when chemical spieces 

emit a previously adsorbed photon of light. By absorbing photons of light of 

appropriate wavelengths the chemical spieces shift from a ground to a higher 

electronic state. Various exciting wavelengths with different energy intensities are 

required for the different tar species. Monoaromatic tar speices, such as toluene, 

phenol  show higher response factors in the deep-UV range (< 350 nm) while PAHs 

like naphthalene and pyrene  demonstrate higher response factors in the near-UV 

range (> 350 nm). PAHs have low energy demand due to the large number of double 

bonds and non-bonding electrons. During transition back to the ground state the 

PAHs emit photons observed as fluorescence. The fluorescence signal has longer 
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wavelength and lower energy intensity than the initial light source (Baumhakl and 

Karellas 2011; Patuzzi et al 2013). 

2.3.3 Laser spectroscopy (Raman and fluorescence spectroscopy) 

In the Technische Universitat Munchen (TUM) an on-line spectroscopic method 

based on Raman and fluorescence signals has been developed. The method enables 

simultaneous gas and tar measurements, which make it suitable for efficient 

optimization of gasification conditions. The Raman effect takes place in the 

measurements of permanent gases (H2, CH4, CO, CO2, H2O), while fluorescence 

effect enables tar measurements. The characteristic feature of spectroscopic methods 

is that the gas can be analysed at high temperatures in heated measurement cells. The 

water vapour measurement with the laser system also gives information about the 

amount of the excess steam (Karellas and Karl 2007). 

Before the product gas enters the measuring system any particles are removed 

using a filter. As a source of laser light Nd:YAG with a wavelength of 532 nm (deep 

visible range) was used. The pipes and measurement cell were electrically heated and 

kept at a temperature of 300 °C. An optical filter was placed in front of the detector, 

in order to remove the intensive Rayleigh signal from the Raman signal (Stokes and 

anti-Stokes peaks). The detector was assembled from the spectrograph and the 

charge coupled device (CCD) camera. The spectrograph with a grating of 300 

grooves/mm and a blaze of 500 nm separates light in frequency spectrum and the 

CCD camera converts the incoming photons into electrical signal. Light strikes 

sensitive silicon surface and generated charge is then converted into a digital copy of 

the light patterns. CCD camera requires black background. Therefore, on the 

opposite side of detector a “black box” was located in order to minimise the 

reflection influences from objects in the laboratory. With this system product gas can 

be measured up to 15 times per minute. Figure 2.9 shows the measurement set up 

including laser spectroscopy and the tar protocol (Karellas and Karl 2007). 
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Figure 2. 9: Scheme of the laser spectroscopy apparatus (Karellas and Karl 2007). 

For the purpose of laser spectroscopy tar was defined as all aromatic 

hydrocarbons that are capable of fluorescence. Tars are detected as background 

signal caused by the fluorescence signal and gases are detected in the same 

spectrogram as Raman signals (Figure 2.10). However, if the fluorescence signal is 

too intense (e.g. high tar contant) it is not possible to measure gases and tars 

simultaeously since the Raman signals cannot be distinguished from the background 

(Karellas and Karl 2007). 

 

Figure 2. 10: Fluorescence and Raman signals from the measurement of real product 

gas (Karellas and Karl 2007). 
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The tar signal was calibrated using standardised TP and real product gas in a low 

concentration range from 1.6 and 3.9 g Nm-3. The calibration needs to be performed 

at the same temperature (i.e. 300 °C) as actual measurements sinces the temperature 

affects the excitation states of the molecules, which is reflected in the shift of the 

spectral lines (Karellas and Karl 2007). 

Table 2.14 presents the advantages and disadvantages of the laser spectroscopy 

method and Table 2.15 shows its application. 

Table 2. 14: Advantages and diasdvatages of laser spectroscopy. 

Advantages Disadvantages 

• Since the gas is measured on a wet 

basis, water content can be determined 

simultaneously (Karellas and Karl 2007). 

• Possible to simultaneously measure tar 

content and gas composition (Karellas 

and Karl 2007). 

• Only gases with low tar concentration 

and  tar can be measured simultaneously 

(Li and Suzuki 2009). 

• Too expensive for many industrial 

applications 

(Baumhakl and Karellas 2011). 

Comparison with other methods 

Measurements using laser spectroscopy and the TP showed good correlation quite 

well. The results from the laser spectroscopy showed a gerater scattering of the 

measurement points, due to the online character of this technique being sensitive to 

the instant changes of the tar content in the product gas (Karellas and Karl 2007). 

Table 2. 15: Application of laser spectroscopy method. 

Tar sampling and detection 

method 

Process Authors 

Laser spectroscopy Allothermal laboratory 

scale circulating FB 

gasifiers. 

(Karellas and Karl 

2007) 

2.3.4 Laser induced fluorescence spectroscopy (LIFS) 

Laser-induced fluorescence (LIFS) is based on a similar physical concept as 

presented earlier by Karellas and Karl. LIFS claims to have a potential for reliable 
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qualitative and quantitative tar measurements (Karellas and Karl 2007). Sun et al. 

from the Berlin Institute of Technology developed an instrument using an Nd:YAG 

laser with a wavelength of 266 nm (deep-UV) used to excite the tar compounds in 

the gaseous sample, a heated gas cell, and a spectrometer (Maya 2000; Ocean Optics) 

for separation of light in frequency spectrum, detection and recording of the 

fluorescence signals. The product gas flows continuously through the gas cell. A 

collimator device is placed between gas cell and spectrometer in order to collect 

fluorescence light at a 90° angle to the laser beam. Fluorescence spectroscopy for tar 

analysis is possible due to the strong fluorescence emission from the rigid π-orbital 

electrons of PAHs. The intensity of fluorescence spectra is related to the PAHs 

concentration and is described by Equation 2.2. 

                                                                                                                                                        (2.2)                                                   

where C is the concentration, I is the power of the excitation source; Φf is the 

fluorescence quantum efficiency; k is an instrumental factor; ε is the molar 

absorptivity; b is the cell path length. 

The sensitivity of detection for PAHs in the gas phase is in the order of tens of 

ppb. The detector shows a linear response for the naphthalene concentrations 

between 50 and 1000 mg Nm-3. Maintaining constant temperature in the gas cell is 

very important as fluorescence intensity decreases with increasing temperature due to 

decrease of the fluorescence lifetime. Four pure PAHs species and their mixtures 

were tested for their fluorescence intensities. It has been demonstrated that the PAH 

fluorescence signals obey the principle of superposition (net response is the sum of 

the each individual response). Multiple linear regression was used to fit the spectra of 

individual PAHs to the mixtures of PAHs. An example of multiple linear regression 

fitting is shown in Figure 2.11. The fitted spectra can then be used to determine the 

total PAH concentration in different gaseous mixtures as well as individual 

concentration of each compound. The concentration of individual PAHs can be 

measured with an accuracy of ± 20 % if the components of the product gas being 

investigated are known beforehand and included in the reference mixture (Sun et al 

2009, 2010). 

 1-exp(- )fF I k bC 
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Figure 2. 11: LIFS signals of four components fitted with a four-component 

reference mixture (Sun et al 2010). 

In parallel Mitsakis et al. (Mitsakis et al 2009, 2013) from Technical University of 

Munich developed another prototype of LIF for tar measurements on the basis of the 

work of Karellas and Karl (Karellas and Karl 2007). An N2 pulsed laser which emits 

light at 337.1 nm was used as the light source and the spectrograph had a grating of 

100 grooves/mm blazed at 450 nm. Other components of the instrument were kept 

the same as the set up described by Karellas and Karl (Karellas and Karl 2007). 

Using linear regression the concentrations of six model tar compounds were 

accurately measured in the gas mixture. The detector response was linear up to 2300 

mgnaphthalene Nm-3. Meng et al. carried out a campaign by characterising real product 

gas tars. The instrument was calibrated for 14 tar compounds using a specially 

designed tar mixing station, which enabled the generation of well-defined gas phase 

tar mixtures. The tar mixing station consists of six vessels containing pure tar 

compounds of interest. Each vessel was electrically heated and N2 applied to the 

headspace of each vessel carried the vapours directly into the measurement cell. The 

tar concentrations that were generated were validated by applying a tar protocol 

measurement (Meng et al 2012). 

Table 2.16 presents the advantages and disadvantages of LIFS and Table 2.17 

shows the application stage of LIFS method. 
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Table 2. 16: Advantages and disadvatages of LIFS method. 

Advantages Disadvantages 

• Can measure individual tar species in 

real-time (Sun et al 2010). 

• Very sensitive to the variations in 

reactor pressure (Meng et al 2012). 

• If the reference mixture contains fewer 

PAH compounds than the measured gas 

then the measurements are less reliable 

(Sun et al 2010). 

Comparison with other methods 

Sun et al. and Neubauer et al. presented the results of parallel measurements of 

model tar mixtures (naphthalene, phenanthrene, fluorene, and pyrene) conducted by 

LIFS, online gas chromatography-laser ionization mass spectrometry (GC-LAMS), 

and TP. LIFS and GC-LAMS values of total tar were relatively close, showing a 

difference of about 20 %. Such a difference was considered as reasonable and 

acceptable considering the fluctuations of the GC-LAMS measurements as well as 

fluctuations of the excitation power and linear response of the LIFS (Sun et al 2009; 

Neubauer et al 2010). On the other hand, TP delivered almost double the total tar 

values compared to LIFS. Individual tar compounds between LIFS and GC-LAMS 

match within 20 % except for phenanthrene where the values differ significantly. 

Meng et al. compared LIFS with flame ionization based on-line tar analyser and 

SPA. The total tar concentration using the LIFS method remained fairly stable, but 

the flame ionization tar analyser showed significant fluctuation. The total tar 

concentration measured by the SPA method was much higher than that by the LIFS. 

The SPA method is capable of measuring more tar components than the LIFS, which 

could explain the difference between these two methods. More details on comparison 

of the total tar results are given in section 2.3.7. The measurements of ten individual 

tar components were compared between LIFS and SPA. The average difference was 

within ± 10 %. A higher difference (> 30 %) was observed for heavier tar 

components such as anthracene, fluoranthene, and pyrene. Low tar concentrations (< 

20 mg Nm-3) reduced the accuracy of the SPA method. The concentrations of 

individual tar components measured by the LIFS method were higher than the values 

measured by the SPA method, which could be due to some tar loss during the SPA 



Chapter 2 Review on qualitative and quantitative techniques for sampling and analysis of 

gasification tars 

80 

 

post sampling treatment. Under pressurized gasification conditions, there is a greater 

variation between LIFS and SPA measurements compared to atmospheric 

gasification and in some cases the measurements even showed exactly the opposite 

trend (Meng et al 2012). 

Table 2. 17: Applications of LIFS method. 

Tar sampling and detection 

method 

Process Authors 

LIFS (Technical University of 

Munich) 

The tar mixing station 

consists of six vessels and 

six model tar compounds. 

(Mitsakis et al 2009, 

2013) 

LIFS (Berlin Institute of 

Technology) 

Special vaporization cells 

including four model tar 

compounds. 

(Sun et al 2009, 

2010) 

LIFS (Berlin Institute of 

Technology) 

Special vaporization cells 

including four model tar 

compounds and  

bench-scale pyrolysis 

reactor operated at 400 °C. 

(Neubauer et al 

2010) 

LIFS (Technical University of 

Munich) 

Atmospheric and 

pressurized FB gasifiers in 

the range of kW thermal 

output. Agrol,willow and 

dry distiller's grains as a 

feedstock and olivine as a 

bed material. 

(Meng et al 2012) 

2.3.5 Fluorescence spectroscopy (LED) 

The complete laser system demonstrated by Karellas and Karl (Karellas and Karl 

2007) was a basis for further development with the objective of reducing 

instrumentation and costs. The development of fluorescence spectroscopy including 

light emitting diodeds (LEDs) was carried out by the University of Technology Graz, 

Austria and the National Technical University of Athens, Greece.  
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Figure 2.12 shows the measurment set up. A heated (300 °C) sampling line was 

conected to the gasifier and the pump ensuring constant gas flow. The measurement 

cell constructed from stainless steel with dimension 35 × 70 mm includes 4 silica 

windows assembled at an angle of 90° to an optical path. The cell was kept at 350 

°C. Two light emitting diodes (LEDs) with emisson peaks at 265 nm (deep-UV) and 

365 nm (near-UV) are used for excitation. Deep-UV LEDs (245 – 300 nm) are 

widely available on the market and provide a very stable optical signal but at low 

optical power (< 1 mV). Near UV LEDs generate higher optical output (25 mW) at a 

peak wavelength of 365 nm. At this wavelength only heavier tars such as those from 

anthracene and pyrene can produce a fluorescence signal. Lenses focus the light into 

a laser beam prior to entering the measurment cell. The laser focuse the energy of 

LEDs and reduces the signal to noise ratio, which ensures high fluorescence signals. 

The fluorescence signal is transferred by an optical fibre to the UV/vis spectrometer. 

The area under the fluorescence spectrum is integrated for quantitative calculations. 

The device described can be assembled from components purchased for less than € 

5000 (Baumhakl and Karellas 2011). 

 

Figure 2. 12: (a) Optical LED setup and (b) 3D cross-section of the measurement 

cell (Baumhakl and Karellas 2011). 

There is a loss of information in the signal because not all tar spieces can be 

excited with a single wavelength. Therfore, LED measurment was demonstrated as 

"semi-quantitative". During optimization of the gasification process when it is 
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sufficient to know if the total tar content is decreasing or increasing a single 

wavelength may suffice. Such a measurement is shown in Figure 2.13 as a LED 

response to different total tar concentrations in a real product gas. However, the use 

of more LEDs at different wavelengths could be a solution if more precise results are 

required (Baumhakl and Karellas 2011). 

 

Figure 2. 13: The flurorescence signal as a function ofthe total tar concentration in a 

real product gas (Baumhakl and Karellas 2011). 

Since some permanent gases such as CH4 can contribute to the fluorescence signal 

it is necessary to calibrate the system for each application. On the other hand CH4 is 

formed at the same time as tar and therefore can be indicator for tar concentrations 

(Baumhakl and Karellas 2011). Patuzzi et al. calibrated an LED for total tar 

measurements from a pyrolysis process. The total area under the emission curve was 

related to the naphthalene response equivalent to all tar compounds. Excitation 

wavelengths from 265 to 365 nm have been used and the strongest response was 

observed between 265 and 285 nm (deep-UV). Measurements at 365 nm showed a 

notable response only above 500 °C due to increased production of PAHs (Patuzzi et 

al 2013). 

Table 2.18 encompasses the advantages and disadvantages of LED and Table 2.19 

presents the applications of the LED method. 
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Table 2. 18: Advantages and diasdvatages of the LED method. 

Advantages Disadvantages 

• Simple and affordable technology that 

can be applied on-site and enable semi-

quantitative results (Patuzzi et al 2013). 

 

• The method is in the development 

stage; optimization of geometry of the 

measurement cell, shortening the optical 

path lengths and the sensitivity of 

detector need to be addressed further 

(Baumhakl and Karellas 2011). 

Comparison with other methods 

Patuzzi et al. compared on-line LED with off-line TP followed by conventional 

UV-spectroscopy and GC-MS measurements. Both spectroscopic methods 

highlighted a peak of total tar at 600 °C as well as an increased signal at shorter 

wavelengths. Quantitatively, the LED method showed good agreement with the GC-

MS measurements. The GC-MS measurements were 2.8, 15.8, and 74.4 mgTotal tar g-

1
Feedstock at 300 °C, 450 °C and 700 °C, while a tar yield of 44 mgTotal tar g-1

Feedstock was 

measured using the LED at 600 °C (Patuzzi et al 2013). 

Table 2. 19: Applications of the LED method. 

Tar sampling and detection 

method 

Process Authors 

LED Pressurised allothermal FB 

gasifier with the 5kW 

thermal output and 

biomass pellets as fuel. 

(Baumhakl and 

Karellas 2011) 

LED Bench scale pyrolysis 

apparatus operated in the 

temperature range from 

300 - 700  °C using reed as 

a feedstock. 

(Patuzzi et al 2013) 
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2.3.6 Fourier transform infrared spectroscopy (FTIR) measurment 

of naphtalene 

FTIR is a well known on line method to measure permenent gases such as 

H2O,CO, CO2, CH4, C2H4, C2H2. Attempts to apply FTIR spectrometry for on-line 

tar analysis was presented by Defoort et. al. An instrument was built from a 2L gas 

cell maintained at 150 °C and coupled with a MCT (Mercury Cadmium Telluride) 

detector. The length of the optical path was 4 meters with an instrument resolution of 

0.5 cm-1. The gas flow through cell was 100 NL h-1 and an FTIR spectrum is 

acquired every minute (Defoort et al 2010). 

Tests were conducted with model gases containing CH4, H2, CO, CO2, H2O, N2 

and naphthalene as representative of tar compound passing through reactor at 800 °C. 

Naphthalene in gaseous form has two main IR adsorption zones. The strongest 

adsorption is at a wavelength 782 cm-1 with a   weaker peak at 3060 cm-1. At 782 cm-

1 the naphthalene peak overlaps with H2O, CO2, C2H2, NH3 and HCN (Figure 2.14). 

If the concentrations of these gases are too high then their contribution needs to be 

subtracted from the tar signal. The instrument was calibrated using naphthalene with 

concentrations from 40 mg Nm-3 to 1.7 g Nm-3. A limit of detection (LOD) from 50 

to 100 mg Nm-3 was calculated, but it strongly depends on the matrix (Defoort et al 

2010). 

 

Figure 2. 14: FTIR measurement at the 782 cm-1 showing the overlap of the 

naphthalene peak with CO2 and H2O (Defoort et al 2010). 
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Table 2.20 shows the advantages and disadvantages and Table 2.21 presents the 

application of FTIR measurement. 

Table 2. 20: Advantages and disadvatages of the FTIR measurement. 

Advantages Disadvantages 

• N/A • focus only on the analysis of a single 

substance (Hofmann et al 2011). 

 

Comparison with other methods 

The FTIR results were compared with data from off-line TP and SPA-TD 

analysis. The naphthalene concentration investigated in the range between 29 and 

486 mg Nm-3 showed good agreement for all three methods as shown in Figure 2.15 

(Defoort et al 2010). 

 

Figure 2. 15: Comparison between the FTIR, TP, and SPA-TD measurements. 

Dotted lines are the 20 % relative deviation (Defoort et al 2010). 

Table 2. 21: Application of FTIR measurment. 

Tar sampling and detection 

method 

Process Authors 

FTIR measurement of 

naphtalene 

Model gas analysis (Defoort et al 2010) 
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2.3.7 Flame ionization detection (FID) 

The FID method was developed at the University of Stuttgart in co-operation with 

Ratfisch Analysensysteme GmbH. It allows quasi-continuous online measurement of 

the content of condensable hydrocarbons in the producer gas. Tar concentrations 

between 0.2 - 20 g m-3 can be measured reliably. Since the analysis time is one 

minute, tar reduction measures can be assessed quickly, which helps to prevent tar 

related problems in integrated downstream applications. The main components of the 

system are the FID detectors, three sample lines, switching valves, two filters for tar 

condensation, and a carrier gas that provides gas flow through the system. The 

principle of system operation is shown in Figure 2.16 (Moersch et al 2000). 

 

Figure 2. 16: Schematic diagram of on-line FID tar measurement system (Moersch 

et al 2000). 

The gases from the sample lines are flushed prior to the FID. In the first line the 

total content of hydrocarbons in the gas is measured. In the second line all tars are 

removed by condensation on a filter and a measurement is performed to determine 

the amount of non condensable hydrocarbons. Since both lines are loaded 

simultaneously any fluctuations of the gas concentration do not affect the analysis. 

The difference in areas of these two measurements, gives the amount of condensable 

hydrocarbons or tars. The system measures only tars retained by a filter such as 

sintered bronce, quartz wool or activated carbon. Therefore, the filter temperature 

should be chosen below the lowest temperature of the process. 

The FID signal is highly sensitive, linear, and directly proportional to the mass of 

organic carbon in the sample, and is therefore independent of the tar composition 
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(Harthan et al 2000; Moersch et al 2000). The system was calibrated using a mixture 

of propane in nitrogen. The response factors relative to propane were similar for all 

tar compounds (1 ± 0.08); hence the error is small when an average response factor 

determined with propane is used. Good measurement accuracy of < 0.1 % was 

reported and the limit of detection was estimated to be about 0.05 g m-3 (Harthan et 

al 2000). Meng et al. observed that the detector response varied considerably on a 

daily basis and therefore recommended regular calibration, in order to achieve 

reliable tar measurements. The settings of the FID tar analyser should remain the 

same during the calibration procedure and actual measurements, since the response 

factor is very sensitive to changes in instrumental parameters (e.g., carrier gas 

pressure) (Meng et al 2012). 

Staiger et al. developed an upgraded instrument allowing for a sequential 

sampling from two points in addition to the reference point (i.e. tar content before 

and after the gas cleaning system). The instrument was successfully tested on 

laboratory, pilot, and industrial scale gasifiers. The temperature of the tar filter 

(Figure 2.16) was found to be a critical parameter in the measurements since tar 

compounds remaining in the vapour phase cannot be detected as a tar. For example, 

in the clean gas, the tar concentration when the filter was at 20 °C was about 1 g m-3, 

while no tar was detected when the filter was heated to 80 °C (Staiger et al 2004). 

Gredinger et al. described the most recent technical specifications (Table 2.22) 

and announced further development of the on-line FID system. Table 2.23 

summarises the reported advantages and disadvantages of on-line FID tar 

measurement systems while Table 2.24 gives examples of some the applications of 

the on-line FID method (Gredinger et al 2012). 
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Table 2. 22: Technical specifications of the current development stage of on-line 

FID tar measurement systems (Gredinger et al 2012). 

• An effective measurement range from 1 mgC m-3 to 120 g m-3 tar. 

• The temperature of the tar filter between 20 – 100 ˚C. 

• An expected measurement limit of < 0,02 % of the total hydrocarbon content. 

• A reproducibility of 0,1 % of the measured value. 

• An analysis time of ~ 60 seconds. 

• A sample gas flow rate of up to 100 l h-1. 

• A heating time of ~ 60 minutes before it is available for measurement 

• A possible sample pressure of -30 to 50 mbar. 

 
The cost of commercially available "Tar Analyser TA120" is in the range of a 

conventional total hydrocarbon analyzer with flame ionization detector (Harthan et al 

2000; Staiger et al 2004). 
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Table 2. 23: Advantages and diasdvatages of the on-line FID tar measurement 

system. 

Advantages Disadvantages 

• No laboratory analysis is necessary and 

results of tar condensables are directly 

available (Moersch et al 2000). 

• Simpler to operate than off-line 

methods (e.g. tar protocol) (Carpenter et 

al 2007). 

• The scatter of measurements is much 

smaller than that of off-line methods 

(Moersch et al 2000). 

• The limit of detection is strongly 

influenced by the presence of 

hydrocarbons such as methane, ethane, 

and ethylene (Van Paasen et al 2005). 

• The FID requires constant parameters. 

The flow rate and temperature have to be 

constant during the analysis, which is 

difficult to achieve (Moersch et al 2000; 

Ahmadi, Knoef, et al 2013b). 

•Water is also removed on the tar filter 

causing a considerable decrease of the 

gas volume flow in reference line 

(Moersch et al 2000). 

• Less applicable at low tar 

concentrations in clean product gas (Van 

Paasen et al 2005). 

• Limited measurement capabilities for 

BTEX compounds (Moersch et al 2000). 

Comparison with other methods 

During the course of development Moersch et al. compared the FID on-line 

results with those obtained by gravimetric analysis of tars condensed on filters kept 

at 110 ºC, high temperature on-line GC-FID analysis, and the SPA-method. Benzene 

was exempted from the analysis. Gravimetric analysis in combination with on-line 

GC-FID analysis measured about 30 % more total tar, while the SPA method 

captured about 30 % less total tars. Higher values from the on-line GC-FID 

measurements were attributed to the efficient analysis of light tars (i.e. toluene, 

xylene). On  the other hand, lower values form the SPA measurments were related to 

incomplete desorbtion from the amino phase adsorbent. The on-line FID was also 

compared with cold traping using methoxybenzene as a solvent. The sum of PAHs 
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and phenols determined with cold solvent trapping was about 400 mg m-3 compared 

to 880 mg m-3 of total condensables determined with the analyzer (Moersch et al 

2000). Meng et al. evaluated an FID based on-line tar analyser with the LIFS on-line 

measurements and off-line SPA. The total tar concentration measurements showed 

similar trends with varying process parameters. However, a large quantitative 

difference was observed between these three measurement methods. The SPA 

method always gave the highest total tar, which was related to the fact that the SPA 

method delivers results on a dry basis while the other two methods measured on a 

wet basis. It could not be distinguished whether the FID tar analyser or LIFS 

measures higher total tar. For example: when Agrol was used as the biomass 

feedstock, the FID tar analyser measured the lowest total tar, but when dry distiller's 

grains were gasified the LIFS method detected the lowest total tar. They also 

observed that the gasification pressure affects the measurements. When the pressure 

was increased from 1.0 to 2.5 bar the total tar concentration using the LIFS and SPA 

methods increased, while it decreased when using the FID tar analyser (Meng et al 

2012). 
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Table 2. 24: Applications of on-line FID method. 

Tar sampling and detection 

method 

Process Authors 

FID (two sampling lines) FB gasifier with a thermal 

capacity of 25 kW & fixed 

bed 

gasifer with 200 kW 

thermal input. 

(Moersch et al 2000) 

FID (three sampling lines) Four types of industrial 

gasification processes in 

the range of MW thermal 

output.   

(Harthan et al 2000; 

Staiger et al 2004) 

FID (three sampling lines + 

calibration line) 

Atmospheric and 

pressurized FB gasifiers in 

the kW range of  thermal 

output. Agrol, willow and 

dry distiller's grains as a 

feedstock and olivine as 

the  bed material. 

(Meng et al 2012) 

2.3.8 Photo ionization detection (PID) 

An on-line PID tar measurement system was developed jointly between 

institutions KTH and Biomass Technology Group BV (BTG). The method is based 

on a commercially available gas chromatography PID detector for volatile organic 

compounds (Ahmadi, Knoef, et al 2013b) and the experimental set up is presented in 

Figure 2.17. 
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Figure 2. 17: The on-line PID measurement set up used by a.) KTH and b.) BTG 

(Ahmadi, Knoef, et al 2013b). 

The prototype system presented by Ahmadi et al. consists of a particulate filter, a 

UV light source filled with a low-pressure inert gas, a bias electrode, a collector 

electrode and a pump for a flow rate adjustment through the ionization chamber. All 

sampling tubes and connections were heated in order to avoid condensation of tar 

compounds (Ahmadi et al 2011). 

The method has a high sensitivity and a wide concentration range of linear 

response. The initial tests were performed with naphthalene as a representative tar 

due to its stability and high concentration in the product gas. The linear response was 

observed from 0.91 to 1.34 µgnaphthalene ml-1. However, since the response of the PID 

changes with the concentration of each specific component, it is also important to 

include other tar components. The PID response varies substantially with the size, 

functional groups of the molecules which suggest that quantification may be less 

accurate during real producer gas analysis if the distribution of tar compounds 

changes (Ahmadi et al 2011). 

Although the UV light source provides a certain level of selectivity, the PID 

detector will only provide limited information regarding which tar compounds are 

present in the gas (Ahmadi, Knoef, et al 2013b). The wavelength of the emitted light 

depends on the type of gas inside the lamp. Argon, krypton, and xenon emit 

wavelengths corresponding to an energy equivalent of 8.4, 9.5, and 11.7 eV, 

respectively. Only tar components with an ionization potential below the lamp output 

eV can be detected. The electron current is generated by the electrons lost during 
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ionisation of the ionized analyte. The electron current is a measure of the 

concentration of the organic compound. For example, naphthalene, which has an 

ionization potential 8.12 eV, can be detected using an 8.4 eV lamp while Benzene on 

the other hand, having an ionization potential 9.24 requires a higher eV lamp 

(Gredinger et al 2012). 

Therefore, the PID analysis will give relevant qualitative information but not with 

the resolution allowing for identification of specific tar compounds. In real producer 

gas, many different molecules will be detected simultaneously and therefore the PID 

signal will represent the total signal from all simultaneously ionized compounds. The 

intensity of the UV-light and the number of detectable molecules in the ionization 

chamber affect the PID response, while the temperature and flow rate of the gas 

passing through the ionization chamber do not have any effect (Ahmadi, Knoef, et al 

2013b). The advantage of the ionization technique described is that permanent gases 

such as N2, CO2, do not interfere with the signal because they have higher ionization 

potentials (Ahmadi et al 2011). 

Ahmadi et al. stated that limited robustness is the main drawback at the current 

development stage of this method. The PID response decreased by about 40 % after 

48 h as a result of fouling of the ionization chamber window, which is probably due 

to polymerization reactions caused by UV radiation. In addition, the base-line did not 

return to the same position after each cleaning, which is believed to be caused by 

differences in cleaning efficiency between each measurement cycle (Ahmadi, Knoef, 

et al 2013b). Table 2.25 shows the reported advantages and disadvantages of the on-

line PID tar measurement system while Table 2.26 provides some examples of the 

application of the on-line PID tar measurement system. 
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Table 2. 25: Advantages and diasdvatages of on-line PID tar measurement system 

reported by various researchers. 

Advantages Disadvantages 

• No specific knowledge and training 

required, high mobility of device for 

measurments at different points, sensitive 

broad molecular range (Gredinger et al 

2012). 

• The method is considered to be non-

destructive which enables simultaneous 

and selective detection from several 

detectors (Ahmadi, Knoef, et al 2013b). 

• Very sensitive to low concentrations of 

tar and linear response to very high tar 

concentrations (Ahmadi, Knoef, et al 

2013b). 

• The response time for detecting a 

concentration change is few seconds 

(Ahmadi, Knoef, et al 2013b). 

• Low resolution for quantitation of 

individual compounds in a mixture of tar 

compounds (Ahmadi, Knoef, et al 

2013b).  

• Difficult to calibrate PID detector for 

complex real producer gas (Ahmadi et al 

2011). 

• Needs calculation method to link tar 

concentration to PID signal (Meng et al 

2012). 

Comparison with other methods 

Ahmadi et al. tested real product gas before and after the catalytic bed validating 

the PID signal using the SPA as a reference method. The intensity of the PID signal 

before the catalytic bed was 1.7 times higher than the signal obtained after the 

catalytic bed, while the corresponding change for the reference method was a factor 

of 2.1. To compensate for the observed discrepancy the authors suggested that the 

PID on-line measurement could be improved by calibration with real product gas 

from several experiments, rather than for each single compound. It was noted that 

saturation of the PID detector working range should be avoided , otherwise a 

decrease of the sensitivity of the PID detector can be expected (Ahmadi et al 2011). 
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Table 2. 26: Applications of the on-line PID method. 

Tar sampling and detection 

method 

Process Authors 

PID on-line Laboratory-scale, 

atmospheric, FB reactor. 

(Ahmadi et al 2011) 

PID on-line Saturation chamber with a 

N2 gas flow providing gas 

saturated with naphthalene; 

two stage gasifier with a 

feeding rate of  5 kg h-1 of 

pine wood. 

(Ahmadi, Knoef, et 

al 2013b) 

 

2.4 Tar measurement methods adopted for the purpose of this 

thesis  

Over the past four years of gasification research in Carbolea research group two 

tar sampling methods, the tar protocol and SPA were selected due to the availability 

and affordable costs and were tested and optimized. 

2.4.1 Optimization of tar protocol 

Over ten gasification experiments, efforts were made to improve and optimise 

gravimetric tar analysis using the tar protocol sampling including the use of a rotary 

evaporator, and GC-MS analysis of tar solutions. Figure 2.18 shows the tar protocol 

set-ups under development. During this process, different temperatures were used for 

the sampling line, different types of particle filter, tar condensation temperatures, 

sampling flow rates, and the number of impinger bottles in the train has been tested. 

The temperature of the particle filter has been tested in the range from 200 to 400 ˚C.  

A temperature of 350˚C was found to be an optimal sampling line temperature with 

the filter made from quartz wool. Both isothermal condensation temperatures (i.e. 

ice/salt - 20 ˚C) as well as a temperature gradient regime (i.e. temperature decreases 

from +40 to -20 ˚C) have been tested. The optimal sampling flow rate of 2 L min-1 

enabled sampling of about 100 L of the product gas within one hour. The pressure 

drop across the impinger train was found to be the major limitation when four 
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impinger bottles or too small a pore size of fritted impinger heads was applied. At the 

end of the impinger train, a cotton trap was installed in order to collect aerosols. 

Technical difficulties associated with the gasifier, limited the development of the tar 

protocol which was never successfully applied to actual experiments. Instead, a much 

simpler SPA method was chosen as the tar sampling protocol from the hot product 

gas streams. 
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Figure 2. 18: Tar protocol development in Carbolea research group (a) Four bottles 

impinger train and the collected tar fractions 1. Heated sampling line with the 

particle filter and the hot valve for gas flow rate adjustment 2. Impinger train with 

the temperature gradient +40, +15, and -20 ˚C 3. Gas pump 4. Rotameter (b) Three 

bottles impinger train and collected tar fractions (c) Rotary evaporation and 

downstream solvent recovery condenser. 

2.4.2 Optimization of SPA 

The development of SPA method was carried out in parallel with the tar protocol. 

The starting point of the SPA development was a detailed study of SPA method 

published by (Osipovs 2008, 2009, 2013). The Osipovs method required some 

modification. The proposed sampling port included a rubber septum, which 
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frequently caused sampling failure due to the needle clogging with the pieces of 

rubber. A sampling port adopted from ECN was found the most suitable. This 

sampling port is based on a graphite ferule and sealed needle as a stopper. During the 

trial tests using the test rig at the University of Limerick it was found that the manual 

sampling gave poor repeatability. As soon as the needle was inserted into the 

sampling port high pressure pushed product gas into the syringe. Therefore, 

achieving a constant the sampling flow rate and consequently the total volume of the 

sampled product gas were difficult to control. The quality of sampling was greatly 

improved by introducing an automatic gas pump. The chromatographic method for 

analysis which was developed enabled efficient detection of all GC detectable tar 

compounds in a single step. During trial tests using the test rig at the University of 

Limerick different amounts of amino phase sorbent was tested for sampling 

efficiency: 100, 200, 300 and 500 mg. The same quantities of tar were sampled on 

300 and 500 mg of sorbent. However, 500 mg of a sorbent was used in later 

experiments in order to ensure complete sampling. The details of implemented 

chromatographic analysis as well as SPA sampling can be found in section 2.23. 

Figure 2.19 shows the different stages of development of the SPA method. 
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Figure 2. 19: SPA development in Carbolea research group (a) SPA tar sampling 

device including two sorbents and coupled with a manual pulling syringe. (b) SPA 

tar sampling device including two sorbents coupled with an auto matic gas pump. (c) 

SPA samples and elutropic extration of tar compounds from the amino phase solid 

sorbent. 
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Chapter 3: Materials and methods 

3.1 Fuel characterisation 

Fuel characterization included carbon, hydrogen, nitrogen, oxygen and sulphur 

determination, moisture content, volatile matter, ash content, fixed carbon, and 

lignocellulosic composition of the biomass. 

3.1.1 Carbon, hydrogen, nitrogen, oxygen and sulphur 

determination 

The elemental composition (C, H, N and S) of the biomass materials were 

determined using a Vario EL cube Elemental Analyser. A schematic of the elemental 

analyser is shown in Figure 3.1. All measurements were repeated at least in triplicate 

and the average value (either on dry or dry and ash free basis) was reported. Validity 

of calibration was tested by using sulfanilic acid. The biomass samples (around 8mg) 

were loaded in aluminium boats which were sealed and squeezed into small balls to 

facilitate the sample dosing. In the process of analysis, the prepared sample was 

placed into a ball valve above the combustion tube, where each sample was flushed 

with the carrier gas (Helium) to prevent air entering the analyser. After the flushing, 

the sample was dropped into the combustion tube where the temperature was held at 

1150 °C. Then, a stream of oxygen was introduced to initiate the combustion. It 

should be noted that there was a layer of WO3 underneath the ash to provide 

additional oxygen in order to ensure complete combustion. The WO3 also prevented 

the formation of non-volatile sulphates and binds potentially damaging alkali and 

earth alkali elements. The product gas consisting of CO2, H2O, NO2, and SO2 then 

went through the reduction tube where any excess of oxygen was adsorbed. The 

volatile halogen compounds were trapped by silver wool at the entrance to the 

reduction tube. The resulting CO2, H2O and SO2 were then trapped in separate 

thermal adsorption columns. Water was removed from the CO2, SO2 and NO2 stream 

with Sicapent (Millipore) absorption tubes (drying tubes). NO2 was not adsorbed in 

the adsorption columns and was the first component to enter the thermal conductivity 

detector (TCD). Once all the nitrogen had passed through the detector the adsorption 

columns were heated individually to desorb the gases which were detected using a 
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thermal conductivity detector sequentially. The O2 content was calculated by 

difference. 

 

 
Figure 3. 1: Schematic of the Vario EL Cube Elemental analyser. 

3.1.2 Moisture content 

The measurement of moisture content was carried out according to BS EN 14774-

3 (14774-3 2009). A crucible was dried at 105 ± 2 °C together with its lid until their 

mass was constant. They were taken out and cooled to room temperature in a 

desiccator. They were weighed (m1) on a balance to the nearest 0.1 mg. The crucible 

was then loaded with at least 1 g of the sample (< 1 mm). The crucible was weighed 

(m2) again with its lid and sample to the nearest 0.1 mg. The crucible was uncovered 

and heated together with its lid in an oven at 105 ± 2 °C until a constant mass was 

achieved. It should be noted that a constant mass is defined as a change, no more 

than 1 mg, in mass during a further period of heating at the same temperature over 1 

hour. After that, the crucible was covered with its lid and transferred to a desiccator. 

It was weighed (m3) to a nearest 0.1 mg immediately after it was cooled to room 

temperature. For each sample, a minimum of three duplicates were used to achieve a 

high precision of the measurement. The moisture content was calculated according to 

equation 3.1. 
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                                                                              (3.1) 
       

3.1.3 Volatile matter content 

The determination of volatile matter content was according to BS EN 15148 

(15148 2009). The volatile matter content is defined as the proportion of mass driven 

off at the temperature of 900 ± 10 °C without ambient air in a period of 7 minutes, 

exclusive the mass loss of moisture. An empty crucible covered with the lid was 

heated on a stand in a furnace at 900 ± 10 °C for 7 minutes. It was taken out and 

cooled down for a while on a heat resistant plate and transferred to a desiccator. 

After it had cooled to room temperature, it was weighed (m1) to the nearest 0.1 mg. It 

was then loaded with 1 ± 0.1 g of sample and weighed (m2) to the nearest 0.1 mg. 

After that, the crucible was covered with its lid and tapped gently on a clean surface 

to evenly distribute the sample and make it form an even thickness in the crucible. 

The crucible was, then, placed on the stand and loaded into a furnace at 900 ± 10 °C 

for 7 minutes ± 5 seconds (in a covered crucible in the atmosphere of air). The 

crucible was taken out. The same cooling procedure was followed as that of empty 

crucible. The crucible was weighed and the weight recorded as m3. The volatile 

matter content was calculated according to equation 3.2. 

 
 
                                                                                              
                                                    (3.2) 

where MC was the moisture content (%) of the sample. 

3.1.4 Ash content 

The ash content is expressed as a percentage of the mass of the dry matter in the 

fuel. The ash content analysis was carried out according to the BS EN 14775 (14775 

2009). A crucible was heated in the furnace at 550 ± 10 °C for at least 1 hour. The 

crucible was taken out and cooled down on a heat resistant plant for 5 - 10 minutes. 

It was then transferred to a desiccator without desiccant and allowed to cool to 

ambient temperature. The empty crucible was weighed (m1) to the nearest 0.1 mg. 

Approximately, 1 g of sample (dry) was loaded and spread evenly on the bottom of 

the crucible. It was weighed (m2) again to the nearest 0.1 mg and loaded in a cold 
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furnace. The furnace was programed to heat from room temperature up to 250 °C in 

a period of 50 minutes and maintained the temperature for one hour to drive off the 

volatile matters. After that, the temperature of the furnace was increased to 550 °C 

over a period of 60 minutes and held for a minimum two hours. Then, it was taken 

out. The same cooling procedure was used as that of empty crucible. It was weighed 

(m3) immediately to the nearest 0.1 mg when the ash sample was cooled down to the 

ambient temperature. At least two duplicates should be used for the accuracy of the 

analysis. The ash content was calculated according to equation 3.3: 

 
 
                                                          (3.3)                                                                      
 

 
where MC was the moisture content (%) of the sample. 

3.1.5 Fixed carbon content 

The fixed carbon represents the solid carbon in the biomass that remains after 

devolatilisation. It was calculated by the following equations 3.4. 
 
               (3.4) 

3.1.6 Lignocellulosic composition 

Fuel was prepared for the analysis of chemical composition according to 

following standards: D 1150-96 (preparation of extractive free biomass), D 1107-96 

(ethanol-toluene solubility of biomass), E1757-01 (preparation for compositional 

analysis). Lignin, cellulose and hemicellulose were determined by hydrolysing 300 

mg of the biomass sample with 3.00 ml of 72 % sulphuric acid and mixing 

thoroughly. The samples were incubated at 30 °C in a water bath for 60 min; they 

were stirred every five minutes without removing them from the bath. Upon 

completion of the first hydrolysis stage, 84 ml of deionized water was added to the 

samples. Subsequently for a second hydrolysis stage the samples were placed in an 

autoclave for one hour at 120 °C, following which the hydrolysate was filtered and 

the solid residue and hydrolysate collected. The hydrolysate was used for the 

determination of acid soluble lignin (ASL) and carbohydrates. The carbohydrate and 

ASL contents were analysed by HPLC using an ICS-3000 ion chromatography 
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system, (Dionex), fitted with a CarboPac PA1, 4 × 250 mm (Dionex) column and 

pulsed amperometric (PAD) and diode array detectors (Agilent HP 8452A). An 

aqueous 300 mM sodium hydroxide solution was used as the mobile phase. The 

remaining solid residue was rinsed with 50 ml of deionized water and placed in an 

oven at 100 °C overnight. Ash content was determined for the collected residue. The 

solid residue represents the Acid-Insoluble Residue, and its free-ash fraction 

corresponds to the Klason Lignin. All samples were analysed in duplicate. Cellulose 

was quantified by content of glucan while other carbohydrates such as xylan and 

arabinan were counted as hemicellulose. 

3.2 Fluidized bed gasification test rig 

A description of the fluidized bed gasifier used for the purpose of this thesis can 

be found in the Chapter 4. However, in the section below the theory of the 

fluidization process is explained.  

3.2.1 Fluidization regime 

The fluidization regime in the gas-solid system is determined by several factors, 

including the mean particle size and particle size distribution of the bed material, 

temperature and pressure of the reactor and the flow rate of the fluidizing medium. 

The fluidization regime not only describes the hydrodynamic nature of the bed, but 

also fundamentally defines the operating characteristics and the possible applications 

of a reactor. There are at least five distinguishable regimes for gas-solid mixing 

systems: For example fixed bed, particulate fluidization, bubbling fluidization, 

slugging fluidization and turbulent fluidization (Figure 3.2) (Yang 2003). With 

regards to the gasification process in air-blown bubbling fluidized bed gasifiers, a 

term known as the minimum fluidization velocity (Umf) is of substantial significance. 

The minimum fluidization velocity (at specific temperature) is defined as the 

superficial velocity (U, m s-1) of the air when the drag force of the gasifying air 

equals to the gravitational force on the bed material at which point the bed 

transforms into a incipiently fluidized bed and behaves as a pseudoliquid (Basu 

2006). 
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Figure 3. 2: The change of fluidization regimes with the increase of air velocity 

(Yang 2003). 

From the perspective of practical operation, the detection of the minimum 

fluidization is very important because it represents the onset of fluidization (Caicedo 

et al 2002). There are basically two ways to determine the Umf, specifically 

numerical calculation and pressure drop analysis. Empirical mathematical relations 

have been developed to calculate the Umf according to the geometric and physical 

parameters of the gasifier and bed material. Lin et al. reported a comprehensive list 

in their paper. But it should be noted that the equations and models were developed 

based on individual reactors with their own geometry characteristics especially the 

design of their air distributors at different conditions e.g. temperature and pressure. 

That means they are not universally applicable but they can still be used to provide 

approximate values. Another way is through pressure drop analysis which is based 

on the fact that the pressure drop across the bed increases proportionally with the air 

flow when the U is lower than the Umf  (Lin et al 2002). 
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Figure 3. 3: Variation of differential pressure across the bed with gas velocity 

(Wang et al 2007). 

When the U is increased to a critical point which equals to the Umf, the value of 

pressure drop reaches its peak. After that, the pressure drop will decrease slightly 

(Figure 3.3) and remain relatively constant with the further increase of U because the 

gas-solid bed is well aerated and can deform easily without appreciable resistance 

(Kunii and Levenspiel 1991). This method was used in this study because it can 

avoid the errors from the physical parameters and geometry structures and give more 

accurate results. 

3.3 Methods for the measurements of the products from 

gasification  

3.3.1 Methods for tar measurements 

Tars have been measured by gas chromatography (GC) coupled with the flame 

ionization detector (FID) and mass selective detector (MSD). Detailed description of 

the chromatographic systems used for the purpose of this thesis can be found in the 

Chapter 4 and 5. However, in the section below the theory of the chromatography 

and the detectors is explained. 
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3.3.1.1 Gas chromatography 

Gas chromatography is a unique and versatile technique. It is applied to the 

analysis of gases and vapours from very volatile compounds. If the compound does 

not volatilize under controlled conditions in the injection port it cannot be analysed. 

In the injection port volatilized sample is then mixed with the carrier gas and 

introduced into the column for the separation step. The separation of compounds of a 

mixture occurs in a series of equilibrium operations that result in separation of the 

compounds as a result of their partitioning between two different phases. One phase 

is stationary with a large surface and the other is a moving phase in contact with the 

first. Stationary phases vary in their polarity, and the type of binding on the support. 

The selection of the stationary phase depends on the nature and volume of the 

sample. Nowadays, the most applicable supports (i.e. column) are capillary columns 

where the separation takes place. After the separation step detection takes place. The 

selection of chromatographic detector depends on the nature of the compound and 

the information one wants obtain for the compound of interest (Grob and Barry 

2004). 

3.3.1.2 Flame ionization detector (FID) 

FID has become the most commonly used detector for GC. The popularity of the 

FID is attributed to the: 

1. The FID responds to virtually all organic compounds with favourable 

sensitivity.  

2. The FID response is not affected by modest changes in flow, pressure, or 

temperature.  

3. The FID does not respond to common carrier gas impurities such as CO2 and 

water under normal operation, although trace hydrocarbon levels in the 

detector gases will affect baseline stability. The response linear range extends 

to about 107 orders of magnitude. 

The FID consists of a small hydrogen-air diffusion flame burning at the end of a 

jet, to which the eluted components from the column are directed with carrier gas, 

makeup gas, and hydrogen flow (Grob and Barry 2004). The FID is schematically 

presented in Figure 3.2. 
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Figure 3. 4: Schematic diagram of an FID (Grob and Barry 2004). 

As the organic components reach the flame, electrically charged species are 

formed. The organic materials eluting from the column undergo degradation 

reactions in hydrogen-rich region, forming a group of single carbon species. As the 

two gas flows mix at the reaction zone, with oxygen available, the following reaction 

occurs: CH• + O• → CHO+ + e−. The charged species are collected at an electrode set 

at a few volts above the flame, producing an increase in current proportional to the 

amount of carbon in the flame. The resulting current is amplified by an electrometer. 

The main disadvantage of the FID detector is that it does not give any information on 

the chemical nature of the compound (Grob and Barry 2004). 

3.3.1.3 Mass selective detector 

The gaseous effluent from the chromatography column is directed through the 

transfer line into the ion source. The vaporized analytes are then ionized, producing 

molecular and fragment ions, which are then mass resolved utilizing a mass analyser 

and detected. With respect to the gas chromatography the most common ion source 

and mass analyser techniques are presented in Table 3.1.   
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Table 3. 1: Ionization and mass analyzer techniques applied in gas chromatography. 

Ion source Mass analyser 

• Electron ionization 

• Chemical ionization 

• Quadrupole analyser 

• Ion trap 

• Magnetic sector analyser 

An MSD instrument equipped with an electron ion source and quadrupole mass 

analyser was used for the purpose of this work. In electron ionization electrons of 70 

eV are emitted from a hot filament and accelerated towards compounds eluting from 

the GC column. The collision of electrons and analyte streams at a right angle 

generate positive molecular ions and fragment ions are also created. After ionization 

the ions are accelerated towards the mass analyser by passing high voltage 

acceleration plates. The quadrupole mass analyser consists of four conductive rods 

through which direct (DC) and alternating (AC) current are applied generating 

oscillating electrostatic fields. The AC field deflects lighter ions (low mass pass 

filter) and DC field deflects the heavy ions (high mass pass filter). Therefore 

depending on the MSD settings only a narrow range of selected mass-to-charge 

ratios (m/z) pass, whereas the others collide on the rods and are neutralised. A 

schematic diagram presented in the Figure 3.5 shows the operational principle of the 

electron ionization and quadrupole mass analyser. Finally, the ions passing the mass 

analyzer enter into the electron multiplier where a single ion or electron induces an 

emission signal of roughly 1 to 3 electrons. The electron current generated is a signal 

displayed as a mass spectrum or chromatogram. MSD systems operate under high 

vacuum preventing ions from colliding into gas molecules which would otherwise 

reduce sensitivity and increase background noise of the system (Grob and Barry 

2004; Hoffman and Stroobant 2007).    
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Figure 3. 5: Operation principle of electron ionization and quadrupolar mass 

analyser (Harris 2010). 

The resulting mass spectrum is displayed as a plot of the relative intensity of these 

ions versus their mass-to-charge ratio (m/z). Since most ions produced are singly 

charged, their m/z values are indicative of their masses. As the gas chromatographic 

separation proceeds, the mass analyser is repeatedly scanned. The ion intensities for 

all m/z values for each scan can then be summed to generate a chromatographic trace 

commonly called a total-ion current chromatogram. Searching libraries of mass 

spectra enhances the interpretation of the data (Grob and Barry 2004; Hoffman and 

Stroobant 2007). 

3.3.2 Methods for water measurements 

The measurement of moisture content in the product gas can be problematic. It 

suffers either from low accuracy or high complexity. Since the moisture content in 

the feedstock for gasification is usually high (around 10 wt.%). Although the 

moisture will be vaporised during gasification and can be consumed by the 

gasification reactions, additional moisture can also be generated from oxidation 



Chapter 3                                                                                                         Materials and methods 

118 

 

reactions. So the overall mass fraction of moisture in the product gas should still be 

much higher than that of tar in the product gas.  

In the two experimental campaigns (see Chapter 4) different methods for moisture 

content determination were used. In the first campaign, a simple method was used to 

provide relatively accurate results based on the assumption that the mass fraction of 

tar is several orders of magnitude lower than that of moisture in the product gas. The 

method consisted of packing 10 g of P2O5, a strong desiccant, into a syringe and 

weighing. When the steady state was reached, 100 ml of hot product gas was drawn 

through the desiccant (50 ml min-1) to adsorb all the moisture (including tar 

compounds). After that it was weighed again immediately. The mass difference was 

considered as the mass of moisture in the product gas. Although the moisture content 

from this method was slightly higher than its true value, the assumption was 

mitigated by its simplicity and convenience. In the second campaign an impinger 

containing 100 mL of isopropanol placed in a 4 °C water bath was connected after 

the hot filter. The moisture in the product gas was trapped while passing through the 

solvent. A fresh bottle was weighed and connected when the gasification process 

reached steady state. A gas meter was connected after the impinger to volumetrically 

measure the amount of gas (dry) which passed through the solvent. Once the 

gasification test was finished the impinger was disconnected and reweighed and the 

moisture content in the product gas was calculated based on the mass difference 

between the impinger before and after measurement and the volume of product gas. 

3.3.3 Methods for permanent gas measurements 

The permanent gases from gasification H2, CO, CO2, CH4, N2, C2H4, C2H2, C2H6 

and so on, were analysed by micro gas chromatography (μ-GC) equipped with 

thermal conductivity detector (TCD). The μ-GC is designed for rapid gas 

chromatography analysis. Typically, a μ-GC is composed of three units comprising 

sampling, separation (capillary columns) and detection (usually more than one TCD 

detector are installed in parallel to improve its versatility). The gas samples were 

taken and loaded on the columns automatically. Different columns are coated with 

specific stationary phases to separate different gas species under certain conditions 

(oven temperature, carrier gas type and flow rate). When the gas sample is carried 
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through the column by a constant stream of carrier gas (mobile phase), gas analyte 

molecules are adsorbed by the stationary phase and desorbed by the mobile phase. 

These two opposite processes occur repeatedly on the column. Since each gas analyte 

species has its own distinct adsorbing and desorbing ability between the stationary 

and mobile phases, the analyte mixture can be separated into individual compound 

throughout the column. The separated analytes exit the column at different times 

(retention time). From this perspective, the column is actually a separating tube 

which consists of innumerable and infinitely small separating units (theoretical 

plates). The analytes are then delivered to the TCD detectors. The TCD is based on 

the principle of thermal conductivity which depends upon the gas type. A typical 

TCD contains two channels in which electrically heated filaments are installed 

(Figure 3.6). One channel works as reference with only pure carrier gas flows. The 

analyte compounds in the carrier gas flow through another channel. Since most 

compounds have different thermal conductivities from the carrier gas (e.g. H2 and 

He) it will result in a change of the thermal conductivity in the analysing channel. 

Changes of thermal conductivity between these two channels are proportional to the 

concentration of gas analyte (Grob and Barry 2004). 

 
Figure 3. 6: Schematic of the TCD (Toonen and Loon 2013). 

The product gas, which passed through the cyclone and both the hot and cold 

filters was considered as cleaned and dry product gas. Its composition was 

determined using a Varian, CP4900 μ-GC that had been calibrated using five 
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different gas mixtures (step concentration) prior to the experiments. The μ-GC was 

equipped with 4 channels, each with a thermal conductivity detector for the 

determination of permanent gases and light hydrocarbons. Helium was used as the 

carrier gas. Channel 1 was fitted with a CP-4900 Backflash Column Module 10 MSS 

to analyse Ar/O2, N2, CH4 and CO. Channel 2 was fitted with a CP-4900 Backflash 

Column Module 10 PPU to analyse CH4, CO2, C2H4, C2H6, C2H2, H2S and COS 

(carbonyl sulphide). Channel 4 was equipped with a CP-4900 Column Module to 

analyse benzene and toluene. Channel 3 was not used in this study.  

At the same time, an ABB gas analyser was used to determine the H2 and O2 

content. It was fitted with three modules: an Uras26 (infrared photometer) for CO, 

CO2 and CH4 concentration, a Magnos27 module (thermo-magnetic) for O2 content 

and a Caldos27 (thermal conductivity silicon sensor) for H2 content. The gas analysis 

was carried out according to the method described by Paasen et al. (Paasen et al 

2006). The interval time for the μ-GC was 4 minutes and for the ABB analyser was 1 

second. 
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Chapter 4: Tars from Fluidized Bed Gasification of 

Raw and Torrefied Miscanthus × giganteus 

This content of this chapter has been published in the American Chemical Society 

journal Energy & Fuels. The goal of this paper is to compare tar evolution over a set 

of gasification parameters during bubbling fluidized bed gasification of raw and 

torrefied M×G. To the authors knowledge, tars from raw and torrefied biomass using 

BFB gasification have not been reported. 

Tars from Fluidized Bed Gasification of Raw and Torrefied Miscanthus × giganteus 

Alen Horvat, Marzena Kwapinska, Gang Xue, Luc P. L. M. Rabou, Daya Shankar 

Pandey, Witold Kwapinski, and James J. Leahy, Energy & Fuels, 2016 DOI: 

10.1021/acs.energyfuels.6b00532  

Abstract 

The current study investigates the effect of temperature, equivalence ratio, and 

biomass composition on tar yields and composition. Torrefied and raw Miscanthus × 

giganteus (M×G) were used as biomass feedstocks in an atmospheric bubbling 

fluidized bed gasifier for experiments undertaken between 660 and 850 °C and 

equivalence ratios from 0.18 to 0.32. Tar was sampled according to the solid phase 

adsorption method and analysed by gas chromatography. Torrefied M×G produced 

higher amounts of total GC detectable tar as well as higher yields of 20 individually 

quantified tar compounds compared with raw M×G. Under similar gasification 

conditions (800 °C and an equivalence ratio 0.21) the total GC detectable tar for 

torrefied M×G was approximately 42 % higher than for raw M×G. Higher tar yields 

were observed to be related to higher lignin and lower moisture content of torrefied 

M×G. The effect of temperature on tar yields was in good agreement with the 

literature. The highest yield of total GC detectable tar, secondary tars, and tertiary-

alkyl tars was observed between 750 and 800 °C, followed by a decrease at higher 

temperature while tertiary-polycyclic aromatics increased with the temperature over 

the range tested. The effect of equivalence ratio on total GC detectable tar was not 

clear since data points varied significantly (44%) over the range of equivalence ratios 

tested. Temperature is the main driver for tar production and its chemical 
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composition however, this study indicates that tar yields depend significantly on 

biomass composition. 

4.1 Introduction 

Biomass gasification is an important component of biomass based renewable 

energy systems. Via gasification biomass can be utilized in combined heat and power 

production, and for the production of intermediates for organic synthesis in various 

chemical industries. However for most applications the product gas needs to be 

cleaned of impurities such as particulates, alkali metals, chlorine, sulphur and tars. 

Since tars tend to cause system malfunction their reduction/mitigation remains one of 

the biggest challenges in the commercialization of biomass derived fuel gasses (Basu 

2010). 

The reaction pathways and the amount of tar in the biomass gasification in 

bubbling fluidized beds depend on process conditions (i.e. temperature, equivalence 

ratio, residence time, partial pressure of reactants), bed material properties, reactor 

configuration and biomass composition  (Manyà et al 2005; Berrueco et al 2014; Yu 

et al 2014). The effect of these parameters on tar evolution is given as an overview in 

Chapter 1.  

The technology of fluidized bed for the biomass gasification was selected due to 

its advantage with respect to the other gasification technologies. (1) The concept of 

the fluidized bed enables scale-up to medium and large scale gasifiers that is 

typically a problem for fixed-bed reactors. (2) Fluidized bed offer higher conversion 

efficiency then fixed-bed reactors and acceptable tar levels. (3) Fluidized bed 

systems enable feeding of the fibrous structure of biomass which is difficult in the 

entrained flow reactor. 

4.2 Materials and methods 

The biomass feedstock used in this study, Miscanthus × giganteus (M×G) pellets, 

were supplied by JHM Crops, Ireland which were crushed to less than 5 mm. Part of 

M×G was kept in a raw form and part torrefied. The crushed biomass was torrefied 

in a cylindrical container 250 mm in height and 120 mm in diameter with holes (3 
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mm) on the caps and along the reactor walls which served to release any vapors 

generated during the process. The container was tightly packed with biomass 

(approximately 1.3 kg), to eliminate any O2 present, then placed into a muffle 

furnace, heated from room temperature to 250 °C at 20 °C min
-1

, and maintained at 

this temperature for 4 h. Subsequently heating was terminated, and the reactor was 

allowed to cool to ambient temperature while still in the furnace. Although there was 

no flow of sweeping N2 in the furnace, vapours released from biomass during 

torrefaction force the remaining O2 out of the reactor through the holes. The torrefied 

M×G samples differed slightly from batch to batch, but the average mass yield for all 

batches was around 76 wt % of initial feedstock. The torrefied M×G was milled in a 

ball mill prior to characterization and testing to ensure sample homogeneity 

(Kwapinska et al 2015). 

The experiments were carried out within the BRISK EU FP7 framework project 

using an air-blown bubbling fluidized bed gasifier at the Energy Research Centre of 

The Netherlands (ECN). The experimental setup consisted of the following: biomass 

hopper with two feeding screws, air preheater, bubbling fluidized bed gasification 

reactor, cyclone, hot and cold particulate filters, and afterburner/flare for combustion 

of the product gas. The solid fuel was screw fed into the gasifier 50 mm above the 

gas distributor. In order to prevent backflow of the gases from the gasifier through 

the feeding system, a N2 flow of 1 lN min
-1

 was maintained from the biomass hopper 

to the gasifier. The gasification media (air and N2) were preheated to about 200 °C 

before being introduced through a gas distributor at the base of the gasifier. The 

gasification reactor consisted of a bed section (500 mm high and 74 mm internal 

diameter (i.d.)) and a freeboard section (600 mm high and an i.d. of 108 mm). Both 

sections were externally heated. External heating enabled variation of the ER 

independently of temperature. The product gas leaving the freeboard section passed 

through a cyclone and a hot filter to collect entrained particles, which were 

maintained at 400 °C to prevent tar condensation. After each experiment the char and 

ash collected in the cyclone were measured, and the rate of elutriated char was 

calculated over the time period of gasification. Tar and moisture samples were taken 

through the port located after the hot filter. After leaving the analysis section the 

product gas was oxidized in the afterburner. Residual char in the gasifier reactor was 
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also oxidized on a daily basis before removal of the bed material. Detailed 

information about the process operating conditions is presented in Table 4.1. For 

each experiment, the gasifier was charged with 1.15 kg (725 mL) of raw olivine and 

heated to a set point 50 °C lower than the desired gasification temperature before 

feeding commenced. This work reports results from two experimental campaigns 

carried out in 2013 and 2014 and are referred to as ECN Pt-1 and ECN Pt-2. The 

feeding rate of biomass for the gasification tests conducted in 2013 (tests 1 − 8) was 

580 ± 11 g h
-1

. Two to four experiments were performed each working day, and the 

feeding rate for those tests was calculated as an average value over the period of 

gasification. The feeding rate for test 9, the experiment with raw M×G, was lower at 

460 g h
-1

. For all of the other experiments in the 2014 campaign (tests 10 − 22) the 

biomass feeding rate was measured for each single experiment. It should be noted 

that an additional stream of N2 was used to aid the bed mixing and prevent 

agglomeration in the gasifier since the particle size of the bed material was slightly 

too large for the air flow based on the calculation of the equivalence ratio. 

Furthermore, in order to keep the initial fluidization conditions similar for all tests, a 

constant flow of gasification medium (a mixture of air and N2 summing to 12.3 l 

min
-1

) was used when the ER was varied. It should be noted that only the N2 from air 

was counted as being product gas.  

Once steady state was achieved, tar and moisture samples were taken. Tar SPA 

samples were taken in duplicates at 5 minute intervals for each set of gasification 

conditions. The composition of the gas produced was measured continuously during 

the experiments. Before each experiment was finished, a known flow rate of Ar (0.4 l 

min
-1

) was introduced into the gasifier together with the gasification agent (air and 

N2 mixture) to calculate the flow rate of the product gas. The composition of the 

filtered dry product gas was determined using a Varian, CP4900 Micro-GC and ABB 

gas analyzer (Kwapinska et al 2015). The analysis procedure for determination of 

water in the product gas is described in the section 3.3.2. The components of the 

gasification test rig are shown in Figure 4.1. 
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 Figure 4. 1: ECN bubbling fluidized bed gasifier. (1) biomass hopper; (2) feeding 

screws; (3) air preheater; (4) gasifier reactor; (5) cyclone; (6) valve; (7) hot filter; (8) 

cold filter; (9) flare; (10) SPA sampling port.
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Table 4. 1: The main operating conditions used in gasification tests at ECN. 
Test number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

Biomass type T T T T T T T T R R R R R R R R T T T T T 

Temperature, [oC] 800 800 800 800 660 700 750 850 800 715 800 850 800 800 800 800 800 800 800 800 814 

Biomass flow rate, [kg h-1], a.r. 0.57 0.57 0.58 0.58 0.59 0.58 0.58 0.58 0.46 0.66 0.43 0.43 0.40 0.40 0.43 0.46 0.60 0.55 0.56 0.55 0.56 

Water fed in with biomass, [g h-1] 13.7 13.7 13.9 13.9 14.2 13.9 13.9 13.9 40.3 57.8 37.7 37.7 35.0 35.0 37.7 40.3 14.5 13.3 13.5 13.3 13.5 

Equivalence ratio 0.18 0.21 0.23 0.26 0.20 0.20 0.20 0.20 0.32 0.21 0.22 0.23 0.25 0.27 0.30 0.31 0.22 0.23 0.26 0.27 0.28 

Air flow rate, [lN min-1] 8.3 9.7 11.2 12.3 9.7 9.7 9.7 9.7 9.7 9.2 6.2 6.4 6.4 7.3 8.5 9.2 11.1 10.2 12.05 12.15 13.2 

N2 flow rate, [lN min-1] 4 2.6 1.1 0 2.6 2.6 2.6 2.6 2.6 3.1 6.1 5.9 5.9 5.0 3.8 3.1 2.1 3.0 1.15 1.05 0 

Flow rate of the gasification 

medium, [lN min-1] 
12.3 12.3 12.3 12.3 12.3 12.3 12.3 12.3 12.3 12.3 12.3 12.3 12.3 12.3 12.3 12.3 13.2 13.2 13.2 13.2 13.2 

N2 flow to prevent back flow to the 

feeding, [lN min-1] 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Uf, [m s-1] 0.19 0.19 0.19 0.19 0.16 0.17 0.18 0.20 0.19 0.17 0.19 0.20 0.19 0.19 0.19 0.19 0.20 0.20 0.20 0.20 0.20 

Uf,gy [m s-1] 0.30 0.31 0.29 0.30 0.24 0.28 0.28 0.34 0.28 0.26 0.27 0.29 0.27 0.26 0.27 0.28 0.30 0.30 0.29 0.30 0.31 

Residence time in the free board [s] 5.1 5.0 5.3 5.2 6.4 5.6 5.4 4.6 5.6 5.9 5.7 5.6 5.8 5.2 5.8 5.5 5.2 5.2 5.2 5.2 5.0 

R – Raw Miscanthus 
T – Torrefied Miscanthus 
Uf  - Calculated based on gasifying agent 
Uf, gy  - Calculated based on total product gas yield 
a.r. – as received 
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A detailed description of SPA cartridge preparation, sampling, extraction and 

chromatographic analysis is described in Chapter 5. Briefly, SPA cartridges were 

filled with 500 mg of aminopropyl silica sorbent. A stainless steel needle with the 

plastic cap was attached to one end and a conical rubber stopper sealed the other end 

of the SPA cartridge. 100 ml of product gas was withdrawn from sampling port 

which was maintained at 400 °C. 

Subsequently, the tar compounds were extracted from the sorbent but not later 

than two hours after the sampling by the addition of 3 × 600 µl of dichloromethane. 

Naphtalene-d8 and Phenol-d6 were added to the tar solutions as internal standards. 

Deuterated compound as an internal standards are suitable for GC-MSD analysis 

because the MSD response towards deuterated compounds is nearly equal as their 

pronium analogs. Calibration curves prepared using known concentrations of 

Naphthalene/Naphtalene-d8 and Phenol/Phenol-d6 were applied for integration of 

the aromatic and phenolic tars respectively. 

An Agilent 7890A GC coupled with a triple-axis MSD 5975C was used for the 

separation and analysis of the tar solutions. A constant helium flow of 1.2 ml min
-1

 

was passed through a non-polar HP-5MS capillary column (30m × 0.25mm, 0.25µm 

film thickness). The injection port operated at 300 °C while the oven temperature 

program initiated at 30 °C for 5 min, before heating to 180 °C at 5 °C min
-1

 and 

finally from 180 to 300 °C at 8 °C min
-1

. The MSD operated in electron ionisation 

mode at ionisation energy of 70 eV and full scan mode in the mass range 50-550 m/z. 

The transfer line, MSD ion source, and MSD quadrupole mass analyser temperatures 

were maintained at 300 °C, 220 °C, and 200 °C respectively. 

In order to examine the effect of gasification temperature on tar evolution for both 

torrefied and raw M×G, experiments were carried out over a range of bed 

temperatures: 660 − 850 °C for torrefied and 716 − 850 °C for raw M×G using 

equivalence ratios of 0.20 − 0.21 for torrefied and 0.21 − 0.23 for raw biomass. 

The effect of equivalence ratio (ER) was investigated at a bed temperature of 

800 °C. Equivalent ratios from 0.18 to 0.32 were achieved by changing the relative 

flows of air and N2 while retaining the total fluidizing medium at 12.3 dm
3
 N min

-1
 

(for most experiments) or 13.2 dm
3
N min

-1
 (for a set of experiments with torrefied 
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M×G up to an ER = 0.28, which required a higher flow rate of air). For torrefied 

M×G, ERs in the range of 0.18 − 0.28 were obtained, corresponding to biomass 

feeding rates of 0.55 − 0.60 kg h
-1

, while for raw M×G, the ERs were slightly higher, 

in the range of 0.21 − 0.32 and the feeding rate lower, in the range of 0.40 − 0.66 kg 

h
-1

. The feeding rate of torrefied M×G was lower for the same ER, if the same air 

flow was used, because of the lower moisture content, higher C and lower O content 

of the torrefied biomass. Detailed information about the process operating conditions 

is presented in Table 4.1. Due to time constrain during experimental campaigns not 

all tests were replicated using raw and torrefied biomass. 

4.3 Results and discussion 

The data presented in Table 4.2 reports the effect of torrefaction on the 

compositional changes of M×G in terms of proximate and ultimate properties as well 

as the chemical composition of the lignocellulosic polymers. As expected on the 

basis of previous experience with torrefied M×G, moisture content and volatile 

matter are reduced by 70 and 10 %, respectively (Xue et al 2014). The ash content 

increase by 50 %, and the fixed carbon is doubled when compared to raw M×G. 

Apparent differences are observed in the lignocellulosic composition between the 

torrefied and raw M×G, the hemicellulose content was reduced by 67 % during 

torrefaction while about 7 % of cellulose had decomposed compared to the raw M×G. 

As a result of drying as well as the hemicellulose and cellulose decomposition the 

initial mass of raw M×G was reduced on average by about 24 % resulting in a 

relative doubling of the  amount of lignin on a dry and ash free basis (daf). 
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Table 4. 2: Properties of raw and torrefied M×G (Kwapinska et al 2015). 

Proximate analysis (as received) (wt. %) Raw Torrefied 

Moisture   8.8   2.4 

Volatile Matter 77.8 69.5 

Ash   2.8  4.2 

Fixed Carbon 10.7 23.9 

Ultimate analysis (as received) (wt. %) Raw Torrefied 

N 0.6   0.7 

C 42.3 51.1 

H 6.4   6.0 

S <0.01 <0.01 

Cl 0.2 0.2 

O (by difference) 39.0 35.4 

Chemical composition (dry basis) (wt. %) Raw Torrefied 

Hemicellulose 21.3 7.1 

Cellulose 42.8 39.8 

Lignin 21.3 42.8 

Extractives 4.7 4.7 

Chemical composition (dry and ash free 

basis) (wt. %) 

Raw Torrefied 

Hemicellulose 22.3 7.3 

Cellulose 44.8 41.4 

Lignin 22.3 44.5 

Extractives 4.9 4.9 
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Figure 4. 2: Particle size distribution of raw and torrefied M×G feed into gasification 

reactor. 

Figure 4.2 shows the particle size distribution of raw and torrefied M×G. The 

torrefied feedstock contains a larger fraction of fine particles resulting in a mean 

particle diameter of 718 µm  compared to 1307 µm for the raw M×G. Torrefied 

M×G is also more brittle and its particle size is likely to have been further reduced in 

the feeding system. 
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Figure 4. 3: Total ion current chromatogram from GC-MS analysis, comparing tars 

from raw and torrefied M×G. 

Figure 4.3 compares the total ion current chromatograms of the tar compounds for 

torrefied and raw M×G. The chromatogram enables the detection of about 100 

species however only 20 of the most abundant tars are identified using the NIST 08 

MS library within MSD ChemStation®. The tar compounds identified are presented 

in Table 4.3 in the order in which they eluted. Total GC detectable tar in this paper 

includes tar molecules eluted from benzene (M ≈ 78 amu) to benzo[k]fluoranthene 

(M ≈ 252 amu). The results need to be viewed in a semi quantitative manner as the 

total GC detectable tar was quantified by integration of the total ion current (TIC) 

chromatogram while individual tar compounds on the other hand were isolated and 

integrated in a selected-ion monitoring (SIM) chromatogram. The two different 

integration techniques introduce an uncertainty when the individual tar compounds 

are compared to the total GC detectable tar quantities. When using the solid phase 

adsorption method, measurement uncertainty may arise due to the different modes of 

integration, the sampling efficiency, extraction recovery and simplified quantitation 

methods (i.e. assuming the detector response is uniform for all compounds quantified) 

as previously addressed by Ortiz et al. and Horvat et al. (Ortiz et al 2013; Horvat et al 
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2016). Therefore, direct comparison of tar values from a particular study such as this 

with other literature data needs to be undertaken with caution. 

Table 4. 3: Identified tar compounds together with the retention times and 

classification according to (Milne et al 1998). 

Tar compound Chromatographic retention 

time [min] 

Tar group 

Benzene 2.19 Secondary 

Toluene 3.96 Secondary 

o/m/p Xylene 7.66 + 8.55 Secondary 

Styrene   8.51 Secondary 

Phenol   12.54 Secondary 

Indene 14.00 Secondary 

o/m/p Cresol  14.81 + 15.54 Secondary 

Naphthalene 18.40 Tertiary-PAH 

2-Methyl-naphthalene 21.54 Tertiary-alkyl 

1-Methyl-naphthalene 21.98 Tertiary-alkyl 

Biphenyl 23.86 Tertiary-alkyl 

2-Ethenyl-naphthalene 25.09 Tertiary-alkyl 

Acenaphthylene 25.56 Tertiary-PAH 

Dibenzofuran 27.20 Secondary 

Fluorene 28.77 Tertiary-PAH 

Phenanthrene 33.08 Tertiary-PAH 

Anthracene 33.27 Tertiary-PAH 

Pyrene 38.87 Tertiary-PAH 

Benz[a]anthracene 42.94 Tertiary-PAH 

Benzo[k]fluoranthene 46.831 Tertiary-PAH 

Tar yields are expressed on a mass basis as gTar kg-1
Biomass-daf to eliminate any 

dilution effect in the product gas when the biomass feed rate is reduced or when the 

oxygen to nitrogen ratio is reduced to adjust for lower ER. This enables comparison 

of the differences in tar composition which are directly related to torrefaction. 
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The results of SPA tar shown in Figures 4.4 - 4.6 and 4.8 - 4.11 are presented in 

duplicate for each gasification condition to show the repeatability of the 

measurements and the random errors associated with fluctuations in the feeding rate. 

Table 4.4 shows the measurement repeatability of total GC detectable tar, phenol, 

and naphthalene. Repeatability is calculated for both experimental campaigns 

independently and includes all GC injections. The repeatability calculation spread 

sheet is adopted from the TAPPI standard T 1200 and is available on the web 

(www.tappi.org/content/pdf/standards/useful.xls). The chromatographic 

repeatabilities presented are slightly higher than those reported in the literature. 

Israelsson et al. reported a relative standard deviation (RSD) within 10 % for most of 

the tar compounds, while Ortiz et al. reported chromatographic repeatability of 4 % 

and 2 % RSD for naphthalene and phenol, respectively (Israelsson et al 2013; Ortiz 

et al 2013). However, for the purpose of the current comparative study the 

measurement repeatability is considered acceptable. 

Table 4. 4: Measurement repeatability of total GC detectable tar, phenol, and 

naphthalene calculated for each experimental campaign. Repeatability is expressed in 

(%). 

 Total GC 

detectable tar 

Phenol Naphthalene 

ECN Pt.I 9 11 15 

ECN Pt.II 13 11 9 

4.3.1 Effect of temperature on tar yield and composition 

Figure 4.4 shows the changes in the total, secondary, tertiary alkyl and tertiary 

PAH tar groups generated from the raw and torrefied M×G as a function of 

gasification temperature. The main indication from Figure 4.4 is that torrefied M×G 

generate more total GC detectable tar than raw. For the  temperature range studied 

the total GC detectable tar produced from raw M×G accounts for  ≈ 1.6 wt.%  of the 

initial dry and ash free (daf) feedstock while for torrefied M×G it was around ≈ 2.5 

wt.%. For similar temperature conditions (800 °C), total GC detectable tar for 

torrefied M×G is about 40 % higher (30.4 versus 18.6 gTotal GC detectable tar kg-1
Biomass-daf). 

This deduction is in contrast to Chen et al. who suggested that torrefaction may 
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reduce tar production (Chen et al 2015). The lignocellulosic composition of the 

feedstock together with the water content seem to play the major roles in tar 

evolution. Torrefied M×G has about double lignin content (Table 4.2) which is a 

precursor for the aromatic species found in tar (Van Paasen et al 2004). On the other 

hand, the higher moisture content in the raw biomass (Table 4.2) and the product gas 

(Table 4.5) enable higher rates of the tar steam reforming reaction (Equation 1.2), 

particularly at gasification temperatures above 800 °C. Note that the water content in 

the tests 1 – 9 was measured gravimetrically by using P2O5 desiccant and in the tests 

10 – 21 by impinger containing 100 mL of isopropanol placed in a water bath at 4 °C. 

Table 4. 5: Moisture content (M) in the product gas. 

Test number 1 2 3 4 5 6 7 8 9 10  

Biomass type T T T T T T T T R R  

Temperature, [oC] 800 800 800 800 660 700 750 850 800 715  

M in the gas, [mg kg-1 biomass 

a.r. ], a.r 
191 201 290 299 230 155 139 149 112 230  

            

Test number 11 12 13 14 15 16 17 18 19 20 21 

Biomass type R R R R R R T T T T T 

Temperature, [oC] 800 850 800 800 800 800 800 800 800 800 814 

M in the gas, [mg kg-1 biomass 

a.r. ], a.r 
221 200 215 263 287 259 158 178 180 168 204 

The peak production of total GC detectable tar is observed for both feedstocks 

between 750 and 800 °C which is in line with the trends observed for other 

feedstocks (Kinoshita et al 1994; Van Paasen et al 2004). For torrefied M×G the total 

GC detectable tar did not decrease significantly after its peak production at 750 °C 

which can be attributed to: (1) decomposition of some heavy GC undetectable tar 

into the GC detectable tar fraction due to thermal tar cracking (Van Paasen et al 2004; 

Kuo et al 2010) (2) higher thermal stability of light PAHs due to the higher content 

of aromatic lignin in torrefied M×G (Milne et al 1998) resulting in higher total GC 

detectable tar yield; (3) limited steam reforming of tars due to the lower water 

content in the product gas resulting from torrefied M×G. 
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Figure 4. 4: Temperature profile of the total GC detectable tar, secondary, tertiary 

alkyl and tertiary PAH tar groups at an equivalence ratio 0.21 ± 0.02; solid symbols - 

raw M×G; open symbols - torrefied M×G. 

Despite the higher ash content (4.2 vs 2.8 wt. % as received basis), torrefied M×G 

generates a higher quantity of tar. Link et al. observed a similar trend which indicates 

that the ash content in the biomass is not a determining factor during tar evolution 

(Link et al 2012). The higher ash content in the biomass particles did not give rise to 

any observable tar reduction which may suggest that the residence time of tar 

vapours in the particles was significantly shorter than in the gas phase. As the 

residence times of the molecules in the gas phase in the reactor were similar across 

all gasification conditions (Table 4.1) the difference in the particle size between 

feedstock may have been more important. Shorter residence time of volatiles within 

smaller torrefied particles as a result of faster diffusion of the tar vapours from small 

particles could contribute to higher tar yields for torrefied M×G (Padban et al 2000). 

The yield of secondary tar species from torrefied M×G is significantly higher than 

from raw biomass, an indication that is consistent with previous reports by 

Fitzpatrick et al. and Meng et al., who concluded that higher lignin content is directly 

responsible for high levels of oxygenated aromatics such as phenols, which are the 
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main constituents of secondary tars (Fitzpatrick et al 2008; Meng et al 2012).  

Secondary tars are the dominant species among the three tar groups at temperatures 

up to 850 °C, but above 850 °C tertiary PAH tars seemed to predominate. Secondary 

tars arising from torrefied M×G show the highest concentrations at 750 °C, while 

secondary tars from raw M×G decreased in the temperature range from 715 to 

850 °C. However, there is a reasonable possibility that a similar trend would be 

observed for the secondary tars from both feedstocks if an additional gasification 

experiment using raw M×G had been undertaken between 650 and 750 °C. 

Tertiary-alkyl tars are not quantitatively significant. The concentration of tertiary-

alkyl tars from raw M×G appears to peak at 800 °C followed by a gradual decrease, 

while torrefied tertiary-alkyl tars increase with temperature. Milne et al. observed 

peak production of tertiary-alkyl tars between 850 and 900 °C (Milne et al 1998). 

Tars belonging to the tertiary-PAH tar group increase with gasification temperature 

for both feedstocks. Tertiary-PAH tars concentrations are about 8 times higher at 

850 °C than at 650 °C which is in agreement with Rabou et al. also used olivine as 

the bed material (Rabou et al 2009). It is interesting to note, that at 700 °C there is no 

difference in the yield of tertiary-PAHs between torrefied and raw M×G, while at 

850 °C torrefied M×G produces double the amount of tertiary-PAHs compared to the 

raw biomass suggesting significant reforming of phenols into PAHs. At higher 

temperature such as 850 °C, endothermic steam reforming reactions are promoted 

(Narvaez et al 1996) which lead to the formation of less PAHs from the raw M×G 

where higher amounts of water were present in the product gas (Table 4.5). In 

contrast for torrefied M×G steam reforming reactions were limited due to the lower 

contents of water in the product gas. 

The trends for permanent gas production are similar for both raw and torrefied 

M×G (Figure 4.7). An increase of H2 and CO with temperature observed for both 

biomasses can partially be explained by the decrease in tar arising from de-alkylation 

reactions (Berrueco et al 2014), while the observed consumption of CO2 is likely to 
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have arisen as a consequence of dry reforming of tar (Rapagna et al 2000).

 

Figure 4. 5: Temperature profile of the phenolic, single ring aromatic, and two rings 

aromatic tars from the secondary tar group at an equivalence ratio 0.21 ± 0.02; solid 

symbols - raw M×G; open symbols - torrefied M×G. 

The evolution of phenolic, single ring aromatic, and two rings aromatic tar 

compounds belonging to the secondary tar group as a function of temperature is 

presented in Figure 4.5. At about 700 °C the torrefied biomass generates from 22 to 

30 % more phenols and from 38 to 47 % more cresols due to its higher lignin content, 

the main source of phenolic tars (Van Paasen et al 2004). At temperatures up to 

800 °C the most abundant tar compounds within the group are phenols and cresols 

(68 - 33 %) but above 800 °C almost complete conversion of phenols and cresols 

occurs particularly for raw M×G. Phenol yield from the torrefied M×G remains 

relatively high at 850 °C due to the higher initial content of phenol in the tar. 

The behaviour observed for phenol follows closely that of the group of secondary 

tars (see Figure 4.4 and 4.5a,b) making phenol a good indicator for  the evolution  

secondary tars. According to Dufour et al. cresol reforms into phenol and toluene by 
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demethylation and dehydration reactions with phenol undergoing further conversion 

to benzene through dehydration (Dufour et al 2011). Fitzpatrick et al. reported that 

phenols derived from lignin eliminate carbon monoxide to give the cyclopentadiene 

radical and its methyl derivatives, which are mainly converted in a reducing 

environment into benzene, toluene, indene, and naphthalene (Fitzpatrick et al 2008). 

Increased yields of CO (see Figure 4.7a) with temperature as well as increasing 

yields of benzene and toluene are observed for both feedstocks which may indicate 

cracking of the abundant phenolic species. 

Changes in the secondary aromatic tars with temperature are presented in Figures 

4.5c,d,e,f. The highest yield of toluene, styrene and indene is observed at 800 °C for 

both feedstocks. For both feedstocks o/m/p Xylene gradually decrease, while 

dibenzofuran steadily increases with temperature. In the case of raw M×G, benzene 

formation appears to peak at 800 °C, while it increases continuously up to 850 °C in 

the case of the torrefied feedstock. The relatively abundance of benzene indicates a 

significant degree of tar reforming (Jess 1996; Padban et al 2000),  however, a 

decrease in benzene, toluene, styrene and indene at 850 °C is more evident in the 

case of raw M×G probably due to the enhanced steam reforming reactions as 

mentioned earlier. It should be noted that benzene and toluene measurements shows 

poor repeatability making comparisons difficult. Moreover, during optimization of 

the SPA protocol it was observed that both toluene and particularly benzene broke 

through the amino phase sorbent introducing sampling error, suggesting that 

underestimation of lighter tar compounds needs to be considered when using the 

SPA sampling method. The issue regarding inadequate sampling of benzene and 

toluene was reported previously by Ortiz el al. and Horvat et al. (Ortiz et al 2013; 

Horvat et al 2016). Horvat, Kwapinska et al. compared the quantities of benzene and 

toluene measured by SPA (only aminoproply silica sorbent) and on-line µGC method 

and observed from 67 to 90 % higher yields of benzene and from 23 to 61 % higher 

yields of toluene measured by µGC. Although it is evident that µGC measurements 

show higher quantities of benzene and toluene, such discrepancy could also partially 

arise from the calibration method of the GC-MS instrument used for analysis of the 

SPA samples. The GC-MS was calibrated based on a single calibration curve and 

therefore the tar species were quantified as naphthalene for the tars extracted from 
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the aminopropyl silica sorbent and quantified as toluene for the tars extracted from 

the activated charcoal. With such a simplified calibration approach different detector 

response factors may affect the final quantities of the analyte. It was also evident that 

using the second charcoal sorbent in the SPA sampling device improved the 

sampling efficiency of both benzene and toluene (Horvat, Kwapinska et al. 2016). 

Similar trends for secondary tar aromatics (one and two ring) were observed for 

other feedstock by Van Paasen et al. and Dufour et al. who suggested that indene 

reforms either to benzene or naphthalene at temperatures between 800 and 900 °C. 

Toluene likewise forms from cresols by dehydration and further converts to benzene 

by demethylation (Van Paasen et al 2004; Dufour et al 2011). 

 

Figure 4. 6: Temperature profile of the alkylated aromatic and PAH tars from the 

tertiary alkyl tar group at an equivalence ratio 0.21 ± 0.02; solid symbols - raw M×G; 

open symbols - torrefied M×G. 

Similar trends are observed for both biomass feedstocks for the evolution of 

individual tertiary-alkyl tar compounds with temperature as can be seen in the results 
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presented in Figure 4.6 a,b. The most abundant of the tertiary-alkyl tar molecules is 

2-methyl-naphthalene, but quantitatively it is less significant since the yield is an 

order of magnitude lower than the most abundant tars i.e. naphthalene and phenol. 

The highest concentrations of alkylated naphthalenes is at 800 °C but these decrease 

significantly at 850 °C suggesting that they lose their alkyl groups and probably 

convert to naphthalene (Dufour et al 2011). According to Fitzpatrick et al. methyl-

naphthalenes are derivatives of methyl-cyclopentadienes. Biphenyl increased 

constantly with temperature (Fitzpatrick et al 2008). Van Paasen et al. observed a 

similar trend for biphenyl and they suggested that the growth mechanism of biphenyl 

operates via recombination of two phenyl radicals (Van Paasen et al 2004). Berrueco 

et al. observed an increase of alkylated naphthalenes and biphenyl in the case of 

torrefied spruce, whereas for torrefied forest residue, a decrease was observed 

between 750 - 850 °C. They also suggested that alkylated naphthalenes and biphenyl 

may have a role as intermediate compounds in the polymerization pathways to higher 

molecular weight PAHs (Berrueco et al 2014). 

Figures 4.6 c,d,e,f show the evolution of individual tertiary-PAH tar compounds 

with temperature. For torrefied M×G the trends for all eight PAHs were similar, 

showing exponential growth with increasing temperature. In the case of raw M×G 

the growth rate of PAHs moderates above 800 °C which again can be attributed to 

the enhanced steam reforming actions. Benzo(k)fluoranthrene arising from raw 

biomass appears to decrease at 850 °C, however since benzo(a)anthracene and 

benzo(k)fluoranthrene are well below the limit of quantification by GC-MS (Horvat 

et al 2016) the results need to be viewed with caution. Despite relatively low 

concentrations of the largest PAHs (i.e. < 0.15 gTar compound kg-1
Biomass-daf), the 

knowledge of their concentration is critical in terms of the ultimate exploitation of 

the product gas, since they have a significant influence on it’s dew point. For both 

biomass feedstocks naphthalene is the most abundant tar compound belonging to the 

tertiary-PAH tar group. The quantitative significance of naphthalene compared to the 

tertiary-PAH tar group decreases with temperature suggesting that naphthalene is an 

intermediate in the reaction pathways to larger PAHs (Fitzpatrick et al 2008). 

Naphthalene from torrefied M×G at 660 °C comprises about 62 % of the tertiary-

PAH tar group, while at the 850 °C this value decreases to about 53 %, while the 
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values for the naphthalene from raw M×G decrease from 60 to 55 % in the 

temperature range from 715 °C to 850 °C. Naphthalene can also be formed as a 

product of the cracking of higher molecular weight tars (Devi et al 2003). On the 

other hand, it should be noted that the quantitative significance of naphthalene in 

relation to the total GC detectable tar increased with the temperature indicating tar 

conversion to PAH compounds as the temperature increases. The relative amount of 

naphthalene compared to the total GC detectable tar increase from 10 to 30 % and 

from 4 to 22 % for raw and torrefied M×G respectively. The increase of PAHs 

coincides with a decrease in phenols and methylated aromatics as a result of 

dealkylation, dehydration, decarbonylation, and polymerization reactions (Berrueco 

et al 2014). 

With regards to permanent gases, the methane (Figure 4.7a) yield was slightly 

higher for torrefied M×G and increases with the temperature, probably as a result of 

thermal cracking of aliphatic hydrocarbons (Dufour et al 2011) or as a result of 

ethane (C2H6) breaking down into the CH3• radicals which react with the H2 forming 

CH4. This hypothesis is supported by the decreasing yields of C2H6 reported in 

Figure 4.7b. The concentration of acetylene (C2H2) and ethylene (C2H4) increase 

with increasing gasification temperature for both biomasses as shown in the Figure 

4.7b. Temperature driven de-methylation reactions of methylated tar species give rise 

to the CH2• radicals that recombine to C2H4 or C2H2 + H2. Literature data on the 

evolution of C2 species vary, probably due to the different reaction conditions 

applied. Brage et al. investigated pyrolysis products from hardwood chips and related 

the presence of C2 species in the gas phase to the cracking of large organic 

molecules (Brage et al 1996). Dufour et al. related a consumption of C2H4 to the 

formation of higher PAHs via cyclization reactions (Dufour et al 2011). 
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Figure 4. 7: Gas composition as a function of gasification temperature at an 

equivalence ratio 0.21 ± 0.02. Solid symbols and solid lines refer to raw M×G, 

whereas open symbols and dotted lines refer to torrefied M×G. 

4.3.2 The effect of equivalence ratio on tar yield and composition 

The gasifier used in this study was externally heated and the temperature was 

maintained independently of the ER. In industrial scale gasifiers high temperature 

can only be achieved by having a higher ER or through the use of O2-enriched air. 

Therefore, the results presented here need to be compared with the studies conducted 

under comparable gasification conditions. 
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Figure 4. 8: Equivalence ratio profile of the total GC detectable tar at 800 °C 

operating temperature; solid symbols - raw M×G; open symbols - torrefied M×G. 

Figure 4.8 compares the total GC detectable tar  generated from raw and torrefied 

M×G as a function of ER at constant temperature (800 °C), showing the variation 

between the two experimental campaigns namely ECN Pt-1 and ECN Pt-2. The 

results indicate that torrefied M×G produces more total GC detectable tar than the 

raw feedstock. Over the range of ER investigated the total GC detectable tar from 

raw M×G comprises between 1.5 - 2.6 wt.% of initial dry and ash free (daf) 

feedstock, while that from torrefied M×G varies between 2.1 - 4.0 wt.%. The total 

GC detectable tar at ERs of 0.22 and 0.27 were taken only from the ECN Pt-2 

experimental campaign. The total GC detectable tar from raw M×G at an ER of 0.22 

is about 18 gTotal GC detectable tar kg-1
Biomass-daf, whereas torrefied M×G at an ER 0.22 

produces 23 g of total GC detectable tar, representing a relative difference of 22 %. 

Comparison between total GC detectable tar values for raw and torrefied M×G at an 

ER of 0.27 shows a relative difference of 33 %. As mentioned earlier such a 

difference could be attributed to the higher lignin content of torrefied M×G and 

higher moisture content in raw biomass (Van Paasen et al 2004). The data (see 

Figures 4.8 to 4.11) for the total and individual tar components as well as the 

permanent gas composition as a function of ER show no obvious trend making it 
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difficult to draw definitive conclusions regarding whether or not the ER influences 

tar production. Kinoshita et al. and Hanping et al. using externally heated gasifiers 

and keeping the biomass feed rate constant, observed a decrease in tar with 

increasing ER (Kinoshita et al 1994; Hanping et al 2008). The explanation for not 

observing such a decline as the ER increases is not clear but possible reasons include; 

• In the experimental rig the gasification medium (i.e. air + N2) was introduced 

below the distributor plate while the biomass was introduced above the distributor 

plate. As mentioned earlier, de-volatilization mainly occurred from the biomass 

particles floating on the top of the bed. Therefore, oxygen driven tar cracking was 

limited because the oxygen introduced from the distributer plate is likely to have 

reacted with more reactive vapours (Gómez-Barea et al 2013) in the bed before 

reaching the free board where final tar formation took place. The residence time is 

short (< 1 s) in the dense oxygen rich phase while it is longer in the freeboard with 

low oxygen levels (5-6 s). A longer residence time in the freeboard could override 

the effect of the ER. 

• Fresh uncalcined olivine was introduced into the reactor at the beginning of 

each day. A gasification temperature of 800 °C with local hot spots may have caused 

a gradual increase in olivine catalytic activity as the experiments progressed (Kuhn et 

al 2008). The catalytic activity of olivine was evaluated using the enrichment factor 

(EF) of the elutriated cyclone fines. According to Arena et al. when olivine 

demonstrates significant catalytic activity for tar cracking, the fines collected in the 

cyclone contain substantially larger quantities of iron than those remaining in the 

reactor, consequently the observed values of EF were significantly larger than 1 

(Arena et al 2010). For the gasification experiments undertaken during the ECN Pt-2 

campaign, the measured EFs for iron were in the range 0.2 to 0.6 suggesting low or 

no catalytic activity from the elemental iron in olivine. However, according to 

Serrano et al. other elements present in olivine such as magnesium could have higher 

catalytic activity than iron (Serrano et al 2016). 

• More than one set of gasification conditions were tested within each day of 

experiments without discharging the bed between tests. Consequently the char and 
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ash which accumulated throughout the day may have offset ER in terms of the effect 

on tar evolution (El-Rub et al 2008). 

Figure 4.8 which illustrates how total GC detectable tar yield changes as a 

function of ER shows that there is a significant difference between total GC 

detectable tar observed for the two experimental campaigns. This cannot be 

explained by differences in the chemical composition of the feedstocks which came 

from the same batch of material and were within the margin of error. There was a 

notable difference in total GC detectable tar yields (from 30 % to 41 %) between the 

first and second campaign (Figure 4.8) with corresponding ERs of 0.26 and 0.31. 

Such a deviation can derive from: (1) Operation and calibration inconsistency of 

devices involved in the measurement of product gas flow (different methods were 

used in both campaigns), gasification (i.e. air) and fluidizing (i.e. nitrogen) medium. 

(2) Sampling efficiency of SPA amino sorbent may have changed from one 

campaign to another; which in particular could have resulted in a poor sampling of 

the secondary tars (such as benzene, toluene, xylene). (3) Different batches of olivine 

could have had dissimilar catalytic properties due to their different origin (Kuhn et al. 

2008). Notwithstanding potential inconsistencies and some discrepancies in 

operational conditions the results nevertheless strongly suggest that the biomass 

composition plays a pivotal role in determining the yield of total GC detectable tar. 
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Figure 4. 9: Equivalence ratio profile of the secondary, tertiary alkyl & tertiary PAH 

tar group at 800 °C; solid symbols - raw M×G; open symbols - torrefied M×G. 

The evolution of secondary, tertiary alkyl and tertiary PAH tars as a function of 

ER is presented in Figure 4.9 The secondary tars are the principal tar group over the 

range of ER investigated for both feedstocks. Again the yield of secondary tar 

species from torrefied M×G is higher than from raw biomass, which is related to the 

higher lignin content in the torrefied M×G as explained in section 3.1. However, the 

values for the tertiary PAH group are close to the secondary tar group while the  

tertiary alkyl group remains the least significant which is in agreement with tar yields 

at 800 °C from  Figure 4.4. 
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Figure 4. 10: Equivalence ratio profile of the phenolic, single ring aromatic, and two 

rings aromatic tars from the secondary tar group at 800 °C; solid symbols - raw M×G; 

open symbols - torrefied M×G. 

The evolution of individual secondary tar compounds as a function of ER is 

presented in Figure 4.10 a,b,c,d,e,f. The dominant tar compounds within this group 

are benzene, toluene, phenol, indene but the data points show no dependence on ER 

over the range studied. Kinoshita et al. and Hanping et al. on the other hand reported 

a decrease in phenol, xylene and styrene over a similar ER range, while indene 

initially increased up to an ER of 0.25 - 0.27 and then decreased at higher ERs 

(Kinoshita et al 1994; Hanping et al 2008). 
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Figure 4. 11: Equivalence ratio profile of the alkylated aromatic and PAH tars from 

the tertiary tar group at 800 °C; solid symbols - raw M×G; open symbols - torrefied 

M×G. 

Figure 4.11 a,b,c,d,e,f shows the evolution of individual tar compounds in the 

tertiary-alkyl and tertiary-PAH tar groups as a function of ER. Similar to the study of 

the temperature effect, 2-methyl- naphthalene is the most significant tertiary-alkyl tar 

compound with naphthalene, acenaphthylene, and phenanthrene being the most 

abundant compounds within the tertiary-PAH tar group for both biomasses. Torrefied 

M×G shows higher production of PAHs than raw M×G, but no definitive trend for 

the PAHs is observed over the ER range tested. On the other hand the formation of 

PAHs at higher ER was reported by Kinoshita et al. and Handing et al. suggesting 

that the PAHs production is promoted at the higher ER (Kinoshita et al 1994; 

Hanping et al 2008). 
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4.4 Conclusion 

Yields and composition of tar from the bubbling fluidized bed gasification of raw 

and torrefied M×G were investigated as a function of both temperature and 

equivalence ratio. For the range of gasification conditions tested, the following 

conclusions can be drawn: 

(1) The chemical composition of the feedstock is the most important parameter in 

determining tar evolution. There is an indication that torrefied M×G generates higher 

yields of both total GC detectable tars as well as 20 individually quantified tar 

species. The total GC detectable tar production from raw M×G is 14 to 19 gTotal GC 

detectable tar kg-1
Biomass-daf whereas tar yield for torrefied M×G varies from 21 to 31 gTotal 

GC detectable tar kg-1
Biomass-daf measured for the temperature range. High tar content is 

attributed mainly to the higher lignin, but lower moisture content and the small 

particle size of the torrefied M×G may also contribute. 

(2) In terms of the effect of the operational conditions, temperature is 

demonstrated to play the dominant role in tar reforming reactions namely (a) tar 

cracking and (b) PAH enlarging. The highest yields of total GC detectable tar, 

secondary tars, and tertiary-alkyl tars are typically observed between 700 and 800 °C, 

while tertiary polyaromatic tars increase up to the tested maximum temperature of 

850 °C. Phenol is the most abundant species up to 800 °C, but at higher temperature 

naphthalene become dominant. The data from the two experimental campaigns 

suggests that at constant temperature the ER has relatively little impact on the 

amount or composition of tar. 
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Chapter 5: Detailed Measurement Uncertainty 

Analysis of Solid-Phase Adsorption—Total Gas 

Chromatography (GC)-Detectable Tar from 

Biomass Gasification 

This content of this chapter has been published in the American Chemical 

Society journal Energy & Fuels. The objectives of this section are (i) to 

determine the measurement uncertainty resulting from the analysis of real 

gasification tar by SPA−GC measurement system, (ii) to deduce the 

uncertainty contribution arising from the commonly used quantitation method 

based on a single representative calibration curve (i.e., “quantified as 

naphthalene”), and (iii) to compare the uncertainty contributions due to both 

mass spectrometry and flame ionization detectors. In fulfilling these 

objectives, the present work will facilitate an improved comparison of the 

detection units and the overall reliability of tar data in the field of 

gasification. 

Detailed Measurement Uncertainty Analysis of Solid-Phase Adsorption—

Total Gas Chromatography (GC)-Detectable Tar from Biomass 

GasificationAlen Horvat, Marzena Kwapinska, Gang Xue, Stephen Dooley, 

Witold Kwapinski, and James J. Leahy, Energy & Fuels, 2016, 30 (3), 2187-

2197 DOI: 10.1021/acs.energyfuels.5b02579  

Abstract 

Thermochemical gasification offers an attractive solution for the 

conversion of low-grade biomass and waste. However, practical experiences 

of the gasification processes reveal that the formation of tar is troublesome 

for continuous operation. Therefore, tar measurement protocols and tar 

reduction systems are priorities for the development of effective biomass 

gasification. The results of tar measurements often raise questions regarding 

their reliability and accuracy, because of calibration, sampling, and 

discrimination issues. The present work evaluates the solid phase adsorption 

(SPA)−gas chromatography (GC) measurement system for tar in product gas 
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by comparing a quadrupole mass selective detector (MSD) flame ionization 

detector (FID) and their associated measurement uncertainty. The measurand 

is defined as the total GC detectable tar in a normal cubic meter of dry 

product gas when employing the common quantitation method, “quantitation 

as naphthalene”. The GC-FID measurements were significantly higher than 

the GC-MSD measurements. Their overall uncertainties also vary by a 

significant margin. The measurement uncertainty analysis shows that this 

difference in the uncertainty is induced by the particulars of the GC-MSD and 

GC-FID measurement systems, where the relative expanded uncertainty is 

shown to be 109.4 % and 35.0 %, respectively. While a quantitative method 

based on a single calibration curve offers significant advantages, in terms of 

speed and simple quantitation of total GC detectable tar, such an approach 

introduces greater uncertainty within the reported results. 

5.1 Introduction 

Thermochemical conversion of biomass such as gasification is expected to 

play an important role in future energy supply systems. However, together 

with desirable product gases such as H2, CO, and CH4, the gas produced by 

gasification also contains undesirable by-products such as “tars” that causes 

system failure if condensation and polymerization occurs (Basu 2010). 

Chemically, “tar” may be described as a material consisting of hundreds of 

individual compounds possessing aromatic structures. For the purpose of this 

work, the definition of tar is limited by the methods associated with the solid 

phase adsorption sampling and gas chromatography methods employed. Tar is 

defined as a measurand in section 5.3.2. 

As most applications of gasification require product gases with low tar 

content, robust and reliable tar measurement systems are essential in 

monitoring gasification processes in order to facilitate effective tar removal. 

Information regarding tar quantity and composition also addresses legal and 

environmental issues, and is a prerequisite for securing continuous operation. 

Scientifically, tar information is valuable in the context of undertaking mass 

balance calculations and modelling studies of gasification processes where 

the total elemental conversion needs to sum to 100 %. Nowadays, gasification 
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analysts use a number of different sampling and analytical methods to 

determine tar levels. As a result, any comparison of data may be problematic 

(Gasification 2006; Neubauer et al 2010). Although online tar measurements 

such as photoionization detection or molecular-beam mass spectrometry 

(Carpenter et al 2007; Ahmadi et al 2013) enable quick acquisition of data, 

regarding tar quantity and molecular composition, they are not widely used, 

because of high costs, and industrial uptake has been poor. Offline 

measurements while considered reliable and affordable are nevertheless time-

consuming with the tar protocol and SPA being the most commonly used and 

accepted methods (Li and Suzuki 2009). 

5.1 Development of the solid phase adsorption 

measurement system for evaluation of gasification tars 

The development of the SPA measurement system for evaluation of 

gasification tars is described in details in section 2.2.3. However, with the 

SPA analytical protocol, two types of chromatographic detectors are typically 

used, either a mass selective detector (MSD) or flame ionization detector 

(FID). Both detectors are mass-sensitive, responding to the amount of analyte 

entering the detector per unit time. The FID response is proportional to the 

number of C atoms forming CHO+ radicals and it diminishes in the presence 

of heteroatoms such as O, S, and halogens. The MSD responds to the total ion 

count from each molecular ion and the major advantage of the MSD is the 

identification of compounds through the use of fragmentation patterns, using 

mass spectrum libraries. However, the usefulness of the library may be 

restricted, since the measured fragmentation patterns are often different to 

those in the library. The library is typically built using several types of mass 

spectrometers and different ionization methods therefore, identification of 

compounds should not be entirely based on the library matching. Organic 

compounds ionize and fragment, according to their molecular structure. The 

efficiency of electron ionization increases with the size of the molecule. 

Ionization of polyaromatic hydrocarbons (PAHs) generates mostly molecular 

ions, while the presence of heteroatoms and molecular branching introduce 

complex fragmentation processes. With the molecular polarity, the ion source 
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degradation is increasing, which reduces MSD sensitivity. The response of 

the MSD is dependent on the charge, mass, and velocity of the ions but 

generally declines slightly with mass. In simple terms, the FID shows a more 

uniform response, with respect to the molecular structure, aiding quantitation 

but not tar identification. On the other hand, MSD is more sensitive to 

molecular structure, which enables chemical identification, but quantitation 

measurement is less reliable (Grob and Barry 2004; Hoffman and Stroobant 

2007; Amirav et al 2012; Eom et al 2013). 

Table 5.1 summarizes the analytical practices for tar determination 

reported in the scientific literature. Common to all of them is either an 

inadequate description of the measurement procedure or a certain degree of 

chemical grouping either in defining tar or in analysing its components. 

Because of molecular diversity in the order of hundreds of discrete chemical 

components, researchers approximate the quantitation methods, which, in 

turn, require an estimation of the measurement uncertainty in order to ensure 

the robustness of the reported data. 
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Table 5. 1: Literature summary of quantitation methods relating to GC detectable tar. 

Tar 

sampling 

method 

Measuring 

instrument 
Quantitation method Author 

SPA GC-FID 17 tar compounds quantified by external calibration 

as well as two internal standards. Total GC 

detectable tar not reported. 

(Brage et 

al 1997) 

SPA GC-MSD 46 tar compounds quantified by response factors. 

Total tar reported as the sum of 46 quantified tars. 

(Osipovs 

2008)  

SPA GC-FID 10 tar compounds quantified according to Brage et 

al. (Brage et al 1997). Unknown tar compounds 

"quantified as naphthalene". Total GC detectable tar 

reported as the sum of 10 identified as well as the 

unknown tar compounds. 

(Siedlecki 

et al 2009) 

Cold 

surface 

collection 

GC-FID Total GC detectable tar quantified using eicosane (C-

20) 

 as an external standard. 

(Adegoroy

e et al 

2004) 

Dry 

condensat

ion 

GC-FID No calibration conducted. Comparison of integration 

areas in order to follow trends of various 

experimental conditions. 

(Aznar et 

al 2008) 

Tar 

protocol 

GC-FID or  

GC-MSD 

External or internal calibration recommended for 

quantitation of total GC detectable tar. Reported total 

GC detectable tar "quantified as naphthalene". 

(Gasificati

on 2006) 

Tar 

protocol 

GC-FID External calibration employing naphthalene and 

phenanthrene curves. Assumed all quantified tar 

compounds had the same response factor. 

(Virginie 

et al 2012) 

Tar 

protocol 

GC-MSD Quantitation method not described. Total GC 

detectable tar reported. 

(Yu et al 

2014) 
 

Measurement uncertainty is a quantitative parameter that accounts for 

random and systematic variations in measurements systems (Meyer 2007). 

Ortiz et al. established an early benchmark in estimating measurement 

uncertainty for the SPA-GC measurement system, identifying four sources of 
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uncertainty, namely, chromatography, liquid sample volume, gas sample 

volume, and efficiency of the extraction recovery. Five model compounds in 

the range from benzene to phenanthrene were chosen as representative tar 

compounds for the uncertainty estimation. A GC-MSD was calibrated by 

using external standards for each tar compound (Ortiz et al 2013). Ortiz et al. 

found that the major contribution to the overall uncertainty originated from 

the extraction stage of the SPA-GC measurement system. The overall 

expanded uncertainty varied from 11 % to 22 %, for the phenanthrene and 

phenol model compounds, respectively (Ortiz et al 2013). The novelty of the 

present study, when compared to the work of Ortiz et al. (Ortiz et al 2013) is 

the evaluation of the uncertainty of the SPA-GC measurement system during 

real gasification experiment measuring total GC detectable tar by employing 

a single calibration curve. The outcome of this study enables both meaningful 

cross comparisons of data from different measurements systems, and also a 

meaningful analysis of the actual quantities. 

The objectives of the present work are (i) to express the measurement 

uncertainty resulting from the analysis of tar by a SPA–GC measurement 

system; (ii) to deduce the uncertainty contribution arising from the commonly 

used quantitation method based on a single representative calibration curve 

(i.e. “quantified as naphthalene”); and (iii) to compare the uncertainty 

contributions due to both mass selective and flame ionisation detectors. In 

fulfilling these objectives the present work will facilitate an improved 

comparability of tar data in the field of gasification. 

5.2 Materials and methods 

SPA sampling was conducted during a biomass gasification campaign that 

has been described in Chapter 4, using a laboratory-scale air-blown bubbling 

fluidized-bed gasifier at the Energy Research Centre of The Netherlands. A 

flow diagram of the tar measurement procedure is presented in Figure 5.1. 
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Figure 5. 1: Flow diagram of the solid phase absorption−gas chromatography 

(SPA−GC) tar measurement system. 

5.2.1 Solid phase absorption (SPA) sampling 

SPA cartridges for sampling were assembled on the day of each 

experiment. 500 mg of aminopropyl silica sorbent (Discovery® DSC-NH2, 

Sigma-Aldrich) was packed into empty cartridge (Filtration tubes 3 ml, 

Supelco, Sigma-Aldrich) between two polypropylene frits. A stainless steel 

needle (0.9 × 70 mm, luer, Terumo, Neolus®, VWR) with the plastic cap 

attached to one side and a conical rubber stopper closing the other side of the 

SPA cartridge. Part of the product gas was displaced from the main duct 

through a sampling orifice by means of a vacuum pump. The displaced 

product gas passed by the sampling port located downstream of the main 

reactor, immediately after the cyclone and hot filtration unit. The sampling 

port was assembled using a pipe fitting reducer (SS-100-R-2, Swagelok) and 

ferrule (Supeltex M-2A 0.8mm ID, Sigma-Aldrich). The ferrule opening was 

closed with a sealed needle when sampling was not occurring. The 

temperature of sampling port was maintained at 400 °C. The SPA sampling 

device was adopted from the sampling protocol proposed by Energy Research 

Centre of the Netherlands. It consisted of a syringe pump (AL-1000, World 

Precision Instruments) coupled with a glass syringe (100 ml, Fortuna optima, 

Sigma-Aldrich). The sampling volume was adjusted to 100 ml of dry product 

gas, with the flow rate 50 ml min-1. The tip of the glass syringe was attached 

to one end of a PTFE tube while the other end was attached to a custom-made 

stainless steel adapter which enabled connections to the SPA cartridge and 

the pressure gauge. During sampling the pressure was maintained between - 

40 and 60 mbar in order to ensure choked and leak free flow. The SPA 
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sampling device described can be assembled for approximately € 1000 

(excluding consumables e.g. needles, sorbents and cartridges). A drawing of 

SPA sampling device is presented in Figure 5.2. 

Four SPA samples were taken for each process condition. Two samples 

were analysed by GC-MSD and the other two by GC-FID. 

 

Figure 5. 2: Depiction of the SPA sampling device. 

5.2.2 Solvent extraction and internal standard addition 

A modified version of the post sampling procedures described by Osipovs 

for the extraction and chromatographic analysis was used (Osipovs 2013). 

Extraction of SPA cartridges was conducted on site, immediately after 

sampling by the addition of 3 × 600 μl of dichloromethane (≥ 99 % (GC), 

Sigma-Aldrich). The solvent was gently forced through the cartridge using a 

100 ml syringe. Some researchers are using second organic solvent (i.e. 

acetonitrile) for extraction of phenolic compounds. Although, the second 

solvent could improve extraction efficiency and additional data that could be 

gained it would also double the number of samples to be analysed making the 

procedure less practical, therefore in this study only one solvent was used.           
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Naphtalene-d8 was added as an internal standard (ISTD) to the tar 

solutions being analysed by GC-MSD while tert-butylcyclohexane was added 

as an ISTD to the tar solutions being analysed by GC-FID. Deuterated 

compound as an internal standards are suitable only for GC-MSD analysis. 

Deuteraded compounds cannot be chromatographically separated from their 

protium analogs (i.e. most common hydrogen isotope), but they can be 

resolved by mass selective detector. Since the MSD response towards 

deuterated compounds is nearly equal as pronium analogs they are frequently 

used in mass spectroscopy. Flame ionization detector does not have 

identification capabilities. Therefore, for GC-FID analysis tert-

butylcyclohexane was used as an internal standard because it can be 

chromatographically separated. 

The calibration curve for naphthalene/ISTD was applied to all the 

integrated peaks in order to estimate total GC detectable tar. The extraction 

procedure is schematically shown in the Figure 5.3. After the main extraction, 

an additional extraction was conducted in order to evaluate whether the tar 

recovery was complete. An additional aliquot of 600 μl of dichloromethane 

was added to the SPA cartridge and collected in a separate vial. The extracted 

tar solutions were stored at ≤ - 20 °C prior to chromatographic analysis. 

 

Figure 5. 3: Extraction of tars from the SPA cartridges.  
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5.2.3 Chromatographic detection and quantitation 

The GC-MSD characterisation was performed using an Agilent 7890A GC 

fitted with a non-polar capillary column (HP-5MS; 30m × 0.25mm, 0.25μm 

film thickness, Agilent) and coupled with hyperbolic quadrupole mass 

selective detector MSD 5975C. The carrier gas was helium (Purity = 99.99 

%, BOC) flowing at 1.2 ml min-1. 0.8 μl of sample was manually injected in 

splitless mode at 300 °C. The oven temperature initiated at 30 °C for 5 min 

after which the temperature was increased to 180 °C at 5 °C min-1, and from 

180 to 300 °C at 8 °C min-1 equating to an overall runtime of 50 minutes. 

Electron ionisation was at 70 eV, full scan mode in the mass range 50-550 

m/z, 2.91 scans s-1, and 1.95 min solvent delay time. The transfer line, MSD 

ion source, and MSD quadrupole mass analyzer temperatures were 

maintained at 300 °C, 220 °C, and 200 °C respectively. The MSD was tuned 

using the auto tune function. RTE integrator (within MSD ChemStation) was 

applied to integrate the total ion current chromatograms merging every peak 

between retention times of 2.19 min and 46.83 min. The identification of the 

most abundant tar compounds is given section above. The GC-FID 

instrument was a Thermo Scientific Trace 1310 gas chromatograph. Helium 

flow, column, injection volume, injection port, and oven settings were kept 

the same as GC-MSD analysis. The FID temperature was maintained at 240 

°C. Air, hydrogen and make up (N2) flow were adjusted to 350, 35, and 40 ml 

min-1 respectively. Chromeleon 7 was used to integrate total chromatograms 

between retention times of 4.63 min and 47.75 min. Similarly, identification 

and integration of calibration standards (shown later in this work, in Figures 

5.6 and 5.7) have been conducted based on the retention times. 

5.2.4 Statistical approach to measurement uncertainty 

The measurement uncertainty model is based on a bottom-up approach that 

is based on both the Guide to Expression of Uncertainty in Measurement 

(GUM), (BIPM 2008) proposed by the International Bureau of Weights, and 

Measures and Quantifying Uncertainty in Analytical Measurement (Ellison 

and Williams 2012) by Eurachem. On the other hand, the uncertainty 

associated with the sampling employs a top-down approach that has been 
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described in Measurement Uncertainty Arising from Sampling (Ramsey and 

Ellison 2007) by Eurachem. Measurement uncertainty is estimated for single 

measurement and should not be confused with the standard deviation of the 

mean of several separate measurements. Moreover, the term uncertainty and 

error should not be confused. Uncertainty is a range of possible values 

attributable to the measurement result and is based on known random and 

systematic effects. Error is a single value between a result and a “true” value. 

5.3 Results 

5.3.1 Quality of chromatography analysis  

 
Table 5.2 shows the parameters for the gas chromatography analysis using 

the MSD and FID detectors. Sixteen pure model tar compounds were each 

prepared at five concentration levels and analysed in triplicate. Linear least 

squares regression provides coefficients of determination (i.e. linearity). 

Sensitivity is defined as the slope of the curve. Detection (LOD) and 

quantification (LOQ) limits are calculated according to Sanagi et al. 

employing linear regression (Sanagi et al 2009). Precision is expressed as the 

span of relative standard deviation across five concentration levels. 

Table 5. 2: Quality parameters for the two gas chromatographs. 

 GC-MSD GC-FID 

Sensitivity From 1.16×108 (Xylene) to 

4.68×108 (Pyrene) Area mg-1 

From 276.1 (Quinoline) to 463.4 

(Naphthalene) Area mg-1 

Linearity Greater than 0.990 Greater than 0.991 

Precision From 21.84 to 0.56 % with 

average of 3.36 % 

From 9.22 to 0.54 % with average of 2.71 % 

LOD From 0.011 (Styrene) to 0.058 

(Naphthalene) mg g-1  

From 0.020 (Phenanthrene) to 0.048 

(Quinoline) mg g-1  

LOQ From 0.035 (Styrene) to 0.195 

(Naphthalene) mg g-1   

From 0.066 (Phenanthrene) to 0.159 

(Quinoline) mg g-1  

Accuracy depends on the level of uncertainty. As such, the accuracy 

includes the entire SPA–GC measurement system and its uncertainty. 
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5.3.2 Definition of a measurand, measurement model, and 

derivation of the equation of the measurand 

Uncertainty estimation requires a clear and unambiguous definition of 

what is being measured, including the parameters that affect the measurand 

(Ramsey and Ellison 2007). The definition of a measurand (i.e., an analytical 

result) is derived from a measurement model described by Equations 5.1 − 

5.5, and summarized in Equation 5.6 The measurand is defined as a gram of 

total GC detectable tar in a normal cubic meter of dry product gas (gtotal GC‑

detectable tar Nm−3 dry product gas). The term “total GC-detectable tar” in the 

described measurement system refers to those tar compounds eluted from 

benzene (M ≈ 78.11 g mol−1) to benzo[k]fluoranthene (M ≈ 252.31 g mol−1). 

     vial    
  

  

 
 

ISTD in solution Solution in
ISTD in vial

Solution Total in vial

w wc
w w





                                            (5.1)    

    

  

k  Total tar Total tar in vial
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A c
A c

                                                                                         (5.2)  

   
     k
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3        1  
 1 0Total tar in vial Conversion factorTotal tar in m of PG

w w                                                 (5.5)  

3
         

3   1  
   

   Total tar in vial Total in vial Total GC detectable tar
Total tar in m of PG

Sampled PG Dry product gas

c m gw
V Nm

 
   

  

                  (5.6)  

Nomenclature 

wISTD in solution = weight of internal standard in the standard solution (mg) 

wSolution = weight of standard solution (g) 

wSolution in vial = weight of standard solution in the vial (g) 

cISTD in vial = concentration of internal standard in the vial (mg g-1) 

wTotal in vial = total weight in the vial; tar extract + standard solution (g) 

ATotal tar = sum of integration areas of all integrated compounds from the 

chromatogram (unit less) 
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AISTD = integration area of internal standard from the chromatogram (unit 

less) 

k = slope of linear quantitation curve (unit less) 

cTotal tar in vial = concentration of total GC detectable tar in the vial (mg g-1) 

wTotal tar in vial = total tar weight in the vial (mg g-1) 

wTotal tar in 100 ml of PG = total tar weight in 100 ml of the product gas (PG) (mg 

100 ml-1) 

wTotal tar in 1 m
3

 of PG = total tar weight in 1 m3 of the product gas (g m-3) 

10Conversion factor = conversion factor from wTotal tar in 100 ml of PG to wTotal tar in 1 m
3

 of 

PG (unit less) 

VSampled PG = volume of sampled product gas (m3) 

5.3.3 Evaluation of uncertainty contributors  

The cause and effect diagram in Figure 5.4 divides the sources of 

uncertainty into five major categories, i.e., chromatographic, sampled 

volume, weight of total tar extract in the vial, sampling, and incomplete 

extraction. The uncertainty contributors identified in the cause and effect 

diagram were quantified following the calculation and combination of the 

uncertainty budget, according to Figure 5.5 The main output features from the 

uncertainty model are the combined standard uncertainty and expanded 

standard uncertainty. The sensitivity coefficients and individual uncertainty 

contributor, as a percentage of the combined standard uncertainty (IUCCSU), 

are useful tools to distinguish which uncertainty contributors are significant. 

The uncertainty model is built on the assumptions that there is no correlation 

between the uncertainty contributors. 
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Figure 5. 4: Cause-and-effect diagram. 
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Figure 5. 5: Flow diagram demonstrating the uncertainty budget. 

5.3.3.1 Evaluation of uncertainty contributors derived from 

chromatographic analysis (uGC) 

Chromatographic uncertainty is estimated by evaluating the uncertainty that arises 

from (i) the quantitation method, (ii) the multiple-point quantitation curve, and the 

chromatographic repeatability. 

5.3.3.1.1 Uncertainty associated with the quantitation method 

(uQM) 

The uncertainty associated with the quantitation method for the analysis of total 

GC-detectable tar in the product gas is a combination of the consistency of the 

correlation between naphthalene and the marginal tar compounds, the coefficient of 

determination, and detector repeatability. The consistency of correlation between 

naphthalene and marginal tar compounds addresses the issue of basing a quantitation 

method on a single quantitation curve. Figures 5.6 and 5.7 present the curves for the 

16 model tar compounds, plotted in a format of mass ratio (mgAnalyte mg−1
ISTD) versus 

integration area ratio (AAnalyte A−1
ISTD). 
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Figure 5. 6: Uniformity of MSD sensitivity measuring 16 model tar compounds. 

Curves are plotted as “analyte/ISTD” (e.g., benzene/naphthalene-d8). 

 

Figure 5. 7: Uniformity of FID sensitivity measuring 16 model tar compounds. 

Curves are plotted as “analyte/ISTD” (e.g., benzene/tertbutylcyclohexane). 

Using Figures 5.6 and 5.7, the upper and lower limits for the total GC-detectable tar 

can be acquired. The upper limit appears as the steepest curve, and the lower limit 
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appears as the flattest curve. For the MSD, the upper limit is the pyrene/ISTD curve 

and the lower limit is the o/m/p-xylene/ ISTD curve. For the FID, the upper limit is the 

naphthalene/ISTD curve and the lower limit is the quinoline/ISTD curve. The 

naphthalene/ISTD curve is employed for quantitation of the total GC-detectable tar, 

and the response inclines toward an upper limit, which suggests asymmetrical limits 

(BIPM 2008). Accordingly, the associated standard uncertainty was calculated 

according to Equation 5.7. 

   
2

    lim       lim   
1

( )

12
Total tar in vial Upper it curve Total tar in vial Lower it curve

QM

c c
u


                                       (5.7)   

The corresponding coefficient of determination (r2) was determined for each curve 

from Figures 5.6 and 5.7. As a source of uncertainty, the average r2 value was 

calculated and used to determine the associated standard uncertainty using Equation 

5.8. 

2
 

2   
( / ) (1 ) 

2 3
Total tar ISTD

QM
A A ru  

                                                                                     (5.8)                

It is assumed that the detector responses for all of the GC detectable tars fit between 

the upper and lower limits specified in Figures 5.6 and 5.7. 

For an estimation of detector repeatability, each concentration (16 × 5 levels) of 

each curve from Figures 5.6 and 5.7 was measured four times and the standard 

deviation of the integration areas (ATotal tar A−1
 ISTD) was calculated. The average of all 

standard deviations was then applied as the relevant standard uncertainty (uQM3). 

5.3.3.1.2 Uncertainty associated with the multiple-point 

quantitation curve (uQC) 

The uncertainty associated with the multiple-point quantitation curve is a 

combination of the coefficient of determination, detector repeatability, and the 

uncertainty associated with the concentration of the internal standard. As a source of 

uncertainty, the coefficients of determination (r2) of the calibration curves for 

naphthalene/naphthalene-d8 and naphthalene/tert-butylcyclohexane were calculated 

and used to calculate the associated standard uncertainty (UQC1) using the same 

relationship as shown in Equation 5.8. The repeatability of the detector response was 
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computed through evaluation of the naphthalene/naphthalene-d8 and naphthalene/tert-

butylcyclohexane calibration curves with four repeated measurements at each 

concentration level (five levels). The standard deviation of the integration areas (ATotal 

tar A−1
ISTD) was calculated for each concentration level and the average of all of the 

standard deviations was then determined as a single relevant standard uncertainty 

(uQC2). To estimate the standard uncertainty from the concentration of the internal 

standard, a nested equation was employed, denoting the combined standard 

uncertainty of the concentration of internal standard, which is described in section 

5.3.3.1.4. The derived nested equation is presented as

    0.0174   0.00017ISTD ISTD in the vialu c   . 

5.3.3.1.3 Uncertainty associated with the detector repeatability of 

real tar samples (uRep) 

Nine duplicate real tar samples were analysed using both chromatographic 

detectors. Each of the duplicate samples (i.e., 1.T 0.27/800 °C, 2.T 0.27/800 °C; 

gasification conditions are described in Chapter 4) was injected twice in order to test 

the repeatability of the chromatographic detectors. The calculated standard deviations 

(Table 5.3) refer to the total GC-detectable tar values obtained by integration of 

chromatograms, as explained in section 5.2.3. 
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Table 5. 3: Standard deviation data denoting repeatability of GC-MSD and GC-FID 

instruments, measuring real tar samples expressed as mgTotal GC detectable tar g-1
Total vial 

weight. The gasification condition refers to torrefied (T) or raw (R) feedstock, 

equivalence ratio, and gasification temperature. 

GC-MSD GC-FID 

Gasification 

conditions 

Standard deviation 

between two 

injections 

Gasification 

conditions 

Standard deviation 

between two 

injections 

1.T 0.27/800 °C 0.00517 1.T 0.27/800 °C 0.00254 

2.T 0.27/800 °C 0.00902 2.T 0.27/800 °C 0.00424 

1.T 0.22/800 °C 0.02063 1.T 0.22/800 °C 0.00495 

2.T 0.22/800 °C 0.00918 2.T 0.22/800 °C 0.00421 

1.T 0.23/800 °C 0.00151 1.T 0.23/800 °C 0.01280 

2.T 0.23/800 °C 0.00918 2.T 0.23/800 °C 0.00840 

1.T 0.28/814 °C 0.00579 1.T 0.28/814 °C 0.00518 

2.T 0.28/814 °C 0.01524 2.T 0.28/814 °C 0.00291 

1.R 0.21/715 °C 0.00339 1.R 0.21/715 °C 0.00667 

2.R 0.21/715 °C 0.00152 2.R 0.21/715 °C 0.05982 

1.R 0.30/800 °C 0.00930 1.R 0.30/800 °C 0.01164 

2.R 0.30/800 °C 0.00201 2.R 0.30/800 °C 0.01115 

1.R 0.27/800 °C 0.00179 1.R 0.27/800 °C 0.00239 

2.R 0.27/800 °C 0.00668 2.R 0.27/800 °C n/a 

1.R 0.22/800 °C 0.00301 1.R 0.22/800 °C 0.04137 

2.R 0.22/800 °C 0.00063 2.R 0.22/800 °C 0.01236 

1.R 0.23/850 °C 0.00270 1.R 0.23/850 °C 0.00214 

2.R 0.23/850 °C 0.00547 2.R 0.23/850 °C 0.00498 

Average of 

standard deviation 0.00623 

Average of 

standard 

deviation 

0.01163 

 

The standard uncertainty associated with each chromatographic uncertainty 

category was combined according to the law of propagation of uncertainty (Equation 

5.9) (BIPM 2008). 
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    (5.9) 

5.3.3.1.4 Evaluation of uncertainty contributors derived from the 

internal standard concentration (uISTD in vial) 

The concentration of the internal standard is defined by Equations 5.1 and the 

associated combined standard uncertainty (uISTD in vial) is expressed by Equations 5.10: 

   

   

 

2 2
          

2 2
      

2

  

ISTD in solution ISTD in solution Solution in vial Solution in vial

ISTD in vial Solution Solution Total in vial Total in vial

ISTD purity ISTD purity

c u x c u x

u c u x c u x

c u x

       

        

 
 

        (5.10)   

Uncertainties associated with the weights wISTD in solution, wsolution, wsolution in vial, and 

wtotal in vial were estimated by using a nested equation. The nested equation applied is a 

function of a broad range of weights (i.e., from 1 × 10−3 g to 100 g), describing the 

combined standard uncertainty of the electronic analytical balance. As such, the nested 

equation can be applied for estimation of the uncertainty of any weight measurements 

in the present study. More details about the uncertainty associated with electronic 

analytical balance can be found in section 5.3.3.3.1. An example of the nested 

equation used for the uISTD in solution is shown in Equations 5.11. 

8 2 6 4
         2.99 10 4.57 10 1.65 10ISTD in solution ISTD in solution ISTD in solutionu w w                  (5.11)   

The nominal purity of the internal standard was > 99 wt %, which suggests limits of 

± 0.5 wt %. The standard uncertainty associated with the purity of the internal standard 

was calculated as     0.005 / 3ISTD purity ISTD in solutionu w   . Apart from the ISTD, the 

purity of no other compound has been included in the present uncertainty model. 

5.3.3.2 Evaluation of the uncertainty contributors from the product 

gas sampling volume (uV) 

The uncertainty associated with the product gas sampling volume was estimated by 

evaluating and combining five uncertainty contributors. Daily variations of ambient 

pressure (uV1), temperature (uV2), and constant volume offset (uV3), were all calculated 

as / 3a   and the uncertainty, as an effect of these daily variations was estimated for 
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a range of ± 50 mbar and ± 5 °C. Inaccurate knowledge of the internal diameter of the 

sampling syringe can result in an error in sampling volume. Even syringes of the same 

model may vary slightly in their internal diameters. A variation of 0.2 mm was 

observed from three nominally identical syringes. Cylinder volume was used to 

estimate the limits (± a) of the product gas sampling volume. According to the 

manufacturer’s information, the repeatability of the automatic syringe pump (uV4) is > 

0.5 % (m %), and the tolerance of the sampling syringe (uV5) is within 4 % (m %). 

Therefore, the associated standard uncertainties can be calculated as

  % / 3Sampled PGV m  . The combined standard uncertainty associated with the product 

gas sampling volume was calculated by the law of propagation by combining standard 

uncertainties from uV1 to uV5. 

At this stage, the repeatability of sampling must be discussed. Based on the 

experience of the authors, the variation arising from sampling by manual pulling can 

be up to ± 10 cm3 (10 %). Israelsson et al. observed a significant improvement in 

repeatability when applying automatic sampling. Variations of < 10 % were observed 

during pneumatic sampling while the variations during manual sampling increased to 

between 50 % for naphthalene and 300 % for phenanthrene (Israelsson et al 2013). 

5.3.3.3 Evaluation of the uncertainty contributors arising from the 

weight of tar extract in the vial (uTotal in vial) 

A nested equation, as shown in Equations 5.12, was applied to estimate the 

standard uncertainty associated with the weight of tar extract in the vial. This equation 

is a relation denoting the combined standard uncertainty of an analytical balance, 

which is described in the described in next paragraph. 

8 2 6 4
      2.99 10 4.57 10 1.65 10Total in vial Total in vial Total in vialu w w                                (5.12) 

5.3.3.3.1 Evaluation of uncertainty contributors arising from the 

electronic analytical balance (uAB) 

The uncertainty of the Mettler-Toledo XS205DU analytical balance was estimated 

by using the limits (± a) and the standard deviation data from the manufacturer’s 

operating instructions and guidelines of (Reichmuth et al 2004). Five uncertainty 

contributors were evaluated in order to estimate the uncertainty i.e. the readability, 

repeatability, linearity, sensitivity offset, and sensitivity temperature drift. Weighing 
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results are quoted using the conventional basis for weighing in air (excluding 

buoyancy). Table 5.4 summarizes the evaluated uncertainty contributors associated 

with the electronic analytical balance. The standard uncertainties described in Table 

5.4 were combined according to the law of propagation. 

Table 5. 4: Description and evaluation of uncertainty contributors associated with 

the Mettler-Toledo XS205DU electronic analytical balance. w is a reading from the 

balance. 

 Readability (wRead) of analytical balance describes the smallest weight 

increment which the instrument is able to discriminate.   

  
Re

80, 0.00001, 200 80, 0.0001
       

3adw

IF w IF w
u

  
                    (5.13) 

 Repeatability (wRep) of analytical balance refers to the ability of an instrument 

to consistently deliver the same weight reading for a given object. 

  
Re

( 10, 0.00002, 80 10, 0.00004, 80, 0.0001  
pwu IF w IF w IF w         

(5.14)  

 Linearity (wLin) refers to the identical sensitivity throughout the weighing range 

of an analytical balance. 

0.0002
3Linwu                                                                                             (5.15) 

 Sensitivity (wSens) offset or sensitivity tolerance refers to the slope of 

calibration curve. 
64 10

3Sensw
wu

 
                                                                                    (5.16) 

 Sensitivity temperature drift (wTemp) or temperature coefficient refers to the 

temperature dependence of calibration curve. 
64 10

3Tempw
T C wu

   
                                                                       (5.17) 

 

5.3.3.4 Evaluation of the uncertainty from sampling (uS) 

Sampling uncertainty requires investigation, since the measurand is defined as the 

analyte concentration in the sampling target (i.e., gTotal GC detectable tar Nm-3 Dry product gas). 

The product gas, which constantly flows past the sampling port, is a variable target 
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that is sampled at different times and sometimes by different personnel. Sampling 

uncertainty was estimated employing a top-down approach (Ramsey and Ellison 2007) 

whereby eight duplicate samples were taken (i.e., eight process conditions), and each 

sample was analysed twice via gas chromatography (GC). The 16 data points were 

then treated with repeated analysis of variance (RANOVA) measures. Equation 5.18 

presents the three RANOVA output terms: the total standard deviation (sTotal), which is 

composed of sampling (sSampling) and analysis (sAnalysis) standard deviations. 

2 2 2
Total Sampling Analysiss s s                                                                                                                                                               (5.18) 

The relative sampling standard deviation (RSDSampling), as an average value of GC-

MSD and GC-FID measurement trials, was employed in a relationship 

     S Total tar in vial Samplingu c RSD   to estimate the sampling standard uncertainty. The 

estimated sampling uncertainty can arise not only from sampling itself, but also from 

post-sampling treatments. However, heterogeneity within the sampling target, as a 

consequence of variation in the gasification process (e.g., biomass feeding rate), (Dai 

et al 2012) could be a major source of sampling uncertainty, with contributors such as 

analyte loss due to vaporization and incomplete extraction recovery also deserving 

attention. 

The location and design of the sampling port plays a critical role in sampling 

quality. The sampling port is frequently located away from the main product gas duct. 

Typically, product gas flow through the sampling port is achieved by means of a 

vacuum pump. Cases when pressure in the main product gas duct generates product 

gas flow through the sampling port are also used (Padban et al 2000). In such designs, 

one cannot be sure whether product gas concentration in the sampling port is truly 

representative of the product gas concentration in the main product gas duct. 

5.3.3.5 Evaluation of uncertainty contributors arising from 

extraction recovery, adsorption efficiency, and methodology 

discrimination toward certain tar compounds (uER) 

 

This section evaluates those parameters, which potentially introduce bias in a 

measurement result and its associated uncertainty. Extraction recovery was evaluated 
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experimentally, while adsorption efficiency and methodology discrimination were 

addressed as a literature overview. 

Adsorption efficiency (i.e. analyte breakthrough) and extraction recovery are 

critical steps during SPA sampling and post-sampling that can give rise to bias. The 

polar aminopropyl sorbent phase Discovery DSC-NH2 facilitates stronger hydrogen 

bonding with polar compounds (e.g., phenol) than with nonpolar tar compounds (e.g., 

naphthalene). Compounds heavier than naphthalene may not reach the sorbent, 

because they can condense on the inner surface of the needle and the polypropylene 

frit, which enables tar to be easily washed off. Brage et al. did not detect any 

significant breakthrough using cartridges packed with 500 mg of sorbent (Brage et al 

1997). Osipovs achieved an extraction efficiency of 90 % − 98 %, with the poorest 

extraction efficiency being obtained for benzene. Benzene also showed the poorest 

adsorption efficiency, estimated to be from 60 % to 70 % (Osipovs 2008). Ortiz et al. 

simulated the real product gas flow by flushing the cartridge with nitrogen prior to 

solvent extraction. The nitrogen stream significantly reduced the recovery of benzene 

and toluene to 11% and 74%, respectively (González et al 2012). Accordingly, losses 

of volatile tar compounds during tar sampling must be taken into account. Bias can 

also occur when SPA cartridges are shipped from the gasification site to the laboratory 

for chemical analysis (Siedlecki et al 2009; Mayerhofer et al 2012). 

Since the reported measurement results are not corrected for bias, an additional 

uncertainty contribution accounting for extraction recovery was added (BIPM 2008). 

The extraction recovery was estimated from ∼100 additionally extracted SPA samples. 

Notable amount of phenols, benzene, and toluene were found. Incomplete extraction 

recovery can be as high as 10 wt.%, but rarely exceeded 5 wt.%. Therefore, the 

derived uncertainty input for incomplete extraction recovery was estimated as 5 wt %. 

The estimation of incomplete extraction recovery was based on the assumption that all 

of the remaining tar would be extracted by an additional extraction. The standard 

uncertainty from incomplete extraction is calculated for asymmetrical limits by 

employing Equation 5.19. 

2
      ( 1.05 ) 

12
Total Tar in Vial Total Tar in Vial

ER
c cu  

                                                                         (5.19) 
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The chemical diversity of tar molecules arising from biomass gasification can cause 

problems, which are defined as analyte discrimination toward certain tar compounds. 

Comparative studies have found that the SPA-GC measurement system has the lowest 

analyte discrimination when total tar in the product gas is measured (Brage et al 1997; 

Ahmadi et al 2013; Osipovs 2013). However, benzene, as the most abundant and the 

most volatile compound of a typical tar mixture, introduces a significant 

discrimination associated with the SPA-GC measurement system. On the other hand, 

the SPA-GC measurement system can discriminate toward heavier tar compounds 

(e.g., benzo(a)pyrene), whose amounts are close to the limit of detection. GC also does 

not allow separation of PAH and oxygenated tars with molecular weights > 300 and > 

220 g mol−1, respectively. 

5.3.4 Combined standard uncertainty (uc(Total tar in 1m3of dry 

product gas (PG))) 

Overall, the combined standard uncertainty is associated with the SPA-GC 

measurement as a whole and expressed as the unit of measurand (gTotal GC detectable tar 

Nm-3 Dry product gas). The nested equation describing the combined standard uncertainty 

of each uncertainty category is an input for the determination of the overall combined 

standard uncertainty Equation 5.20. 

 

   

 

   

2 2

2
    

2 2

GC GC V V

3
c Total in Vial Total in Vial

S S ER ER

c u x c u x

u Total tar in 1 m of PG c u x

c u x c u x

       

   

      

                               (5.20) 

5.3.5 Expanded standard uncertainty (U(Total tar in 1 m3of dry 

product gas (PG))) 

The expanded standard uncertainty expressed with a 95 % confidence level is 

determined by Equation 5.21. 

   3 3  1     1    Rectangular cU Total tar in m of PG k u Total tar in m of PG                              (5.21) 

A quantitation method based on a single quantitation curve is recognized as a 

dominant uncertainty contributor, imposing a rectangular distribution with a coverage 

factor (kRectangular) of 1.65 (Meyer 2007). 
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5.3.6 Validation of the tar results and associated uncertainty from 

real gasification experiments  

The measured results and the associated uncertainties for tar measurements from 

three sets of process conditions are presented in Tables 5.5 and 5.6. Both sets of data 

show that the tar yield decreases with the gasification temperature. However, it is 

notable that the measured results vary between GC-MSD and GC-FID for the same 

experiment. GC-FID measurements are 40 % − 48 % higher than GC-MSD 

measurements. The uncertainty is presented as the standard combined uncertainty, 

relative combined uncertainty, and relative expanded uncertainty. The relative 

combined uncertainties for GC-MSD and GC-FID measurement system are 66.3 % 

and 21.2 %, respectively, while the corresponding relative expanded uncertainties are 

109.4 % and 35.0 %, respectively. The discrepancy between GC-MSD and GC-FID 

measurements is more than 3-fold. Both the standard combined and expanded 

uncertainty increase linearly with tar concentration, for both measurement systems. 

Both uncertainty models are very robust. The relative combined and expanded 

uncertainties remain constant, down to picogram concentration levels. 

Table 5. 5: Measured results including standard combined, relative combined and 

relative expanded uncertainty. Results obtained by GC-MSD based SPA 

measurement system. Gasification condition reads as raw (R) feedstock, equivalence 

ratio, and gasification temperature. 

Gasification 

condition 

 

Measured result 

(gTotal GC detectable 

tar Nm-3
Dry product 

gas) 

Standard combined 

uncertainty (gTotal GC 

detectable tar Nm-3
Dry product 

gas) 

Relative 

combined 

uncertainty 

(%) 

Relative 

expanded 

uncertainty (%) 

R 0.210/715 ˚C 7.46 4.54 66.3 109.4 

R 0.220/800 ˚C 6.11 4.14 66.3 109.4 

R 0.225/850 ˚C 4.97 3.41 66.3 109.4 
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Table 5. 6: Measured results including standard combined, relative combined and 

relative expanded uncertainty. Results obtained by GC-FID based SPA measurement 

system. Gasification condition reads as raw (R) feedstock, equivalence ratio, and 

gasification temperature. 

Gasification 

condition 

 

Measured 

result (gTotal GC 

detectable tar Nm-

3
Dry product gas) 

Standard combined 

uncertainty (gTotal GC 

detectable tar Nm-3
Dry product 

gas) 

Relative 

combined 

uncertainty 

(%) 

Relative 

expanded 

uncertainty 

(%) 

R 0.210/715 ˚C 14.33 3.42 21.2 35.0 

R 0.220/800 ˚C 10.20 2.16 21.2 35.0 

R 0.225/850 ˚C 8.62 1.86 21.2 35.0 

 

5.4 Discussion: Demonstration of dominant uncertainty 

contributors 

The important contributors to uncertainty can be seen in Figures 5.8 and 5.9, which 

show the sensitivity coefficients highlighting how the quantity of a measurand varies 

with changes of the input values. Figure 5.8 shows that the uncertainty associated with 

chromatography is the most important parameter, followed by sampling, sampled 

volume, and incomplete extraction recovery. The uncertainty associated with the 

weight of tar extract in the vial can be considered as an insignificant contributor. 
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Figure 5. 8: Sensitivity coefficients associated with the different uncertainty 

contributors. Sensitivity coefficients are presented for an ER of 0.22 and a 

temperature of 800 °C. The black bars refer to GC-MSD, and grey bars refer to GC-

FID measurement system, respectively. 

Comparison of the GC-MSD and GC-FID measurement systems show that the GC-

MSD gives a sensitivity coefficient more than twice that of the GC-FID system. 

Calculation of IUCCSU, which shows the relative significance of individual standard 

uncertainty as a part of combined standard uncertainty, revealed that 98.5% arises 

from the GC-MSD chromatographic category and 85.2% from the GC-FID 

chromatographic category, as a result of the different responses of the 

chromatographic detectors seen in Figures 5.6 and 5.7. In the study of Ortiz et al. the 

dominant uncertainty contributors arise from the extraction stage, followed by 

chromatographic analysis and volumetric measurements (Ortiz et al 2013). The 

discrepancy from those findings to that of the present study is due to a different 

chromatographic quantitation method and to the fact that Ortiz et al. (Ortiz et al 2013) 

did not evaluate uncertainty associated with  sampling the product gas from real 

gasification experiments. The MSD response variation shown in Figure 5.6 is also 

supported by the work of Eom et al. who determined that the response factors for 

compounds in the pyrolytic bio-oils varied from 0.59 to 5.83 (Eom et al 2013). 
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Other uncertainty categories are of minor significance and are not dependent on the 

chromatographic detectors. The input quantities of the minor uncertainty categories do 

not vary between the GC-MSD- and GC-FID-based measurement systems, but their 

relative contributions do. IUCCSU of  these categories of errors arising from the GC-

MSD-based measurement system shows 1.1 %, 0.3 %, and 0.1 % for sampling, 

sampled volume, and incomplete extraction recovery, respectively, while the 

corresponding values for the GC-FID measurement system were 11.0  %, 3.3 %, and 

0.5 %. In other words, sampling uncertainty is less significant for the GC-MSD-based 

measurement system contributing 1.1 % of the overall combined standard uncertainty, 

while this value increases to 11.0 % for the GC-FID measurement system. If the three 

least significant contributor categories are exempted from the uncertainty model, then 

the overall standard combined and expanded uncertainty decreases by < 1 %. For 

practical applications, these categories can be removed in order to reduce the 

calculation operations in the uncertainty model. 

A higher resolution of the dominant chromatographic uncertainty category is shown 

in Figure 5.9. The uncertainty arising from chromatography is divided into seven 

uncertainty contributors. What stands out distinctly is the uncertainty associated with 

the quantitation method, for both GC-MSD and GC-FID instruments. The uncertainty 

arising from GC-MSD quantitation method is almost twice that of GC-FID. 

Calculation of the IUCCSU revealed that 99.9 % is attributable to GC-MSD, and 99.0 

% belongs to the GC-FID quantitation method. The second-largest chromatographic 

contributor is that of the internal standard, which is independent of the response of the 

chromatographic detector. The associated IUCCSU values were calculated as 0.1 % 

for GC-MSD and 1.0 % for GC-FID. Insignificant chromatographic uncertainty 

contributors were found for the repeatability and linearity responses of 

chromatographic detectors. 
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Figure 5. 9: Diagram showing sensitivity coefficients associated with the 

chromatographic uncertainty category. Sensitivity coefficients are presented for an 

ER of 0.22 and a temperature of 800 °C. The black bars refer to the GC-MSD 

measurement system, and grey bars refer to the GC-FID measurement system. 

5.5 Conclusions 

The two chromatographic methods studied do not give comparable total gas 

chromatography (GC)-detectable tar results in the product gas, although a trend of 

decreasing tar yields across gasification temperature range was observed for both sets 

of measurements. The GC-FID measurements were significantly higher than the GC-

MSD measurements. Their overall uncertainties also vary by a significant margin. 

While a quantitative method based on a single calibration curve offers a significant 

advantage, in terms of speed and simple quantitation of total GC-detectable tar, such 

an approach introduces greater uncertainty within the reported results.  The relative 

expanded uncertainty is 109.4 % for the GC-MSD based measurement system and 

35.0 % for the GC-FID based measurement system. 

The dominant uncertainty contributor arises from the chromatographic category and 

the related quantitation method. It can be concluded that the GC-FID based 

measurement system is better suited for quantitation of the total GC-detectable tar 

based on a single quantitation curve. However, GC-MSD possesses identification 

capabilities, which can be used as complementary information to GC-FID analysis. 
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Reporting the tar concentration based on a single quantitation curve may be 

adequate for comparative studies but advanced industrial applications probably require 

tar information with a lower level of overall uncertainty. The development of a total 

tar measurement system with a low level of uncertainty remains a challenge for 

gasification developers. Although the quantitation method requires most of the 

attention, sampling and post-sampling treatment should not be ignored. 
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Chapter 6: Conclusions and future work 

1.1 Conclusions 

Conclusions follow the objectives set out in the section 1.8. 

(1) An overview on the development stage of tar analysis methods revealed that 

no method is capable to identify full range of tar compounds in the complex tar 

mixtures. Quantitative information is typically unreliable due to the variations in 

sampling efficiency and troublesome calibration of detectors. For industry only one 

method (i.e. FID on-line) is commercially available. However it seems that lack of 

industrial interest hinders the development of tar measurement methods. For the 

purpose of research studies, dry and wet condensation methods should be applied. In 

particular for the learning purposes since the understanding of chemical behaviour of 

tars cannot be learned by using advanced measurement methods.   

(2) Tar is a pernicious problem in biomass gasification processes. Tar evolution 

and its composition was the principal focus of this thesis. The grassy biomass 

investigated, Miscanthus × giganteus (M×G) was thermally pre-treated by 

torrefaction. Torrefaction has been suggested as a potential pre-treatment for tar 

mitigation with some recent reports (Chen et al., 2011; Chew and Doshi, 2011; see 

1.9 Reference list) stating that torrefaction may result in reduced tar content in the 

product gas. Gasification experiments have been carried out using a laboratory scale 

atmospheric bubbling fluidized bed gasifier using raw M×G as a reference for 

comparison with the torrefied biomass. Air was used as the gasifying agent. Raw 

M×G has been tested for the temperature range between 715 and 850 °C at an 

equivalence ratio of 0.22 ± 0.01 and for equivalence ratios from 0.22 to 0.32 at a 

temperature of 800 °C. Torrefied M×G has been tested for temperatures between 660 

and 850 °C and at equivalence ratios of 0.21 ± 0.01 and for equivalence ratios 

between 0.18 to 0.28 at a temperature 800 °C. The results show that: 

 The chemical composition of the feedstock is the most important parameter in 

determining tar evolution. There is an indication that torrefied M×G generates higher 

yields for both total GC detectable tars as well as 20 individually quantified tar species. 

The total GC detectable tar production from raw M×G is from 14 to 19 gTotal GC detectable 
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tar kg-1
Biomass-daf whereas the tar yield for torrefied M×G varies from 21 to 31 gTotal GC 

detectable tar kg-1
Biomass-daf measured for the temperature range from 715 to 850 °C and 

from 660 to 850 °C for raw and torrefied M×G, respectively. High tar content is 

attributed mainly to the higher lignin, but lower moisture content and the small particle 

size of the torrefied M×G may also contribute. 

 In terms of the effect of the operational conditions, temperature is 

demonstrated to play the dominant role in tar reforming reactions such as tar cracking 

and PAH enlarging. The highest yields of total GC detectable tar, secondary tars, and 

tertiary-alkyl tars are typically observed between 700 and 800 °C, while tertiary 

polyaromatic tars increase up to the tested maximum temperature of 850 °C. Phenol is 

the most abundant species up to 800 °C, but at higher temperature naphthalene 

becomes dominant.  

 The results from the two experimental campaigns suggest that at constant 

temperature the equivalence ratio has relatively little impact on the amount or 

composition of tar. 

(3) During the course of the study and the development of SPA tar measurement 

method it became clear that the reliability and comparability of tar quantities is 

relatively low. In particular, because of molecular diversity of tars in the order of 

hundreds of discrete chemical components, researchers approximate the quantitation 

methods, which, in turn, require an estimation of measurement uncertainty in order to 

ensure the robustness of the reported data. Therefore, a detailed uncertainty analysis 

for the SPA measurement system based on a GC-MS and GC-FID detection and 

quantitation method constructed using a single representative calibration curve (i.e. 

“quantified as naphthalene”) was conducted. The measurand was defined as a gram of 

total GC detectable tar in a normal cubic meter of dry product gas (gTotal GC detectable tar 

Nm−3 Dry product gas). The results show that:  

 The GC-FID measurements are significantly higher than the GC-MSD 

measurements, although a trend of decreasing tar yields across gasification 

temperature range was observed for both sets of measurements.  

 The overall uncertainties of GC-FID and GC-MS measurements also vary by 

a significant margin. The relative expanded uncertainty is 109.4 % for the GC-MSD 

based measurement system and 35.0 % for the GC-FID based measurement system. 
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The dominant uncertainty contributor arises from the chromatographic category and 

the related quantitation method. It can be concluded that the GC-FID based 

measurement system is better suited for quantitation of the total GC-detectable tar 

based on a single quantitation curve. However, GC-MSD offers identification 

capabilities, which can be used as complementary information to GC-FID analysis. 

 While a quantitative method based on a single calibration curve offers a 

significant advantage, in terms of speed and simple quantitation of total GC-detectable 

tar, such an approach introduces greater uncertainty within the reported results. 

Reporting the tar concentration based on a single quantitation curve may be adequate 

for comparative studies but advanced industrial applications probably require tar 

information with a lower level of overall uncertainty. The development of a total tar 

measurement system with a low level of uncertainty remains a challenge for 

gasification developers. Although the quantitation method requires most of the 

attention in the development of on-line tar measurement methods, sampling and post-

sampling treatment should not be ignored in the development of off-line methods. 

Overview:  

Looking solely form the point of tar reduction in the product gas, torrefaction does 

not seem to offer a promising solution for advanced gasification applications. 

The development of a total tar measurement system with a low level of uncertainty 

remains a challenge for gasification developers. 

6.2 Future work 

The investigation and comparison of raw and torrefied M×G left few open 

questions which need to be addressed for a better understanding of the gasification 

process: 

 Although there is a strong indication that torrefied M×G produces more tars 

than raw M×G the reliability of the data is not high due to the unexplained deviations 

between two gasification campaigns. In order to confirm the indications further tests 

including using other types of biomass are suggested. 

 The effect of the equivalence ratio on tar production is not in agreement with 

the literature. It is of critical importance to establish how the gases and chars come 
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into contact with the gasification medium. In this context, the effect of equivalence 

ratio should be investigated using gasification rigs with different configurations of 

feeding systems, introduction of gasification medium, and circulation of solids. 

 The uncertainty analysis performed encompasses only the effects arising from 

the chemical analysis. Additionally, those random and systematic effects originating 

from the gasification rig (i.e. feeding rate) should be included in the future extended 

studies.
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ABSTRACT: Tars are produced as vapours during gasification and their presence in the product gas is one of the 
main technological barriers for development of gasification and related applications. For most applications the 
product gas needs to be cleaned of impurities such as tars. Reliable tar measurement methods are therefore of 
particular importance for the efficient implementation of gasification processes. The present study investigates some 
aspects of solid phase adsorption (SPA) sampling method: (1) the extraction efficiency of tars from the SPA amino 
phase cartridges, (2) the effect of transport and storage period on tars adsorbed on the SPA sorbents, as well as (3) 
comparison of the quantities of benzene and toluene determined by SPA and on-line gas chromatographic 
measurement. 
Keywords: gasification, tar, SPA, sampling, measurement 
 

 
1 INTRODUCTION 
 

Nowadays SPA is the most widely used method for 
tar sampling from the hot product gas. SPA sampling is 
based on an adsorption and condensation of tar vapours 
on a solid phase sorbents kept at ambient conditions. Tar 
vapours pass through the sorbent by pulling 100 ml of the 
product gas. Tar sampling is followed by selective 
solvent desorbtion, addition of internal standards (to 
compensate analyte losses or any other analyte change 
and drifts derived from chromatography), and 
chromatography determination. Method was descirbed as 
suitable for quantification of tar compounds in the range 
from benzene to coronene [1,2]. However, according to 
Paasen et al. [3] and Rabou et al. [4] this technique offers 
a reliable measurment range from xylene/phenol to 
pyrene. Although it was developed more than 20 years 
ago and thoroughly studied there is still a space for 
improving our understanding of and refining this 
technique. (1) Due to the different affinity of tar 
compounds towards the polar aminopropyl silica sorbent 
the extraction efficiency varies [5]. (2) It is common 
practice that the SPA cartridges are not extracted 
immediately after sampling but rather they are shipped 
from the gasification site to the laboratory for chemical 
analysis [6]. This raises a question regarding the extent to 
which the tar in SPA cartridges changes during the 
transport and storage period. Light volatile tar molecule 
(i.e. benzene, toluene, xylene, styrene, phenol, and 
indene) could experience significant losses, while heavier 
tar compounds seem to be retained [5]. (3) Benzene, 
toluene, etylbenzene, and xylene (BTEX) compounds 
from the product gas are often on the dew point threshold 
under ambient conditions which makes them difficult to 
sample. When these compounds are sampled by 
condensation methods (i.e. SPA, tar protocol), losses are 
possible as a result of evaporation. On the other hand 
when sampled by on-line methods losses are caused by 
condensation. Benzene and toluene are often reported on 
the basis of SPA sampling and extraction (Horvat et al. 
submitted to Energy&Fuel) along with micro gas 
chromatography (µGC) measurements [7]. 

The aim of the present study is to critically evaluate 
the SPA tar sampling method from the perspective of 
extraction efficiency, the effect of transport and storage 
period on tars adsorbed on the cartridge, and comparing 

the quantities of benzene and toluene measured by SPA 
and on-line µGC measurements. 
 

 
2 MATERIALS AND METHODS 

 
Raw and torrefied Miscanthus × giganteus (M×G) 

was gasified using an externally heated laboratory scale 
air-blown fluidized bed gasifier located at the Energy 
Research Centre of the Netherlands (ECN). Uncalcined 
olivine was used as a bed material. The gases were tested 
for tar by taking four SPA samples for each set of 
gasification conditions once steady state was reached. 
The SPA sampling device used in this study was 
composed of two sequentially connected cartridges as 
presented in Figure 1. The first cartridge was packed with 
500 mg of aminopropyl silica sorbent (white sorbent) 
which is a typical sampling device used widely across 
gasification research laboratories. Additionally, the 
second cartridge packed with 100 mg of activated 
charcoal (black sorbent) was added in order to improve 
sampling efficiency of the light and volatile tar 
compounds [2]. 
 

 
 

Figure 1: SPA sampling device employed in this study 
was proposed by Osipovs [2]. (a) aminopropyl silica 
sorbent (b) activated charcoal. 
 

The extractions of tars from two parallel SPA 
sampling devices have been conducted on site (i.e. at 
ECN) and these data are included in the section 3.1 and 
3.3. The tars form two remaining parallel SPA sampling 
devices were extracted after the transport to the 
University of Limerick - Ireland and these data are 
included in the section 3.2. Before extractions both SPA 
cartridges were separated and treated separately. The tar 
compounds were extracted from the aminopropyl silica 
sorbent by the addition of 3 × 600 µl of dichloromethane 
and internal standards were added. After the main 
extraction, an additional extraction from aminopropyl 
silica sorbent was conducted by an additional aliquot of 
600 μl of dichloromethane added to the SPA cartridge 
and collected in a separate vial. Calibration curves 
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prepared using known concentrations of 
Naphthalene/Naphtalene-d8 and Phenol/Phenol-d6 were 
applied for integration of the aromatic and phenolic tars 
respectively. The tar compounds trapped by the activated 
charcoal were also extracted with 1000 µl of 
dichloromethane to which an internal standard was 
added. A calibration curve was plotted by using known 
concentrations of Toluene/Tert-butylcyclohexane. An 
Agilent 7890A gas chromatograph (GC) coupled with a 
triple-axis mass spectrometer (MSD) 5975C was used for 
the separation and analysis of the tar solutions. Online 
measurements of benzene and toluene were carried out 
using a µGC instrument calibrated by a single point 
calibration standard consisting of 1000 ppmv benzene 
and 250 ppmv toluene in N2 gas. More details regarding 
the gasification process conditions and measurement 
procedures are available elsewhere [7,8]. 
 
 
3 RESULTS AND DISCUSSION 
 
3.1 The extraction efficiency (EF) of tars from 
aminopropyl silica sorbent (SPA cartridges) 

An additional extraction from the aminopropyl silica 
sorbent was conducted in order to evaluate whether the 
tar extraction was complete. Evaluation of the extraction 
efficiency is based on the assumption that by the 
additional extraction all remaining tars were removed, 
although it is generally accepted that extraction is rarely 
complete. Extraction efficiency is calculated according to 
Equation 1, where c stands for concentration. 

 
      

                      (1) 

 
 

Table I shows extraction efficiency of parallel 
samples from three sets of gasification conditions and 
extracted on side. 

 
Table I: Extraction efficiency of 20 tar compounds from 
the aminopropyl silica sorbent. 

 
Gasification 
conditions 
[equivalence 
ratio/temperature] 

20 
compounds-
main 
extraction 
[gtar kg-

1
biomass as 

recieved] 

20 
compounds-
additional 
extraction 
[gtar kg-

1
biomass as 

recieved] 

EF 
% 

Raw M×G    
0.21/715 °C a 15.221 0.090 99.4 
0.21/715 °C b 17.455 0.060 99.7 
0.22/800 °C a 18.260 0.103 99.4 
0.22/800 °C b 17.820 0.096 99.5 
0.22/850 °C a 14.164 0.127 99.1 
0.22/850 °C b 13.731 0.164 98.8 

 
The extraction efficiency evaluated for the SPA 

cartridges was very high; 99 % or higher. However, the 
experience of the authors from several experimental 
campaigns conducted at different laboratories indicated 
that extraction efficiency can be under 90 %. 

Chromatograms (Figure 2) following the additional 
extraction showed that those compounds which eluted 
early (i.e. benzene, toluene) are the most difficult to 
extract from the aminopropyl silica sorbent. Osipovs [9] 
investigated the extraction efficiency of model 
compounds i.e. benzene, naphthalene, fluorene, and 
phenanthrene from aminopropyl silica sorbent using 
dichloromethane as a solvent. Naphthalene, fluorene and 
phenanthrene exhibited complete extraction efficiency, 
while benzene demonstrated the poorest extraction 
efficiency displaying levels under 90 %. Extraction 
efficiency decreased for all compounds with the 
increasing concentration. Ortiz et al. [5] investigated 
extraction efficiency using different pre-packed 
cartridges and found that benzene and phenanthrene 
showed the poorest extraction efficiency. 
 

 
 

Figure 2: Chromatogram after additional extraction of 
aminopropyl silica sorbent. Gasification condition; Raw 
M×G, 0.22/800 °C. 
 
3.2 The effect of transport and/or storage on tars 
adsorbed on the SPA cartridges 

The purpose of this study is to provide an insight into 
how the tar compounds trapped by SPA cartridges 
withstand transport and/or storage when compared to the 
same compounds extracted and stored in the solvent. As 
mentioned in the section 2. Two parallels of solid phase 
adsorption (SPA) cartridges were extracted on site 
immediately after the SPA sampling. These samples are 
taken as a reference values and set as 100 %. The other 
two SPA parallel cartridges were closed on both ends and 
shipped to the University of Limerick (UL) where 
extraction was conducted. During the transport by 
commercial logistic company the temperature and 
pressure was not monitored. For the duration of transport, 
the ECN extracted samples were in the liquid phase (GC 
vial), whereas UL extracted samples were still adsorbed 
on the sorbents in the cartridges. Figure 3 shows the 
analytical steps for the investigation of the effect of the 
transport and/or storage on tars adsorbed on the SPA 
cartridges. 
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Figure 3: Analytical steps for the investigation of the 
effect of the transport and/or storage on tars adsorbed on 
the SPA cartridges. 
 

The five dominant tar compounds namely, benzene, 
toluene, phenol, naphthalene, pyrene as well as the sum 
of 20 identified and quantified tar compounds trapped on 
the aminopropyl silica sorbent were examined for 
transport and/or storage effects. The results presented in 
Figures 4 and 5 refer to the tars only adsorbed on the 
aminopropyl silica sorbent, excluding tars adsorbed on 
charcoal. In both Figures the x axis represent gasification  
temperature while the y axis  represent the % of tar 
remaining on the aminopropyl silica sorbent after 
transport calculated according to Equation 2. 

 
 

                          (2) 
 

 
 
For benzene very high losses are observed, with only 

between 2 to 11 % remaining adsorbed on the 
aminopropyl silica sorbent after transport. The 
corresponding values for toluene are between 33 and 62 
% and for phenol between 49 and 91 % while, over 90 % 
of naphthalene and pyrene was retained on the 
aminopropyl silica sorbent during transport. The larger 
losses of pyrene observed for the samples from the 
gasification of raw M×G at process conditions 0.21/715 
°C and 0.22/850 °C is likely attributed to random errors 
in chemical analysis. In total an average, of about 30 % 
of 20 quantified tar compounds are lost from the 
aminopropyl silica sorbent during transport. Table 2 
presents the complete data set regarding the losses of the 
20 quantified tar compounds from the aminopropyl silica 
sorbent during transport. To make them easier to find, 
indent your notes and references from the second line, as 
in the examples (see sections 5 and 6). 

The results of tars extracted from the aminopropyl 
silica sorbent only show that the measurement of lighter 
volatile tars (i.e. BTEX) are not reliable if the SPA 
cartridges are transported from lab to lab under ambient 
conditions. A similar conclusion was advanced 
previously by Siedlecki et al. [6] who also suggested on-
line μ-GC for measurement for volatile tars. Data for 
phenols can be used with a certain level of scepticism 
while data for compounds like naphthalene and larger 
aromatics can be considered as reliable. 
 
 

 
 

Figure 4: % of tar retained on the aminopropyl silica 
sorbent after transport. Gasification tests including raw 
M×G. 
 

 
 
Figure 5: % of tar retained on the aminopropyl silica 
sorbent after transport. Gasification tests including 
torrefied M×G. 
 
Table II: The average sum of 20 quantified tar 
compounds from aminopropyl silica sorbent, extracted 
before and after transport. 
 
Gasification 
conditions 
[equivalence 
ratio/temperature] 

20 
compounds-
before 
transport 
[gtar kg-

1
biomass as 

recieved] 

20 
compounds-
after 
transport 
[gtar kg-

1
biomass as 

recieved] 

% of tars 
retained 
after  
transport 

Raw M×G    
0.21/715 °C 16.3 13.7 83.6 
0.22/800 °C 18.0 12.7 70.4 
0.22/850 °C 14.0 9.4 67.4 
Torrefied M×G    
0.21/660 °C 18.9 13.5 71.6 
0.21/700 °C 21.7 15.2 69.9 
0.21/750 °C 27.9 20.0 71.9 
0.21/800 °C 29.2 23.9 81.8 
0.21/850 °C 27.1 19.7 72.8 
 

An interesting observation was made by looking at 
the second sorbent; activated charcoal. Note that the 
cartridge with a second sorbent was connected in series 
after the first sorbent (see Figure 1). In all cases the 
amount of benzene and toluene increased in the charcoal 
extracted after the transport when compared to the 
charcoal extracted before transport. Values for benzene 
increased up to 3 fold and up to 10 fold for toluene. 

SPA sampling (4 parallels) 

ECN solvent extraction (2 parallels) 
eeeeextractioneextractionextraction

extraction 

UL solvent extraction (2 parallels) 
 

Transport 

GC-MS 

  

  

% of tar remained on the SPA cartridges

100Tar extracted after

Tar extracted before

c
c


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These findings indicate that some volatile compounds 
migrated from the aminopropyl silica sorbent to the 
activated charcoal and remained trapped there. This 
highlights the need to ensure that SPA cartridges are kept 
well sealed on both ends (see Figure 1) while being 
transported. 

Table III shows the average sum of 20 quantified tar 
compounds combined from the two sorbents. In all cases 
two parallel SPA samples were extracted before and two 
after transport. A significant improvement in tar retaining 
efficiency is observed when the two sorbents are 
combined. Tar losses during transport are at most 15 % 
when combining two sorbent (i.e. sampling devices as 
shown in the Figure 1) whereas previously shown 30 % 
of 20 quantified tar compounds are lost when using only 
the aminopropyl silica sorbent. It is assumed that if light 
tars do not migrate from aminopropyl silica sorbent to 
activated charcoal during the transport and/or storage 
then they are lost due to their volatility [6]. 
 
Table III: The average sum of 20 quantified tar 
compounds from the combination of the aminopropyl 
silica and activated carbon sorbents, with two parallels 
extracted before and two after transport. 

 
Gasification 
conditions 
[equivalence 
ratio/temperature] 

20 
compounds-
before 
transport 
[gtar kg-

1
biomass as 

recieved] 

20 
compounds-
after 
transport 
[gtar kg-

1
biomass as 

recieved] 

% of 
tars 
retained 
after the 
transport 

Raw M×G    
0.21/715 °C 18.8 18.9 100.4 
0.22/800 °C 22.9 20.4 89.2 
0.225/850 °C 18.7 15.8 84.3 
Torrefied M×G    
0.21/660 °C 20.3 17.3 85.2 
0.21/700 °C 24.6 21.4 87.0 
0.21/750 °C 30.9 27.9 90.5 
0.21/800 °C 31.4 33.1 105.6 
0.21/850 °C 30.0 30.1 100.2 
 

One could expect that losses of the 20 quantified tar 
compounds would increase with the gasification 
temperature. At the higher temperature the amounts of 
volatile benzene in particular are higher, which should 
promote losses. However, from the data available in the 
Table II and III such trend cannot be observed. 

 
3.3 The comparison of the quantities of benzene and 
toluene measured by SPA and on-line µGC method 

The concentration of benzene and toluene in 
pyrolysis or gasification gas can be measured by on-line 
µGC or by the SPA method. Quantitative comparison 
between these two methods was carried out. Figures 6 
and 7 show the benzene and toluene quantities measured 
by µGC, SPA considering only compounds adsorbed on 
the aminopropyl silica sorbent, and SPA considering both 
the aminopropyl silica and activated charcoal sorbents. 
The µGC data are presented as a single data point while 
SPA data as a parallel data set and therefore incorporate a 
level of measurement deviation. 

All methods applied for benzene determination show 
the same trend with respect to the gasification 
temperature which confirms that either measurement 
approach is suitable for comparative studies within a 

consistent measurement procedure. However, there is a 
significant difference between the methods in terms of 
absolute quantities. Yields of benzene measured by µGC 
are from 67 to 90 % higher than SPA considering the 
aminopropyl silica sorbent and from 50 to 70 % higher 
compared to the SPA when both sorbents are considered. 
The difference in yields of toluene obtained from the two 
different quantitation techniques are smaller. Yields 
measured by µGC are from 23 to 61 % higher than SPA 
considering the aminopropyl silica sorbent and from 16 
to 40 % higher when both sorbents are considered. It is 
also evident that using the second charcoal sorbent in the 
SPA sampling device improved the sampling efficiency 
of both benzene and toluene. 

 Although it is evident that µGC measurements show 
higher quantities of benzene and toluene, such 
discrepancy could also partially arise from the calibration 
method of the GC-MS instrument used for analysis of the 
SPA samples. The GC-MS was calibrated based on a 
single calibration curve and therefore the tar species were 
quantified as naphthalene for the tars extracted from the 
aminopropyl silica sorbent and quantified as toluene for 
the tars extracted from the activated charcoal. With such 
a simplified calibration approach different detector 
response factors may affect the final quantities of the 
analyte. 

 

 
 
Figure 6: Quantities of benzene measured by µGC, SPA 
considering only aminopropyl silica sorbent only, and 
SPA considering both aminopropyl silica and charcoal 
sorbent. 
 

 
 

Figure 7: Quantities of toluene measured by µGC, SPA 
considering only aminopropyl silica sorbent only, and 
SPA considering both aminopropyl silica and charcoal 
sorbent. 
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4 CONCLUSIONS 
 
(1) The extraction efficiency for evaluated SPA 

cartridges considering the aminopropyl silica sorbent 
was 99 % or higher. 

(2) During the transport and/or storage of SPA cartridges 
a large portion of light tars were lost from the 
aminopropyl silica sorbent while compounds like 
naphthalene and higher molecular weight tar species 
were retained. During the period of transport and/or 
storage a fraction of the lighter tars migrated from the 
aminopropyl silica sorbent to the activated charcoal. 
In a well-sealed SPA sampling device with two 
sorbents no more than 15 % of overall tars were lost 
during transport and storage. Two sorbents in series 
indicated improvement with respect to the single 
sorbent when up to 30 % was lost during the transport 
and/or storage. 

(3) Higher quantities of benzene and toluene were 
measured using on-line µGC compared to the SPA 
method, but the trend with respect to the gasification 
temperature remained the same. By addition of the 
charcoal as a second sorbent the SPA sampling 
efficiency for benzene and toluene can be improved. 
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