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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

The most prohibitive aspect with the commercialisation of biomass gasification technology is tar fouling of the 
product gas. The presence of tar impacts the efficiency of gasification systems and compromises gas quality, 
rendering it less useful for some downstream applications sensitive to gas quality. Various tar detection methods 
are reported in the literature which can be differentiated into offline and online techniques. However, offline 
techniques are found to be time consuming, expansive and require sufficient instrumentation and knowledge to 
achieve reliable results. Recent advances in online tar detection based on spectral information of individual tar 
component have attracted much research attention. Among these, fluorescence spectroscopy is a highly promising 
technique for the provision of distinctive, non-invasive and real time data collection for tar levels which can be 
easily installed on gasification product gas streams. This paper presents the initial work on developing a low cost 
tar detection system based on LED induced fluorescence. The detection system mainly consists of a 
photomultiplier tube (PMT), LED (emission wavelength of 280 nm) and 300 nm longpass colour glass filter. 
Initial experiments have been carried out with different concentrations (0 to 100 wt%) of phenol (used as a model 
tar compound) and bio-oil samples from an in-house, downdraft (throated) fixed bed gasification system. The 
results show a linear increase of fluorescence with phenol and the gasifier bio-oil at different concentrations. 
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1. Introduction 

Global progression of gasification technology is, at least in part, hindered by tar formation and costly tar 
removal strategies. Excessive tar fouling diminishes gasification efficiency and without expensive scrubbing 
equipment to eliminate the problem it can lead to downstream complications such as choking and damaged 
components, requiring periodic cleaning or replacement. Tar detection is a complex and expensive task due to a 
variety of biomass feedstocks operating under different process conditions and in different gasification systems. 
Typical offline detection methods (e.g. European tar protocols) are very time consuming, unwieldy and restricted 
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to offline use only [1]. Moreover, the intricate nature of tar mixtures, involving a vast number of species with 
differing polarity, structure and molecular mass, means that aged samples tend to re-polymerise [2]. To avoid 
some of the drawbacks of the offline methods, some efforts have been made to develop online tar detection 
systems. These methods are mainly based on Photo Ionization Detection (PID) [3], Ion-Molecule Reactions Mass 
Spectrometry (IMR-MS) [4], Time-Of-Flight Mass Spectrometry (TOF-MS) with laser ionization [5], Molecular 
Beam Mass Spectrometry [6], Laser Induced Fluorescence Measurement (LIF) [7] and LED Induced Fluorescence 
[8]. However, these systems are still underdeveloped and a lot of research is still needed to make reliable, accurate 
and cost effective measurements when compared to conventional (offline) detection systems.  

This research work focuses on the development of low cost tar detection system based on LED induced 
fluorescence with subsequent instrumentation and control to collect and process the data to alter the state value of 
the gasifier e.g. equivalence ratio.  This paper reports on the initial steps to develop an online tar detection system 
that can measure the tar concentration within the product gas at high temperature (>350 °C) and in real time. For 
the sake of easiness and simplification, the system was initially tested offline using model tar compounds in the 
liquid phase. The system for online tar measurements in the product gas has been fabricated and is currently being 
installed within an in-house, downdraft, fixed-bed gasification system. The design of the fluorescence system is 
discussed, followed by some results on using the system on liquid tar samples.   

1.1. Biomass gasification tar products 

Tars produced from biomass gasification are characteristically complex, rendering detection and measurement 
within the gas phase a complicated challenge. The definition of tar varies throughout industry and literature. Tar 
can be regarded as thermal or partial oxidation products which are assumed to be chiefly aromatic compounds 
with a higher molecular weight greater than Benzene [1]. Lower molecular weight compounds such as Ethylene 
and Benzene can similarly prove disruptive so shall be classified as tars for the purposes of this research [1, 9]. 
Tars carried by a product gas stream may choke up pipework leading to blockages and system failures and 
component damage. Moreover, tars are generally oxygenated and cannot be converted into valuable products and 
the presence of tars and impurities reduces the useable output syngas, diminishing gasification efficiency and 
energy potential. Ultimately, the performance of a gasification system, in terms of tar production level, is 
influenced by the acceptable tar limits of any intended downstream application. Table 1 details typical tar 
acceptance limits of various syngas run applications, demonstrating the severe sensitivity of most systems to tar 
fouling.  

Table 1. Tar limitations for syngas applications [1, 10] 

Application Tar acceptance 
limit (g/Nm3) 

Direct combustion No limit 

Gas turbine 0.05-5 

IC engine 50-100 

Pipeline transport 50-500 

Fuel cells <1 

1.2. Fluorescence spectroscopy 

Fluorescence spectroscopy is an effective, non-intrusive, and online analytical strategy which can be exploited 
for tar detection in biomass gasification. Many aromatic molecules are fluorescent, and fluorescence has been 
used for numerous disciplines including biological and chemical analysis, combustion techniques and medical 
applications [8]. Following energy absorption, the intensity of the re-emitted fluorescence radiation is directly 
proportional to the concentration of the excited species and excitation radiation irradiance. Therefore, 
measurement of the spectral emission of fluorescence radiation provides an extremely accurate representation of 
the quantity of a fluorescing species.  Efficiently detecting fluorescence radiation from tar within the gas phase is 
dependent on numerous parameters including the tar load within the gas stream, the optical power output of the 
light source, the amount of time the detector is exposed to the fluorescence, molecule spatial distributions and 
efficiencies of irradiation and collection optics. The intensity of fluorescence radiation can be expressed as a 
function of both the absorbance and the quantum yield of a compound by the following equation derived from the 
Beer-Lambert Laws of absorption [11]:   
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liquid phase. The system for online tar measurements in the product gas has been fabricated and is currently being 
installed within an in-house, downdraft, fixed-bed gasification system. The design of the fluorescence system is 
discussed, followed by some results on using the system on liquid tar samples.   

1.1. Biomass gasification tar products 

Tars produced from biomass gasification are characteristically complex, rendering detection and measurement 
within the gas phase a complicated challenge. The definition of tar varies throughout industry and literature. Tar 
can be regarded as thermal or partial oxidation products which are assumed to be chiefly aromatic compounds 
with a higher molecular weight greater than Benzene [1]. Lower molecular weight compounds such as Ethylene 
and Benzene can similarly prove disruptive so shall be classified as tars for the purposes of this research [1, 9]. 
Tars carried by a product gas stream may choke up pipework leading to blockages and system failures and 
component damage. Moreover, tars are generally oxygenated and cannot be converted into valuable products and 
the presence of tars and impurities reduces the useable output syngas, diminishing gasification efficiency and 
energy potential. Ultimately, the performance of a gasification system, in terms of tar production level, is 
influenced by the acceptable tar limits of any intended downstream application. Table 1 details typical tar 
acceptance limits of various syngas run applications, demonstrating the severe sensitivity of most systems to tar 
fouling.  

Table 1. Tar limitations for syngas applications [1, 10] 

Application Tar acceptance 
limit (g/Nm3) 

Direct combustion No limit 

Gas turbine 0.05-5 
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Pipeline transport 50-500 

Fuel cells <1 

1.2. Fluorescence spectroscopy 

Fluorescence spectroscopy is an effective, non-intrusive, and online analytical strategy which can be exploited 
for tar detection in biomass gasification. Many aromatic molecules are fluorescent, and fluorescence has been 
used for numerous disciplines including biological and chemical analysis, combustion techniques and medical 
applications [8]. Following energy absorption, the intensity of the re-emitted fluorescence radiation is directly 
proportional to the concentration of the excited species and excitation radiation irradiance. Therefore, 
measurement of the spectral emission of fluorescence radiation provides an extremely accurate representation of 
the quantity of a fluorescing species.  Efficiently detecting fluorescence radiation from tar within the gas phase is 
dependent on numerous parameters including the tar load within the gas stream, the optical power output of the 
light source, the amount of time the detector is exposed to the fluorescence, molecule spatial distributions and 
efficiencies of irradiation and collection optics. The intensity of fluorescence radiation can be expressed as a 
function of both the absorbance and the quantum yield of a compound by the following equation derived from the 
Beer-Lambert Laws of absorption [11]:   

2 Sean Capper/ Energy Procedia 00 (2017) 000–000 

to offline use only [1]. Moreover, the intricate nature of tar mixtures, involving a vast number of species with 
differing polarity, structure and molecular mass, means that aged samples tend to re-polymerise [2]. To avoid 
some of the drawbacks of the offline methods, some efforts have been made to develop online tar detection 
systems. These methods are mainly based on Photo Ionization Detection (PID) [3], Ion-Molecule Reactions Mass 
Spectrometry (IMR-MS) [4], Time-Of-Flight Mass Spectrometry (TOF-MS) with laser ionization [5], Molecular 
Beam Mass Spectrometry [6], Laser Induced Fluorescence Measurement (LIF) [7] and LED Induced Fluorescence 
[8]. However, these systems are still underdeveloped and a lot of research is still needed to make reliable, accurate 
and cost effective measurements when compared to conventional (offline) detection systems.  

This research work focuses on the development of low cost tar detection system based on LED induced 
fluorescence with subsequent instrumentation and control to collect and process the data to alter the state value of 
the gasifier e.g. equivalence ratio.  This paper reports on the initial steps to develop an online tar detection system 
that can measure the tar concentration within the product gas at high temperature (>350 °C) and in real time. For 
the sake of easiness and simplification, the system was initially tested offline using model tar compounds in the 
liquid phase. The system for online tar measurements in the product gas has been fabricated and is currently being 
installed within an in-house, downdraft, fixed-bed gasification system. The design of the fluorescence system is 
discussed, followed by some results on using the system on liquid tar samples.   

1.1. Biomass gasification tar products 

Tars produced from biomass gasification are characteristically complex, rendering detection and measurement 
within the gas phase a complicated challenge. The definition of tar varies throughout industry and literature. Tar 
can be regarded as thermal or partial oxidation products which are assumed to be chiefly aromatic compounds 
with a higher molecular weight greater than Benzene [1]. Lower molecular weight compounds such as Ethylene 
and Benzene can similarly prove disruptive so shall be classified as tars for the purposes of this research [1, 9]. 
Tars carried by a product gas stream may choke up pipework leading to blockages and system failures and 
component damage. Moreover, tars are generally oxygenated and cannot be converted into valuable products and 
the presence of tars and impurities reduces the useable output syngas, diminishing gasification efficiency and 
energy potential. Ultimately, the performance of a gasification system, in terms of tar production level, is 
influenced by the acceptable tar limits of any intended downstream application. Table 1 details typical tar 
acceptance limits of various syngas run applications, demonstrating the severe sensitivity of most systems to tar 
fouling.  

Table 1. Tar limitations for syngas applications [1, 10] 

Application Tar acceptance 
limit (g/Nm3) 

Direct combustion No limit 

Gas turbine 0.05-5 

IC engine 50-100 

Pipeline transport 50-500 

Fuel cells <1 

1.2. Fluorescence spectroscopy 

Fluorescence spectroscopy is an effective, non-intrusive, and online analytical strategy which can be exploited 
for tar detection in biomass gasification. Many aromatic molecules are fluorescent, and fluorescence has been 
used for numerous disciplines including biological and chemical analysis, combustion techniques and medical 
applications [8]. Following energy absorption, the intensity of the re-emitted fluorescence radiation is directly 
proportional to the concentration of the excited species and excitation radiation irradiance. Therefore, 
measurement of the spectral emission of fluorescence radiation provides an extremely accurate representation of 
the quantity of a fluorescing species.  Efficiently detecting fluorescence radiation from tar within the gas phase is 
dependent on numerous parameters including the tar load within the gas stream, the optical power output of the 
light source, the amount of time the detector is exposed to the fluorescence, molecule spatial distributions and 
efficiencies of irradiation and collection optics. The intensity of fluorescence radiation can be expressed as a 
function of both the absorbance and the quantum yield of a compound by the following equation derived from the 
Beer-Lambert Laws of absorption [11]:   

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2017.12.143&domain=pdf


 Sean Capper  et al. / Energy Procedia 142 (2017) 892–897 893

 

Available online at www.sciencedirect.com 

ScienceDirect 
Energy Procedia 00 (2017) 000–000  

  www.elsevier.com/locate/procedia 

 

1876-6102 © 2017 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of the 9th International Conference on Applied Energy.  

9th International Conference on Applied Energy, ICAE2017, 21-24 August 2017, Cardiff, UK 

Progression towards Online Tar Detection Systems 
Sean Cappera, Zakir Khana,b, Prashant Kamblea, James Sharpa, Ian Watsona* 

aSystems Power and Energy, School of Engineering, University of Glasgow, Glasgow, G12 8LL, UK 

 bDepartment of Chemical Engineering, COMSATS Institute of Information Technology, Lahore, 54000, Pakistan 

Abstract 
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product gas. The presence of tar impacts the efficiency of gasification systems and compromises gas quality, 
rendering it less useful for some downstream applications sensitive to gas quality. Various tar detection methods 
are reported in the literature which can be differentiated into offline and online techniques. However, offline 
techniques are found to be time consuming, expansive and require sufficient instrumentation and knowledge to 
achieve reliable results. Recent advances in online tar detection based on spectral information of individual tar 
component have attracted much research attention. Among these, fluorescence spectroscopy is a highly promising 
technique for the provision of distinctive, non-invasive and real time data collection for tar levels which can be 
easily installed on gasification product gas streams. This paper presents the initial work on developing a low cost 
tar detection system based on LED induced fluorescence. The detection system mainly consists of a 
photomultiplier tube (PMT), LED (emission wavelength of 280 nm) and 300 nm longpass colour glass filter. 
Initial experiments have been carried out with different concentrations (0 to 100 wt%) of phenol (used as a model 
tar compound) and bio-oil samples from an in-house, downdraft (throated) fixed bed gasification system. The 
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1. Introduction 

Global progression of gasification technology is, at least in part, hindered by tar formation and costly tar 
removal strategies. Excessive tar fouling diminishes gasification efficiency and without expensive scrubbing 
equipment to eliminate the problem it can lead to downstream complications such as choking and damaged 
components, requiring periodic cleaning or replacement. Tar detection is a complex and expensive task due to a 
variety of biomass feedstocks operating under different process conditions and in different gasification systems. 
Typical offline detection methods (e.g. European tar protocols) are very time consuming, unwieldy and restricted 
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to offline use only [1]. Moreover, the intricate nature of tar mixtures, involving a vast number of species with 
differing polarity, structure and molecular mass, means that aged samples tend to re-polymerise [2]. To avoid 
some of the drawbacks of the offline methods, some efforts have been made to develop online tar detection 
systems. These methods are mainly based on Photo Ionization Detection (PID) [3], Ion-Molecule Reactions Mass 
Spectrometry (IMR-MS) [4], Time-Of-Flight Mass Spectrometry (TOF-MS) with laser ionization [5], Molecular 
Beam Mass Spectrometry [6], Laser Induced Fluorescence Measurement (LIF) [7] and LED Induced Fluorescence 
[8]. However, these systems are still underdeveloped and a lot of research is still needed to make reliable, accurate 
and cost effective measurements when compared to conventional (offline) detection systems.  

This research work focuses on the development of low cost tar detection system based on LED induced 
fluorescence with subsequent instrumentation and control to collect and process the data to alter the state value of 
the gasifier e.g. equivalence ratio.  This paper reports on the initial steps to develop an online tar detection system 
that can measure the tar concentration within the product gas at high temperature (>350 °C) and in real time. For 
the sake of easiness and simplification, the system was initially tested offline using model tar compounds in the 
liquid phase. The system for online tar measurements in the product gas has been fabricated and is currently being 
installed within an in-house, downdraft, fixed-bed gasification system. The design of the fluorescence system is 
discussed, followed by some results on using the system on liquid tar samples.   

1.1. Biomass gasification tar products 

Tars produced from biomass gasification are characteristically complex, rendering detection and measurement 
within the gas phase a complicated challenge. The definition of tar varies throughout industry and literature. Tar 
can be regarded as thermal or partial oxidation products which are assumed to be chiefly aromatic compounds 
with a higher molecular weight greater than Benzene [1]. Lower molecular weight compounds such as Ethylene 
and Benzene can similarly prove disruptive so shall be classified as tars for the purposes of this research [1, 9]. 
Tars carried by a product gas stream may choke up pipework leading to blockages and system failures and 
component damage. Moreover, tars are generally oxygenated and cannot be converted into valuable products and 
the presence of tars and impurities reduces the useable output syngas, diminishing gasification efficiency and 
energy potential. Ultimately, the performance of a gasification system, in terms of tar production level, is 
influenced by the acceptable tar limits of any intended downstream application. Table 1 details typical tar 
acceptance limits of various syngas run applications, demonstrating the severe sensitivity of most systems to tar 
fouling.  

Table 1. Tar limitations for syngas applications [1, 10] 

Application Tar acceptance 
limit (g/Nm3) 

Direct combustion No limit 

Gas turbine 0.05-5 

IC engine 50-100 

Pipeline transport 50-500 

Fuel cells <1 

1.2. Fluorescence spectroscopy 

Fluorescence spectroscopy is an effective, non-intrusive, and online analytical strategy which can be exploited 
for tar detection in biomass gasification. Many aromatic molecules are fluorescent, and fluorescence has been 
used for numerous disciplines including biological and chemical analysis, combustion techniques and medical 
applications [8]. Following energy absorption, the intensity of the re-emitted fluorescence radiation is directly 
proportional to the concentration of the excited species and excitation radiation irradiance. Therefore, 
measurement of the spectral emission of fluorescence radiation provides an extremely accurate representation of 
the quantity of a fluorescing species.  Efficiently detecting fluorescence radiation from tar within the gas phase is 
dependent on numerous parameters including the tar load within the gas stream, the optical power output of the 
light source, the amount of time the detector is exposed to the fluorescence, molecule spatial distributions and 
efficiencies of irradiation and collection optics. The intensity of fluorescence radiation can be expressed as a 
function of both the absorbance and the quantum yield of a compound by the following equation derived from the 
Beer-Lambert Laws of absorption [11]:   
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Where 𝐼𝐼𝑓𝑓 represents the fluorescence intensity, j encompasses instrumental factors such as collection efficiency 
and system geometry, k considers the specific fraction of emissions occurring at the excitation wavelength and 
the probability of reemission of energy,  𝐼𝐼𝑜𝑜 is the intensity of the incident light from the excitation source at the 
sample, 𝛷𝛷𝑓𝑓 is the fluorescence quantum yield, 𝜀𝜀(𝜆𝜆) is the molar absorptivity of the molecule, b is the cell path 
length and c is the concentration. If the value for 𝜀𝜀(𝜆𝜆) ∙ 𝑏𝑏 ∙ 𝑐𝑐 < 0.05 then equation 1 can be modified to equation 
2. 

 𝐼𝐼𝑓𝑓 ~  𝑗𝑗 ∙ 𝑘𝑘 ∙ 𝐼𝐼𝑜𝑜 ∙  𝛷𝛷𝑓𝑓  ∙   𝜀𝜀(𝜆𝜆) ∙ 𝑏𝑏 ∙ 𝑐𝑐                                                           (2) 

This represents a linearly proportional relationship between the fluorescence intensity emitted from a molecule 
and concentration. Following the successful design of a tar detection system the principles outlined would enable 
the development of a control system extrapolating tar concentration data from detected intensity. Correlating the 
system conditions with computed and measured tar concentrations allows gasifier control strategies to be 
developed.   

2. System Design 

The fundamental specifications for the tar detection system are: inexpensive and easily interchangeable 
components, modest size, transportable and adaptable, robust and secure housing, maximum fluorescence 
detection efficiency, minimal background interference, precisely aligned and mounted components, components 
appropriate / sufficiently shielded for high temperature environments. The aspects considered for the following 
design include excitation, optical filtration, system integration and operation. The design incorporates a 1 mW 
280 nm OPTAN LED from Thorlabs which allows for low cost, precise excitation. A 300 nm longpass colour 
glass filter from Edmund Optics is used to isolate fluorescence radiation. For detection, a highly sensitive R11558 
side-on type photomultiplier tube and C4900 HV power supply from Hamamatsu (Japan) are used, providing 
1x107 gain for discrete signal capture. The instrumentation is housed in a die-cast aluminum enclosure to provide 
electromagnetic and heat shielding during operation. An electronic circuit was developed in-house to provide a 
constant supply voltage and current from a 15 V AC power supply to power both the LED and the high voltage 
C4900 voltage supply for the photomultiplier tube. The circuit comprises potentiometer voltage control of the 
input voltage across the photomultiplier, allowing for the optimal voltage to be established before output saturation 
occurs. The arrangement of the optics and the system for offline liquid phase testing is shown in Figures 1a and 
1b, respectively. A custom designed stainless steel optical viewport comprising four optical entry points was made 
for multidirectional optical access. The custom designed optical cell, attached via a threaded connection and 
compression fittings to the sample line of the gasifier is shown in Figure 2. The design is a 100 mm x 70 mm x 
70 mm block with a 13mm through bore (to match the ID of the outlet pipe of the gasifier hot gas filter).

 

Fig. 1. (a) Instrumentation arrangement schematic for liquid phase testing and (b) picture of system set up 

The cell is made from stainless steel (grade 316) to allow for high operating temperatures, material strength, and 
hardness so as not to be affected by creep loads and abrasive wearing from any particles transported in the product 

(b) (a) 
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gas. On each side of the block there is a 12 mm bored through the centre of the block to provide optical access 
from each side to the cell centre, as well as a shallow 3mm deep, 25 mm diameter bore to seat a quartz window 
on each side. Each of the windows is flanged with a high temperature gasket material and four separately machined 
square filleted flanges (each 50 mm x 50 mm x 15 mm). The design is intended to allow excitation from the top 
window via a mounted LED. As can be seen in Figure 2(a) a small metallic mount is mechanically fastened to the 
top of the sell to securely and precisely align and hold the LED in place and the output radiation is directed through 
the centre of the gas sealed quartz window. The bottom side of the cell will incorporate a beam dump to absorb 
the LED radiation and mitigate scattering. The tar detection system, housed in an aluminium enclosure and 
mounted on a removable aluminium plate is attached via a mechanical coupling to the side of the optical cell wall 
using threaded bolt fasteners which screw into the face of the cell. The opposite side is then free for optical access 
for another spectral detection device such as a spectrometer or CCD camera. Figure 2(b) displays the CAD design 
for tar detection system connected to the gasifier.  

 

Fig. 2. Online tar detection system (a) custom optical cell design and (b) integration with gasification system and instrumentation housing. 

3. Design Validation 

The performance of the fluorescence system was evaluated off-line to prove that the specified instrumentation 
and optics were appropriate for the measurement of fluorescence and to evaluate performance and identify 
problems before connecting it to the gasifier. Preliminary, testing was conducted in the liquid phase. The following 
results shows the testing with solutions of known concentration of phenol and samples of bio-oil/tar which were 
collected from the gasifier and their fluorescence signature investigated. 

3.1 Methods 

Various phenol solutions were prepared using water as a solvent. For the phenol tests, a total of 10 solutions 
of increasing concentration were prepared from 8% w/w phenol concentration up to the purchased solution 
concentration of 80% w/w concentration. The phenol solutions were transferred to a UV quartz cuvette using a 
pipette (100 - 1000 µL Finn Pipette, Thermoscientific, United States). Once filled and sealed, the cuvette was 
gently shaken to ensure mixing. For calibration purposes, a sample of water was tested to establish the output 
observed from the system with no tar or aromatic compounds in the cuvette. Measurements were taken in 
triplicate. Six separate samples of varying tar concentrations were produced from the samples collected from the 
gasifier, ranging from 1:5, 2:4, 1:1, 4:2, 5:1 (oil:water). Similarly, the fluorescence was measured after the gentle 
shaking procedure, which was repeated in triplicate for each sample.  

4. Results and Discussions 

The results are shown in Figure 3 and clearly show that the fluorescence increased (i.e. more negative) with 
phenol concentration, and the light detected was lowest for the water only sample. The results presented an almost 
linear increase of fluorescence with phenol concentration. These results are indicative of the linearly proportional 
relationship previously identified for fluorescence analysis of phenol within a gas stream. It is worth noting that 
at the highest concentrations of phenol (64 to 80% w/w) the output was higher (i.e. less negative) than for 56% 
w/w (which was the most negative output intensity observed during the tests). This is most likely due to 
inconsistencies with alignment during the setup. The process required removing the cuvette, filling with the 
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Where 𝐼𝐼𝑓𝑓 represents the fluorescence intensity, j encompasses instrumental factors such as collection efficiency 
and system geometry, k considers the specific fraction of emissions occurring at the excitation wavelength and 
the probability of reemission of energy,  𝐼𝐼𝑜𝑜 is the intensity of the incident light from the excitation source at the 
sample, 𝛷𝛷𝑓𝑓 is the fluorescence quantum yield, 𝜀𝜀(𝜆𝜆) is the molar absorptivity of the molecule, b is the cell path 
length and c is the concentration. If the value for 𝜀𝜀(𝜆𝜆) ∙ 𝑏𝑏 ∙ 𝑐𝑐 < 0.05 then equation 1 can be modified to equation 
2. 
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This represents a linearly proportional relationship between the fluorescence intensity emitted from a molecule 
and concentration. Following the successful design of a tar detection system the principles outlined would enable 
the development of a control system extrapolating tar concentration data from detected intensity. Correlating the 
system conditions with computed and measured tar concentrations allows gasifier control strategies to be 
developed.   

2. System Design 

The fundamental specifications for the tar detection system are: inexpensive and easily interchangeable 
components, modest size, transportable and adaptable, robust and secure housing, maximum fluorescence 
detection efficiency, minimal background interference, precisely aligned and mounted components, components 
appropriate / sufficiently shielded for high temperature environments. The aspects considered for the following 
design include excitation, optical filtration, system integration and operation. The design incorporates a 1 mW 
280 nm OPTAN LED from Thorlabs which allows for low cost, precise excitation. A 300 nm longpass colour 
glass filter from Edmund Optics is used to isolate fluorescence radiation. For detection, a highly sensitive R11558 
side-on type photomultiplier tube and C4900 HV power supply from Hamamatsu (Japan) are used, providing 
1x107 gain for discrete signal capture. The instrumentation is housed in a die-cast aluminum enclosure to provide 
electromagnetic and heat shielding during operation. An electronic circuit was developed in-house to provide a 
constant supply voltage and current from a 15 V AC power supply to power both the LED and the high voltage 
C4900 voltage supply for the photomultiplier tube. The circuit comprises potentiometer voltage control of the 
input voltage across the photomultiplier, allowing for the optimal voltage to be established before output saturation 
occurs. The arrangement of the optics and the system for offline liquid phase testing is shown in Figures 1a and 
1b, respectively. A custom designed stainless steel optical viewport comprising four optical entry points was made 
for multidirectional optical access. The custom designed optical cell, attached via a threaded connection and 
compression fittings to the sample line of the gasifier is shown in Figure 2. The design is a 100 mm x 70 mm x 
70 mm block with a 13mm through bore (to match the ID of the outlet pipe of the gasifier hot gas filter).

 

Fig. 1. (a) Instrumentation arrangement schematic for liquid phase testing and (b) picture of system set up 

The cell is made from stainless steel (grade 316) to allow for high operating temperatures, material strength, and 
hardness so as not to be affected by creep loads and abrasive wearing from any particles transported in the product 

(b) (a) 
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The fundamental specifications for the tar detection system are: inexpensive and easily interchangeable 
components, modest size, transportable and adaptable, robust and secure housing, maximum fluorescence 
detection efficiency, minimal background interference, precisely aligned and mounted components, components 
appropriate / sufficiently shielded for high temperature environments. The aspects considered for the following 
design include excitation, optical filtration, system integration and operation. The design incorporates a 1 mW 
280 nm OPTAN LED from Thorlabs which allows for low cost, precise excitation. A 300 nm longpass colour 
glass filter from Edmund Optics is used to isolate fluorescence radiation. For detection, a highly sensitive R11558 
side-on type photomultiplier tube and C4900 HV power supply from Hamamatsu (Japan) are used, providing 
1x107 gain for discrete signal capture. The instrumentation is housed in a die-cast aluminum enclosure to provide 
electromagnetic and heat shielding during operation. An electronic circuit was developed in-house to provide a 
constant supply voltage and current from a 15 V AC power supply to power both the LED and the high voltage 
C4900 voltage supply for the photomultiplier tube. The circuit comprises potentiometer voltage control of the 
input voltage across the photomultiplier, allowing for the optimal voltage to be established before output saturation 
occurs. The arrangement of the optics and the system for offline liquid phase testing is shown in Figures 1a and 
1b, respectively. A custom designed stainless steel optical viewport comprising four optical entry points was made 
for multidirectional optical access. The custom designed optical cell, attached via a threaded connection and 
compression fittings to the sample line of the gasifier is shown in Figure 2. The design is a 100 mm x 70 mm x 
70 mm block with a 13mm through bore (to match the ID of the outlet pipe of the gasifier hot gas filter).

 

Fig. 1. (a) Instrumentation arrangement schematic for liquid phase testing and (b) picture of system set up 

The cell is made from stainless steel (grade 316) to allow for high operating temperatures, material strength, and 
hardness so as not to be affected by creep loads and abrasive wearing from any particles transported in the product 
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gas. On each side of the block there is a 12 mm bored through the centre of the block to provide optical access 
from each side to the cell centre, as well as a shallow 3mm deep, 25 mm diameter bore to seat a quartz window 
on each side. Each of the windows is flanged with a high temperature gasket material and four separately machined 
square filleted flanges (each 50 mm x 50 mm x 15 mm). The design is intended to allow excitation from the top 
window via a mounted LED. As can be seen in Figure 2(a) a small metallic mount is mechanically fastened to the 
top of the sell to securely and precisely align and hold the LED in place and the output radiation is directed through 
the centre of the gas sealed quartz window. The bottom side of the cell will incorporate a beam dump to absorb 
the LED radiation and mitigate scattering. The tar detection system, housed in an aluminium enclosure and 
mounted on a removable aluminium plate is attached via a mechanical coupling to the side of the optical cell wall 
using threaded bolt fasteners which screw into the face of the cell. The opposite side is then free for optical access 
for another spectral detection device such as a spectrometer or CCD camera. Figure 2(b) displays the CAD design 
for tar detection system connected to the gasifier.  

 

Fig. 2. Online tar detection system (a) custom optical cell design and (b) integration with gasification system and instrumentation housing. 

3. Design Validation 

The performance of the fluorescence system was evaluated off-line to prove that the specified instrumentation 
and optics were appropriate for the measurement of fluorescence and to evaluate performance and identify 
problems before connecting it to the gasifier. Preliminary, testing was conducted in the liquid phase. The following 
results shows the testing with solutions of known concentration of phenol and samples of bio-oil/tar which were 
collected from the gasifier and their fluorescence signature investigated. 

3.1 Methods 

Various phenol solutions were prepared using water as a solvent. For the phenol tests, a total of 10 solutions 
of increasing concentration were prepared from 8% w/w phenol concentration up to the purchased solution 
concentration of 80% w/w concentration. The phenol solutions were transferred to a UV quartz cuvette using a 
pipette (100 - 1000 µL Finn Pipette, Thermoscientific, United States). Once filled and sealed, the cuvette was 
gently shaken to ensure mixing. For calibration purposes, a sample of water was tested to establish the output 
observed from the system with no tar or aromatic compounds in the cuvette. Measurements were taken in 
triplicate. Six separate samples of varying tar concentrations were produced from the samples collected from the 
gasifier, ranging from 1:5, 2:4, 1:1, 4:2, 5:1 (oil:water). Similarly, the fluorescence was measured after the gentle 
shaking procedure, which was repeated in triplicate for each sample.  

4. Results and Discussions 

The results are shown in Figure 3 and clearly show that the fluorescence increased (i.e. more negative) with 
phenol concentration, and the light detected was lowest for the water only sample. The results presented an almost 
linear increase of fluorescence with phenol concentration. These results are indicative of the linearly proportional 
relationship previously identified for fluorescence analysis of phenol within a gas stream. It is worth noting that 
at the highest concentrations of phenol (64 to 80% w/w) the output was higher (i.e. less negative) than for 56% 
w/w (which was the most negative output intensity observed during the tests). This is most likely due to 
inconsistencies with alignment during the setup. The process required removing the cuvette, filling with the 
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concentration of 80% w/w concentration. The phenol solutions were transferred to a UV quartz cuvette using a 
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gently shaken to ensure mixing. For calibration purposes, a sample of water was tested to establish the output 
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triplicate. Six separate samples of varying tar concentrations were produced from the samples collected from the 
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relationship previously identified for fluorescence analysis of phenol within a gas stream. It is worth noting that 
at the highest concentrations of phenol (64 to 80% w/w) the output was higher (i.e. less negative) than for 56% 
w/w (which was the most negative output intensity observed during the tests). This is most likely due to 
inconsistencies with alignment during the setup. The process required removing the cuvette, filling with the 
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solution and shaking before placing back within the system. This may have led to inconsistencies and any 
deviations from linearity with the exact positioning of the samples to be measured and may explain the change in 
the trend. The test results for the gasifier bio-oil experiments shown in Figure 3, similarly show that when a higher 
percentage of bio-oil is present within a sample the output from the PMT decreases, signifying more intense 
fluorescence signal. 

 

 

Fig. 3. Spectral response from PMT for varying concentrations of Phenol (left) and bio-oil samples  

 

5. Conclusions 

The utilization of fluorescence strategies using LEDs for analysis of tar content seems to be a very promising 
route for biomass gasification due to the potential for real-time, non-intrusive monitoring. The use of LEDs has 
been proven to be effective for the stimulation of measurable fluorescence signals in the liquid phase both with a 
standard tar compound (phenol) of known concentrations and for bio-oil samples derived from a gasifier test using 
Miscanthus biomass. Although exact information regarding the species of tars presents within the bio-oils is 
unknown, this method demonstrates the components selected could effectively be utilized within a tar detection 
system for quantitative evaluation of tar loading on a gas stream if coupled with a suitable offline technique, such 
as the European Tar Protocol, for calibration. The design presented could be effectively developed to provide 
quantitative data concerning tar quantity on any scale of the gasifier. Ultimately, the system will require testing 
in the gas phase to evaluate whether the detector is sufficiently sensitive to detect tar loading concentrations in 
the gas.  

Acknowledgements 

The authors would like to thank EPSRC and the SUPERGEN Bioenergy Hub (UK) for funding support for the 
research project (EP/M01343X/1). Kamble was kindly supported by a Government of Maharashtra scholarship 
(DSW/EDU/F.S/15-16/D-IV/1762). Sean Capper was supported by an EPSRC Scholarship  

References 

[1] M. Ahmadi, C. Brage, K. Sjöström, K. Engvall, H. Knoef, B. Van de Beld, Development of an on-line tar measurement method based on 
photo ionization technique, Catalysis Today, 176 (2011) 250-252. 
[2] T.A. Milne and R.J. Evans, Biomass gasification "Tars": Their nature, formation and conversion, in, National Renewable Energy 
Laboratory, Colorado, USA,, 1998. 
[3] M. Ahmadi, H. Knoef, B. Van de Beld, T. Liliedahl, K. Engvall, Development of a PID based on-line tar measurement method – Proof of 
concept, Fuel, 113 (2013) 113-121. 
[4] F. Defoort, S. Thiery, S. Ravel, A promising new on-line method of tar quantification by mass spectrometry during steam gasification of 
biomass, Biomass and Bioenergy, 65 (2014) 64-71. 
[5] A. Fendt, T. Streibel, M. Sklorz, D. Richter, N. Dahmen, R. Zimmermann, On-Line Process Analysis of Biomass Flash Pyrolysis Gases 
Enabled by Soft Photoionization Mass Spectrometry, Energy & Fuels, 26 (2012) 701-711. 
[6] D.L. Carpenter, S.P. Deutch, R.J. French, Quantitative Measurement of Biomass Gasifier Tars Using a Molecular-Beam Mass 
Spectrometer:  Comparison with Traditional Impinger Sampling, Energy & Fuels, 21 (2007) 3036-3043. 
[7] R. Sun, N. Zobel, Y. Neubauer, C. Cardenas Chavez, F. Behrendt, Analysis of gas-phase polycyclic aromatic hydrocarbon mixtures by 
laser-induced fluorescence, Optics and Lasers in Engineering, 48 (2010) 1231-1237. 
[8] C. Baumhakl, S. Karellas, Tar analysis from biomass gasification by means of online fluorescence spectroscopy, Optics and Lasers in 

 Sean Capper/ Energy Procedia 00 (2017) 000–000   5 

solution and shaking before placing back within the system. This may have led to inconsistencies and any 
deviations from linearity with the exact positioning of the samples to be measured and may explain the change in 
the trend. The test results for the gasifier bio-oil experiments shown in Figure 3, similarly show that when a higher 
percentage of bio-oil is present within a sample the output from the PMT decreases, signifying more intense 
fluorescence signal. 

 

 

Fig. 3. Spectral response from PMT for varying concentrations of Phenol (left) and bio-oil samples  

 

5. Conclusions 

The utilization of fluorescence strategies using LEDs for analysis of tar content seems to be a very promising 
route for biomass gasification due to the potential for real-time, non-intrusive monitoring. The use of LEDs has 
been proven to be effective for the stimulation of measurable fluorescence signals in the liquid phase both with a 
standard tar compound (phenol) of known concentrations and for bio-oil samples derived from a gasifier test using 
Miscanthus biomass. Although exact information regarding the species of tars presents within the bio-oils is 
unknown, this method demonstrates the components selected could effectively be utilized within a tar detection 
system for quantitative evaluation of tar loading on a gas stream if coupled with a suitable offline technique, such 
as the European Tar Protocol, for calibration. The design presented could be effectively developed to provide 
quantitative data concerning tar quantity on any scale of the gasifier. Ultimately, the system will require testing 
in the gas phase to evaluate whether the detector is sufficiently sensitive to detect tar loading concentrations in 
the gas.  

Acknowledgements 

The authors would like to thank EPSRC and the SUPERGEN Bioenergy Hub (UK) for funding support for the 
research project (EP/M01343X/1). Kamble was kindly supported by a Government of Maharashtra scholarship 
(DSW/EDU/F.S/15-16/D-IV/1762). Sean Capper was supported by an EPSRC Scholarship  

References 

[1] M. Ahmadi, C. Brage, K. Sjöström, K. Engvall, H. Knoef, B. Van de Beld, Development of an on-line tar measurement method based on 
photo ionization technique, Catalysis Today, 176 (2011) 250-252. 
[2] T.A. Milne and R.J. Evans, Biomass gasification "Tars": Their nature, formation and conversion, in, National Renewable Energy 
Laboratory, Colorado, USA,, 1998. 
[3] M. Ahmadi, H. Knoef, B. Van de Beld, T. Liliedahl, K. Engvall, Development of a PID based on-line tar measurement method – Proof of 
concept, Fuel, 113 (2013) 113-121. 
[4] F. Defoort, S. Thiery, S. Ravel, A promising new on-line method of tar quantification by mass spectrometry during steam gasification of 
biomass, Biomass and Bioenergy, 65 (2014) 64-71. 
[5] A. Fendt, T. Streibel, M. Sklorz, D. Richter, N. Dahmen, R. Zimmermann, On-Line Process Analysis of Biomass Flash Pyrolysis Gases 
Enabled by Soft Photoionization Mass Spectrometry, Energy & Fuels, 26 (2012) 701-711. 
[6] D.L. Carpenter, S.P. Deutch, R.J. French, Quantitative Measurement of Biomass Gasifier Tars Using a Molecular-Beam Mass 
Spectrometer:  Comparison with Traditional Impinger Sampling, Energy & Fuels, 21 (2007) 3036-3043. 
[7] R. Sun, N. Zobel, Y. Neubauer, C. Cardenas Chavez, F. Behrendt, Analysis of gas-phase polycyclic aromatic hydrocarbon mixtures by 
laser-induced fluorescence, Optics and Lasers in Engineering, 48 (2010) 1231-1237. 
[8] C. Baumhakl, S. Karellas, Tar analysis from biomass gasification by means of online fluorescence spectroscopy, Optics and Lasers in 

 Sean Capper/ Energy Procedia 00 (2017) 000–000   5 

solution and shaking before placing back within the system. This may have led to inconsistencies and any 
deviations from linearity with the exact positioning of the samples to be measured and may explain the change in 
the trend. The test results for the gasifier bio-oil experiments shown in Figure 3, similarly show that when a higher 
percentage of bio-oil is present within a sample the output from the PMT decreases, signifying more intense 
fluorescence signal. 

 

 

Fig. 3. Spectral response from PMT for varying concentrations of Phenol (left) and bio-oil samples  

 

5. Conclusions 

The utilization of fluorescence strategies using LEDs for analysis of tar content seems to be a very promising 
route for biomass gasification due to the potential for real-time, non-intrusive monitoring. The use of LEDs has 
been proven to be effective for the stimulation of measurable fluorescence signals in the liquid phase both with a 
standard tar compound (phenol) of known concentrations and for bio-oil samples derived from a gasifier test using 
Miscanthus biomass. Although exact information regarding the species of tars presents within the bio-oils is 
unknown, this method demonstrates the components selected could effectively be utilized within a tar detection 
system for quantitative evaluation of tar loading on a gas stream if coupled with a suitable offline technique, such 
as the European Tar Protocol, for calibration. The design presented could be effectively developed to provide 
quantitative data concerning tar quantity on any scale of the gasifier. Ultimately, the system will require testing 
in the gas phase to evaluate whether the detector is sufficiently sensitive to detect tar loading concentrations in 
the gas.  

Acknowledgements 

The authors would like to thank EPSRC and the SUPERGEN Bioenergy Hub (UK) for funding support for the 
research project (EP/M01343X/1). Kamble was kindly supported by a Government of Maharashtra scholarship 
(DSW/EDU/F.S/15-16/D-IV/1762). Sean Capper was supported by an EPSRC Scholarship  

References 

[1] M. Ahmadi, C. Brage, K. Sjöström, K. Engvall, H. Knoef, B. Van de Beld, Development of an on-line tar measurement method based on 
photo ionization technique, Catalysis Today, 176 (2011) 250-252. 
[2] T.A. Milne and R.J. Evans, Biomass gasification "Tars": Their nature, formation and conversion, in, National Renewable Energy 
Laboratory, Colorado, USA,, 1998. 
[3] M. Ahmadi, H. Knoef, B. Van de Beld, T. Liliedahl, K. Engvall, Development of a PID based on-line tar measurement method – Proof of 
concept, Fuel, 113 (2013) 113-121. 
[4] F. Defoort, S. Thiery, S. Ravel, A promising new on-line method of tar quantification by mass spectrometry during steam gasification of 
biomass, Biomass and Bioenergy, 65 (2014) 64-71. 
[5] A. Fendt, T. Streibel, M. Sklorz, D. Richter, N. Dahmen, R. Zimmermann, On-Line Process Analysis of Biomass Flash Pyrolysis Gases 
Enabled by Soft Photoionization Mass Spectrometry, Energy & Fuels, 26 (2012) 701-711. 
[6] D.L. Carpenter, S.P. Deutch, R.J. French, Quantitative Measurement of Biomass Gasifier Tars Using a Molecular-Beam Mass 
Spectrometer:  Comparison with Traditional Impinger Sampling, Energy & Fuels, 21 (2007) 3036-3043. 
[7] R. Sun, N. Zobel, Y. Neubauer, C. Cardenas Chavez, F. Behrendt, Analysis of gas-phase polycyclic aromatic hydrocarbon mixtures by 
laser-induced fluorescence, Optics and Lasers in Engineering, 48 (2010) 1231-1237. 
[8] C. Baumhakl, S. Karellas, Tar analysis from biomass gasification by means of online fluorescence spectroscopy, Optics and Lasers in 

 Sean Capper/ Energy Procedia 00 (2017) 000–000   5 

solution and shaking before placing back within the system. This may have led to inconsistencies and any 
deviations from linearity with the exact positioning of the samples to be measured and may explain the change in 
the trend. The test results for the gasifier bio-oil experiments shown in Figure 3, similarly show that when a higher 
percentage of bio-oil is present within a sample the output from the PMT decreases, signifying more intense 
fluorescence signal. 

 

 

Fig. 3. Spectral response from PMT for varying concentrations of Phenol (left) and bio-oil samples  

 

5. Conclusions 

The utilization of fluorescence strategies using LEDs for analysis of tar content seems to be a very promising 
route for biomass gasification due to the potential for real-time, non-intrusive monitoring. The use of LEDs has 
been proven to be effective for the stimulation of measurable fluorescence signals in the liquid phase both with a 
standard tar compound (phenol) of known concentrations and for bio-oil samples derived from a gasifier test using 
Miscanthus biomass. Although exact information regarding the species of tars presents within the bio-oils is 
unknown, this method demonstrates the components selected could effectively be utilized within a tar detection 
system for quantitative evaluation of tar loading on a gas stream if coupled with a suitable offline technique, such 
as the European Tar Protocol, for calibration. The design presented could be effectively developed to provide 
quantitative data concerning tar quantity on any scale of the gasifier. Ultimately, the system will require testing 
in the gas phase to evaluate whether the detector is sufficiently sensitive to detect tar loading concentrations in 
the gas.  

Acknowledgements 

The authors would like to thank EPSRC and the SUPERGEN Bioenergy Hub (UK) for funding support for the 
research project (EP/M01343X/1). Kamble was kindly supported by a Government of Maharashtra scholarship 
(DSW/EDU/F.S/15-16/D-IV/1762). Sean Capper was supported by an EPSRC Scholarship  

References 

[1] M. Ahmadi, C. Brage, K. Sjöström, K. Engvall, H. Knoef, B. Van de Beld, Development of an on-line tar measurement method based on 
photo ionization technique, Catalysis Today, 176 (2011) 250-252. 
[2] T.A. Milne and R.J. Evans, Biomass gasification "Tars": Their nature, formation and conversion, in, National Renewable Energy 
Laboratory, Colorado, USA,, 1998. 
[3] M. Ahmadi, H. Knoef, B. Van de Beld, T. Liliedahl, K. Engvall, Development of a PID based on-line tar measurement method – Proof of 
concept, Fuel, 113 (2013) 113-121. 
[4] F. Defoort, S. Thiery, S. Ravel, A promising new on-line method of tar quantification by mass spectrometry during steam gasification of 
biomass, Biomass and Bioenergy, 65 (2014) 64-71. 
[5] A. Fendt, T. Streibel, M. Sklorz, D. Richter, N. Dahmen, R. Zimmermann, On-Line Process Analysis of Biomass Flash Pyrolysis Gases 
Enabled by Soft Photoionization Mass Spectrometry, Energy & Fuels, 26 (2012) 701-711. 
[6] D.L. Carpenter, S.P. Deutch, R.J. French, Quantitative Measurement of Biomass Gasifier Tars Using a Molecular-Beam Mass 
Spectrometer:  Comparison with Traditional Impinger Sampling, Energy & Fuels, 21 (2007) 3036-3043. 
[7] R. Sun, N. Zobel, Y. Neubauer, C. Cardenas Chavez, F. Behrendt, Analysis of gas-phase polycyclic aromatic hydrocarbon mixtures by 
laser-induced fluorescence, Optics and Lasers in Engineering, 48 (2010) 1231-1237. 
[8] C. Baumhakl, S. Karellas, Tar analysis from biomass gasification by means of online fluorescence spectroscopy, Optics and Lasers in 

 Sean Capper/ Energy Procedia 00 (2017) 000–000   5 

solution and shaking before placing back within the system. This may have led to inconsistencies and any 
deviations from linearity with the exact positioning of the samples to be measured and may explain the change in 
the trend. The test results for the gasifier bio-oil experiments shown in Figure 3, similarly show that when a higher 
percentage of bio-oil is present within a sample the output from the PMT decreases, signifying more intense 
fluorescence signal. 

 

 

Fig. 3. Spectral response from PMT for varying concentrations of Phenol (left) and bio-oil samples  

 

5. Conclusions 

The utilization of fluorescence strategies using LEDs for analysis of tar content seems to be a very promising 
route for biomass gasification due to the potential for real-time, non-intrusive monitoring. The use of LEDs has 
been proven to be effective for the stimulation of measurable fluorescence signals in the liquid phase both with a 
standard tar compound (phenol) of known concentrations and for bio-oil samples derived from a gasifier test using 
Miscanthus biomass. Although exact information regarding the species of tars presents within the bio-oils is 
unknown, this method demonstrates the components selected could effectively be utilized within a tar detection 
system for quantitative evaluation of tar loading on a gas stream if coupled with a suitable offline technique, such 
as the European Tar Protocol, for calibration. The design presented could be effectively developed to provide 
quantitative data concerning tar quantity on any scale of the gasifier. Ultimately, the system will require testing 
in the gas phase to evaluate whether the detector is sufficiently sensitive to detect tar loading concentrations in 
the gas.  

Acknowledgements 

The authors would like to thank EPSRC and the SUPERGEN Bioenergy Hub (UK) for funding support for the 
research project (EP/M01343X/1). Kamble was kindly supported by a Government of Maharashtra scholarship 
(DSW/EDU/F.S/15-16/D-IV/1762). Sean Capper was supported by an EPSRC Scholarship  

References 

[1] M. Ahmadi, C. Brage, K. Sjöström, K. Engvall, H. Knoef, B. Van de Beld, Development of an on-line tar measurement method based on 
photo ionization technique, Catalysis Today, 176 (2011) 250-252. 
[2] T.A. Milne and R.J. Evans, Biomass gasification "Tars": Their nature, formation and conversion, in, National Renewable Energy 
Laboratory, Colorado, USA,, 1998. 
[3] M. Ahmadi, H. Knoef, B. Van de Beld, T. Liliedahl, K. Engvall, Development of a PID based on-line tar measurement method – Proof of 
concept, Fuel, 113 (2013) 113-121. 
[4] F. Defoort, S. Thiery, S. Ravel, A promising new on-line method of tar quantification by mass spectrometry during steam gasification of 
biomass, Biomass and Bioenergy, 65 (2014) 64-71. 
[5] A. Fendt, T. Streibel, M. Sklorz, D. Richter, N. Dahmen, R. Zimmermann, On-Line Process Analysis of Biomass Flash Pyrolysis Gases 
Enabled by Soft Photoionization Mass Spectrometry, Energy & Fuels, 26 (2012) 701-711. 
[6] D.L. Carpenter, S.P. Deutch, R.J. French, Quantitative Measurement of Biomass Gasifier Tars Using a Molecular-Beam Mass 
Spectrometer:  Comparison with Traditional Impinger Sampling, Energy & Fuels, 21 (2007) 3036-3043. 
[7] R. Sun, N. Zobel, Y. Neubauer, C. Cardenas Chavez, F. Behrendt, Analysis of gas-phase polycyclic aromatic hydrocarbon mixtures by 
laser-induced fluorescence, Optics and Lasers in Engineering, 48 (2010) 1231-1237. 
[8] C. Baumhakl, S. Karellas, Tar analysis from biomass gasification by means of online fluorescence spectroscopy, Optics and Lasers in 

 Sean Capper/ Energy Procedia 00 (2017) 000–000   5 

solution and shaking before placing back within the system. This may have led to inconsistencies and any 
deviations from linearity with the exact positioning of the samples to be measured and may explain the change in 
the trend. The test results for the gasifier bio-oil experiments shown in Figure 3, similarly show that when a higher 
percentage of bio-oil is present within a sample the output from the PMT decreases, signifying more intense 
fluorescence signal. 

 

 

Fig. 3. Spectral response from PMT for varying concentrations of Phenol (left) and bio-oil samples  

 

5. Conclusions 

The utilization of fluorescence strategies using LEDs for analysis of tar content seems to be a very promising 
route for biomass gasification due to the potential for real-time, non-intrusive monitoring. The use of LEDs has 
been proven to be effective for the stimulation of measurable fluorescence signals in the liquid phase both with a 
standard tar compound (phenol) of known concentrations and for bio-oil samples derived from a gasifier test using 
Miscanthus biomass. Although exact information regarding the species of tars presents within the bio-oils is 
unknown, this method demonstrates the components selected could effectively be utilized within a tar detection 
system for quantitative evaluation of tar loading on a gas stream if coupled with a suitable offline technique, such 
as the European Tar Protocol, for calibration. The design presented could be effectively developed to provide 
quantitative data concerning tar quantity on any scale of the gasifier. Ultimately, the system will require testing 
in the gas phase to evaluate whether the detector is sufficiently sensitive to detect tar loading concentrations in 
the gas.  

Acknowledgements 

The authors would like to thank EPSRC and the SUPERGEN Bioenergy Hub (UK) for funding support for the 
research project (EP/M01343X/1). Kamble was kindly supported by a Government of Maharashtra scholarship 
(DSW/EDU/F.S/15-16/D-IV/1762). Sean Capper was supported by an EPSRC Scholarship  

References 

[1] M. Ahmadi, C. Brage, K. Sjöström, K. Engvall, H. Knoef, B. Van de Beld, Development of an on-line tar measurement method based on 
photo ionization technique, Catalysis Today, 176 (2011) 250-252. 
[2] T.A. Milne and R.J. Evans, Biomass gasification "Tars": Their nature, formation and conversion, in, National Renewable Energy 
Laboratory, Colorado, USA,, 1998. 
[3] M. Ahmadi, H. Knoef, B. Van de Beld, T. Liliedahl, K. Engvall, Development of a PID based on-line tar measurement method – Proof of 
concept, Fuel, 113 (2013) 113-121. 
[4] F. Defoort, S. Thiery, S. Ravel, A promising new on-line method of tar quantification by mass spectrometry during steam gasification of 
biomass, Biomass and Bioenergy, 65 (2014) 64-71. 
[5] A. Fendt, T. Streibel, M. Sklorz, D. Richter, N. Dahmen, R. Zimmermann, On-Line Process Analysis of Biomass Flash Pyrolysis Gases 
Enabled by Soft Photoionization Mass Spectrometry, Energy & Fuels, 26 (2012) 701-711. 
[6] D.L. Carpenter, S.P. Deutch, R.J. French, Quantitative Measurement of Biomass Gasifier Tars Using a Molecular-Beam Mass 
Spectrometer:  Comparison with Traditional Impinger Sampling, Energy & Fuels, 21 (2007) 3036-3043. 
[7] R. Sun, N. Zobel, Y. Neubauer, C. Cardenas Chavez, F. Behrendt, Analysis of gas-phase polycyclic aromatic hydrocarbon mixtures by 
laser-induced fluorescence, Optics and Lasers in Engineering, 48 (2010) 1231-1237. 
[8] C. Baumhakl, S. Karellas, Tar analysis from biomass gasification by means of online fluorescence spectroscopy, Optics and Lasers in 

 Sean Capper/ Energy Procedia 00 (2017) 000–000   5 

solution and shaking before placing back within the system. This may have led to inconsistencies and any 
deviations from linearity with the exact positioning of the samples to be measured and may explain the change in 
the trend. The test results for the gasifier bio-oil experiments shown in Figure 3, similarly show that when a higher 
percentage of bio-oil is present within a sample the output from the PMT decreases, signifying more intense 
fluorescence signal. 

 

 

Fig. 3. Spectral response from PMT for varying concentrations of Phenol (left) and bio-oil samples  

 

5. Conclusions 

The utilization of fluorescence strategies using LEDs for analysis of tar content seems to be a very promising 
route for biomass gasification due to the potential for real-time, non-intrusive monitoring. The use of LEDs has 
been proven to be effective for the stimulation of measurable fluorescence signals in the liquid phase both with a 
standard tar compound (phenol) of known concentrations and for bio-oil samples derived from a gasifier test using 
Miscanthus biomass. Although exact information regarding the species of tars presents within the bio-oils is 
unknown, this method demonstrates the components selected could effectively be utilized within a tar detection 
system for quantitative evaluation of tar loading on a gas stream if coupled with a suitable offline technique, such 
as the European Tar Protocol, for calibration. The design presented could be effectively developed to provide 
quantitative data concerning tar quantity on any scale of the gasifier. Ultimately, the system will require testing 
in the gas phase to evaluate whether the detector is sufficiently sensitive to detect tar loading concentrations in 
the gas.  

Acknowledgements 

The authors would like to thank EPSRC and the SUPERGEN Bioenergy Hub (UK) for funding support for the 
research project (EP/M01343X/1). Kamble was kindly supported by a Government of Maharashtra scholarship 
(DSW/EDU/F.S/15-16/D-IV/1762). Sean Capper was supported by an EPSRC Scholarship  

References 

[1] M. Ahmadi, C. Brage, K. Sjöström, K. Engvall, H. Knoef, B. Van de Beld, Development of an on-line tar measurement method based on 
photo ionization technique, Catalysis Today, 176 (2011) 250-252. 
[2] T.A. Milne and R.J. Evans, Biomass gasification "Tars": Their nature, formation and conversion, in, National Renewable Energy 
Laboratory, Colorado, USA,, 1998. 
[3] M. Ahmadi, H. Knoef, B. Van de Beld, T. Liliedahl, K. Engvall, Development of a PID based on-line tar measurement method – Proof of 
concept, Fuel, 113 (2013) 113-121. 
[4] F. Defoort, S. Thiery, S. Ravel, A promising new on-line method of tar quantification by mass spectrometry during steam gasification of 
biomass, Biomass and Bioenergy, 65 (2014) 64-71. 
[5] A. Fendt, T. Streibel, M. Sklorz, D. Richter, N. Dahmen, R. Zimmermann, On-Line Process Analysis of Biomass Flash Pyrolysis Gases 
Enabled by Soft Photoionization Mass Spectrometry, Energy & Fuels, 26 (2012) 701-711. 
[6] D.L. Carpenter, S.P. Deutch, R.J. French, Quantitative Measurement of Biomass Gasifier Tars Using a Molecular-Beam Mass 
Spectrometer:  Comparison with Traditional Impinger Sampling, Energy & Fuels, 21 (2007) 3036-3043. 
[7] R. Sun, N. Zobel, Y. Neubauer, C. Cardenas Chavez, F. Behrendt, Analysis of gas-phase polycyclic aromatic hydrocarbon mixtures by 
laser-induced fluorescence, Optics and Lasers in Engineering, 48 (2010) 1231-1237. 
[8] C. Baumhakl, S. Karellas, Tar analysis from biomass gasification by means of online fluorescence spectroscopy, Optics and Lasers in 

 Sean Capper/ Energy Procedia 00 (2017) 000–000   5 

solution and shaking before placing back within the system. This may have led to inconsistencies and any 
deviations from linearity with the exact positioning of the samples to be measured and may explain the change in 
the trend. The test results for the gasifier bio-oil experiments shown in Figure 3, similarly show that when a higher 
percentage of bio-oil is present within a sample the output from the PMT decreases, signifying more intense 
fluorescence signal. 

 

 

Fig. 3. Spectral response from PMT for varying concentrations of Phenol (left) and bio-oil samples  

 

5. Conclusions 

The utilization of fluorescence strategies using LEDs for analysis of tar content seems to be a very promising 
route for biomass gasification due to the potential for real-time, non-intrusive monitoring. The use of LEDs has 
been proven to be effective for the stimulation of measurable fluorescence signals in the liquid phase both with a 
standard tar compound (phenol) of known concentrations and for bio-oil samples derived from a gasifier test using 
Miscanthus biomass. Although exact information regarding the species of tars presents within the bio-oils is 
unknown, this method demonstrates the components selected could effectively be utilized within a tar detection 
system for quantitative evaluation of tar loading on a gas stream if coupled with a suitable offline technique, such 
as the European Tar Protocol, for calibration. The design presented could be effectively developed to provide 
quantitative data concerning tar quantity on any scale of the gasifier. Ultimately, the system will require testing 
in the gas phase to evaluate whether the detector is sufficiently sensitive to detect tar loading concentrations in 
the gas.  

Acknowledgements 

The authors would like to thank EPSRC and the SUPERGEN Bioenergy Hub (UK) for funding support for the 
research project (EP/M01343X/1). Kamble was kindly supported by a Government of Maharashtra scholarship 
(DSW/EDU/F.S/15-16/D-IV/1762). Sean Capper was supported by an EPSRC Scholarship  

References 

[1] M. Ahmadi, C. Brage, K. Sjöström, K. Engvall, H. Knoef, B. Van de Beld, Development of an on-line tar measurement method based on 
photo ionization technique, Catalysis Today, 176 (2011) 250-252. 
[2] T.A. Milne and R.J. Evans, Biomass gasification "Tars": Their nature, formation and conversion, in, National Renewable Energy 
Laboratory, Colorado, USA,, 1998. 
[3] M. Ahmadi, H. Knoef, B. Van de Beld, T. Liliedahl, K. Engvall, Development of a PID based on-line tar measurement method – Proof of 
concept, Fuel, 113 (2013) 113-121. 
[4] F. Defoort, S. Thiery, S. Ravel, A promising new on-line method of tar quantification by mass spectrometry during steam gasification of 
biomass, Biomass and Bioenergy, 65 (2014) 64-71. 
[5] A. Fendt, T. Streibel, M. Sklorz, D. Richter, N. Dahmen, R. Zimmermann, On-Line Process Analysis of Biomass Flash Pyrolysis Gases 
Enabled by Soft Photoionization Mass Spectrometry, Energy & Fuels, 26 (2012) 701-711. 
[6] D.L. Carpenter, S.P. Deutch, R.J. French, Quantitative Measurement of Biomass Gasifier Tars Using a Molecular-Beam Mass 
Spectrometer:  Comparison with Traditional Impinger Sampling, Energy & Fuels, 21 (2007) 3036-3043. 
[7] R. Sun, N. Zobel, Y. Neubauer, C. Cardenas Chavez, F. Behrendt, Analysis of gas-phase polycyclic aromatic hydrocarbon mixtures by 
laser-induced fluorescence, Optics and Lasers in Engineering, 48 (2010) 1231-1237. 
[8] C. Baumhakl, S. Karellas, Tar analysis from biomass gasification by means of online fluorescence spectroscopy, Optics and Lasers in 

 Sean Capper/ Energy Procedia 00 (2017) 000–000   5 

solution and shaking before placing back within the system. This may have led to inconsistencies and any 
deviations from linearity with the exact positioning of the samples to be measured and may explain the change in 
the trend. The test results for the gasifier bio-oil experiments shown in Figure 3, similarly show that when a higher 
percentage of bio-oil is present within a sample the output from the PMT decreases, signifying more intense 
fluorescence signal. 

 

 

Fig. 3. Spectral response from PMT for varying concentrations of Phenol (left) and bio-oil samples  

 

5. Conclusions 

The utilization of fluorescence strategies using LEDs for analysis of tar content seems to be a very promising 
route for biomass gasification due to the potential for real-time, non-intrusive monitoring. The use of LEDs has 
been proven to be effective for the stimulation of measurable fluorescence signals in the liquid phase both with a 
standard tar compound (phenol) of known concentrations and for bio-oil samples derived from a gasifier test using 
Miscanthus biomass. Although exact information regarding the species of tars presents within the bio-oils is 
unknown, this method demonstrates the components selected could effectively be utilized within a tar detection 
system for quantitative evaluation of tar loading on a gas stream if coupled with a suitable offline technique, such 
as the European Tar Protocol, for calibration. The design presented could be effectively developed to provide 
quantitative data concerning tar quantity on any scale of the gasifier. Ultimately, the system will require testing 
in the gas phase to evaluate whether the detector is sufficiently sensitive to detect tar loading concentrations in 
the gas.  

Acknowledgements 

The authors would like to thank EPSRC and the SUPERGEN Bioenergy Hub (UK) for funding support for the 
research project (EP/M01343X/1). Kamble was kindly supported by a Government of Maharashtra scholarship 
(DSW/EDU/F.S/15-16/D-IV/1762). Sean Capper was supported by an EPSRC Scholarship  

References 

[1] M. Ahmadi, C. Brage, K. Sjöström, K. Engvall, H. Knoef, B. Van de Beld, Development of an on-line tar measurement method based on 
photo ionization technique, Catalysis Today, 176 (2011) 250-252. 
[2] T.A. Milne and R.J. Evans, Biomass gasification "Tars": Their nature, formation and conversion, in, National Renewable Energy 
Laboratory, Colorado, USA,, 1998. 
[3] M. Ahmadi, H. Knoef, B. Van de Beld, T. Liliedahl, K. Engvall, Development of a PID based on-line tar measurement method – Proof of 
concept, Fuel, 113 (2013) 113-121. 
[4] F. Defoort, S. Thiery, S. Ravel, A promising new on-line method of tar quantification by mass spectrometry during steam gasification of 
biomass, Biomass and Bioenergy, 65 (2014) 64-71. 
[5] A. Fendt, T. Streibel, M. Sklorz, D. Richter, N. Dahmen, R. Zimmermann, On-Line Process Analysis of Biomass Flash Pyrolysis Gases 
Enabled by Soft Photoionization Mass Spectrometry, Energy & Fuels, 26 (2012) 701-711. 
[6] D.L. Carpenter, S.P. Deutch, R.J. French, Quantitative Measurement of Biomass Gasifier Tars Using a Molecular-Beam Mass 
Spectrometer:  Comparison with Traditional Impinger Sampling, Energy & Fuels, 21 (2007) 3036-3043. 
[7] R. Sun, N. Zobel, Y. Neubauer, C. Cardenas Chavez, F. Behrendt, Analysis of gas-phase polycyclic aromatic hydrocarbon mixtures by 
laser-induced fluorescence, Optics and Lasers in Engineering, 48 (2010) 1231-1237. 
[8] C. Baumhakl, S. Karellas, Tar analysis from biomass gasification by means of online fluorescence spectroscopy, Optics and Lasers in 

6 Sean Capper/ Energy Procedia 00 (2017) 000–000 

Engineering, 49 (2011) 885-891. 
[9] P. Basu, Biomass gasification, pyrolysis and torrefaction: practical design and theory, 2nd ed., Amsterdam: Elsevier Inc., 2013. 
[10] K. Maniatis and A. Beenackers, “Tar Protocols: IEA Bioenergy Gasification Task,” Biomass and Bioenergy, vol. 1, no. 1, pp. 1-4, 1999.  
[11] L. J. Jandris and R. K. Forcé, “Determination of polynuclear aromatic hydrocarbons in vapor phases by laser-induced molecular 
fluorescence,” Analytica Chimica Acta, vol. 151, no. 1, pp. 19-27, 26 October 1982. 

 
      



 Sean Capper  et al. / Energy Procedia 142 (2017) 892–897 897

 Sean Capper/ Energy Procedia 00 (2017) 000–000   5 

solution and shaking before placing back within the system. This may have led to inconsistencies and any 
deviations from linearity with the exact positioning of the samples to be measured and may explain the change in 
the trend. The test results for the gasifier bio-oil experiments shown in Figure 3, similarly show that when a higher 
percentage of bio-oil is present within a sample the output from the PMT decreases, signifying more intense 
fluorescence signal. 

 

 

Fig. 3. Spectral response from PMT for varying concentrations of Phenol (left) and bio-oil samples  

 

5. Conclusions 

The utilization of fluorescence strategies using LEDs for analysis of tar content seems to be a very promising 
route for biomass gasification due to the potential for real-time, non-intrusive monitoring. The use of LEDs has 
been proven to be effective for the stimulation of measurable fluorescence signals in the liquid phase both with a 
standard tar compound (phenol) of known concentrations and for bio-oil samples derived from a gasifier test using 
Miscanthus biomass. Although exact information regarding the species of tars presents within the bio-oils is 
unknown, this method demonstrates the components selected could effectively be utilized within a tar detection 
system for quantitative evaluation of tar loading on a gas stream if coupled with a suitable offline technique, such 
as the European Tar Protocol, for calibration. The design presented could be effectively developed to provide 
quantitative data concerning tar quantity on any scale of the gasifier. Ultimately, the system will require testing 
in the gas phase to evaluate whether the detector is sufficiently sensitive to detect tar loading concentrations in 
the gas.  

Acknowledgements 

The authors would like to thank EPSRC and the SUPERGEN Bioenergy Hub (UK) for funding support for the 
research project (EP/M01343X/1). Kamble was kindly supported by a Government of Maharashtra scholarship 
(DSW/EDU/F.S/15-16/D-IV/1762). Sean Capper was supported by an EPSRC Scholarship  

References 

[1] M. Ahmadi, C. Brage, K. Sjöström, K. Engvall, H. Knoef, B. Van de Beld, Development of an on-line tar measurement method based on 
photo ionization technique, Catalysis Today, 176 (2011) 250-252. 
[2] T.A. Milne and R.J. Evans, Biomass gasification "Tars": Their nature, formation and conversion, in, National Renewable Energy 
Laboratory, Colorado, USA,, 1998. 
[3] M. Ahmadi, H. Knoef, B. Van de Beld, T. Liliedahl, K. Engvall, Development of a PID based on-line tar measurement method – Proof of 
concept, Fuel, 113 (2013) 113-121. 
[4] F. Defoort, S. Thiery, S. Ravel, A promising new on-line method of tar quantification by mass spectrometry during steam gasification of 
biomass, Biomass and Bioenergy, 65 (2014) 64-71. 
[5] A. Fendt, T. Streibel, M. Sklorz, D. Richter, N. Dahmen, R. Zimmermann, On-Line Process Analysis of Biomass Flash Pyrolysis Gases 
Enabled by Soft Photoionization Mass Spectrometry, Energy & Fuels, 26 (2012) 701-711. 
[6] D.L. Carpenter, S.P. Deutch, R.J. French, Quantitative Measurement of Biomass Gasifier Tars Using a Molecular-Beam Mass 
Spectrometer:  Comparison with Traditional Impinger Sampling, Energy & Fuels, 21 (2007) 3036-3043. 
[7] R. Sun, N. Zobel, Y. Neubauer, C. Cardenas Chavez, F. Behrendt, Analysis of gas-phase polycyclic aromatic hydrocarbon mixtures by 
laser-induced fluorescence, Optics and Lasers in Engineering, 48 (2010) 1231-1237. 
[8] C. Baumhakl, S. Karellas, Tar analysis from biomass gasification by means of online fluorescence spectroscopy, Optics and Lasers in 

 Sean Capper/ Energy Procedia 00 (2017) 000–000   5 

solution and shaking before placing back within the system. This may have led to inconsistencies and any 
deviations from linearity with the exact positioning of the samples to be measured and may explain the change in 
the trend. The test results for the gasifier bio-oil experiments shown in Figure 3, similarly show that when a higher 
percentage of bio-oil is present within a sample the output from the PMT decreases, signifying more intense 
fluorescence signal. 

 

 

Fig. 3. Spectral response from PMT for varying concentrations of Phenol (left) and bio-oil samples  

 

5. Conclusions 

The utilization of fluorescence strategies using LEDs for analysis of tar content seems to be a very promising 
route for biomass gasification due to the potential for real-time, non-intrusive monitoring. The use of LEDs has 
been proven to be effective for the stimulation of measurable fluorescence signals in the liquid phase both with a 
standard tar compound (phenol) of known concentrations and for bio-oil samples derived from a gasifier test using 
Miscanthus biomass. Although exact information regarding the species of tars presents within the bio-oils is 
unknown, this method demonstrates the components selected could effectively be utilized within a tar detection 
system for quantitative evaluation of tar loading on a gas stream if coupled with a suitable offline technique, such 
as the European Tar Protocol, for calibration. The design presented could be effectively developed to provide 
quantitative data concerning tar quantity on any scale of the gasifier. Ultimately, the system will require testing 
in the gas phase to evaluate whether the detector is sufficiently sensitive to detect tar loading concentrations in 
the gas.  

Acknowledgements 

The authors would like to thank EPSRC and the SUPERGEN Bioenergy Hub (UK) for funding support for the 
research project (EP/M01343X/1). Kamble was kindly supported by a Government of Maharashtra scholarship 
(DSW/EDU/F.S/15-16/D-IV/1762). Sean Capper was supported by an EPSRC Scholarship  

References 

[1] M. Ahmadi, C. Brage, K. Sjöström, K. Engvall, H. Knoef, B. Van de Beld, Development of an on-line tar measurement method based on 
photo ionization technique, Catalysis Today, 176 (2011) 250-252. 
[2] T.A. Milne and R.J. Evans, Biomass gasification "Tars": Their nature, formation and conversion, in, National Renewable Energy 
Laboratory, Colorado, USA,, 1998. 
[3] M. Ahmadi, H. Knoef, B. Van de Beld, T. Liliedahl, K. Engvall, Development of a PID based on-line tar measurement method – Proof of 
concept, Fuel, 113 (2013) 113-121. 
[4] F. Defoort, S. Thiery, S. Ravel, A promising new on-line method of tar quantification by mass spectrometry during steam gasification of 
biomass, Biomass and Bioenergy, 65 (2014) 64-71. 
[5] A. Fendt, T. Streibel, M. Sklorz, D. Richter, N. Dahmen, R. Zimmermann, On-Line Process Analysis of Biomass Flash Pyrolysis Gases 
Enabled by Soft Photoionization Mass Spectrometry, Energy & Fuels, 26 (2012) 701-711. 
[6] D.L. Carpenter, S.P. Deutch, R.J. French, Quantitative Measurement of Biomass Gasifier Tars Using a Molecular-Beam Mass 
Spectrometer:  Comparison with Traditional Impinger Sampling, Energy & Fuels, 21 (2007) 3036-3043. 
[7] R. Sun, N. Zobel, Y. Neubauer, C. Cardenas Chavez, F. Behrendt, Analysis of gas-phase polycyclic aromatic hydrocarbon mixtures by 
laser-induced fluorescence, Optics and Lasers in Engineering, 48 (2010) 1231-1237. 
[8] C. Baumhakl, S. Karellas, Tar analysis from biomass gasification by means of online fluorescence spectroscopy, Optics and Lasers in 

 Sean Capper/ Energy Procedia 00 (2017) 000–000   5 

solution and shaking before placing back within the system. This may have led to inconsistencies and any 
deviations from linearity with the exact positioning of the samples to be measured and may explain the change in 
the trend. The test results for the gasifier bio-oil experiments shown in Figure 3, similarly show that when a higher 
percentage of bio-oil is present within a sample the output from the PMT decreases, signifying more intense 
fluorescence signal. 

 

 

Fig. 3. Spectral response from PMT for varying concentrations of Phenol (left) and bio-oil samples  

 

5. Conclusions 

The utilization of fluorescence strategies using LEDs for analysis of tar content seems to be a very promising 
route for biomass gasification due to the potential for real-time, non-intrusive monitoring. The use of LEDs has 
been proven to be effective for the stimulation of measurable fluorescence signals in the liquid phase both with a 
standard tar compound (phenol) of known concentrations and for bio-oil samples derived from a gasifier test using 
Miscanthus biomass. Although exact information regarding the species of tars presents within the bio-oils is 
unknown, this method demonstrates the components selected could effectively be utilized within a tar detection 
system for quantitative evaluation of tar loading on a gas stream if coupled with a suitable offline technique, such 
as the European Tar Protocol, for calibration. The design presented could be effectively developed to provide 
quantitative data concerning tar quantity on any scale of the gasifier. Ultimately, the system will require testing 
in the gas phase to evaluate whether the detector is sufficiently sensitive to detect tar loading concentrations in 
the gas.  

Acknowledgements 

The authors would like to thank EPSRC and the SUPERGEN Bioenergy Hub (UK) for funding support for the 
research project (EP/M01343X/1). Kamble was kindly supported by a Government of Maharashtra scholarship 
(DSW/EDU/F.S/15-16/D-IV/1762). Sean Capper was supported by an EPSRC Scholarship  

References 

[1] M. Ahmadi, C. Brage, K. Sjöström, K. Engvall, H. Knoef, B. Van de Beld, Development of an on-line tar measurement method based on 
photo ionization technique, Catalysis Today, 176 (2011) 250-252. 
[2] T.A. Milne and R.J. Evans, Biomass gasification "Tars": Their nature, formation and conversion, in, National Renewable Energy 
Laboratory, Colorado, USA,, 1998. 
[3] M. Ahmadi, H. Knoef, B. Van de Beld, T. Liliedahl, K. Engvall, Development of a PID based on-line tar measurement method – Proof of 
concept, Fuel, 113 (2013) 113-121. 
[4] F. Defoort, S. Thiery, S. Ravel, A promising new on-line method of tar quantification by mass spectrometry during steam gasification of 
biomass, Biomass and Bioenergy, 65 (2014) 64-71. 
[5] A. Fendt, T. Streibel, M. Sklorz, D. Richter, N. Dahmen, R. Zimmermann, On-Line Process Analysis of Biomass Flash Pyrolysis Gases 
Enabled by Soft Photoionization Mass Spectrometry, Energy & Fuels, 26 (2012) 701-711. 
[6] D.L. Carpenter, S.P. Deutch, R.J. French, Quantitative Measurement of Biomass Gasifier Tars Using a Molecular-Beam Mass 
Spectrometer:  Comparison with Traditional Impinger Sampling, Energy & Fuels, 21 (2007) 3036-3043. 
[7] R. Sun, N. Zobel, Y. Neubauer, C. Cardenas Chavez, F. Behrendt, Analysis of gas-phase polycyclic aromatic hydrocarbon mixtures by 
laser-induced fluorescence, Optics and Lasers in Engineering, 48 (2010) 1231-1237. 
[8] C. Baumhakl, S. Karellas, Tar analysis from biomass gasification by means of online fluorescence spectroscopy, Optics and Lasers in 

 Sean Capper/ Energy Procedia 00 (2017) 000–000   5 

solution and shaking before placing back within the system. This may have led to inconsistencies and any 
deviations from linearity with the exact positioning of the samples to be measured and may explain the change in 
the trend. The test results for the gasifier bio-oil experiments shown in Figure 3, similarly show that when a higher 
percentage of bio-oil is present within a sample the output from the PMT decreases, signifying more intense 
fluorescence signal. 

 

 

Fig. 3. Spectral response from PMT for varying concentrations of Phenol (left) and bio-oil samples  

 

5. Conclusions 

The utilization of fluorescence strategies using LEDs for analysis of tar content seems to be a very promising 
route for biomass gasification due to the potential for real-time, non-intrusive monitoring. The use of LEDs has 
been proven to be effective for the stimulation of measurable fluorescence signals in the liquid phase both with a 
standard tar compound (phenol) of known concentrations and for bio-oil samples derived from a gasifier test using 
Miscanthus biomass. Although exact information regarding the species of tars presents within the bio-oils is 
unknown, this method demonstrates the components selected could effectively be utilized within a tar detection 
system for quantitative evaluation of tar loading on a gas stream if coupled with a suitable offline technique, such 
as the European Tar Protocol, for calibration. The design presented could be effectively developed to provide 
quantitative data concerning tar quantity on any scale of the gasifier. Ultimately, the system will require testing 
in the gas phase to evaluate whether the detector is sufficiently sensitive to detect tar loading concentrations in 
the gas.  

Acknowledgements 

The authors would like to thank EPSRC and the SUPERGEN Bioenergy Hub (UK) for funding support for the 
research project (EP/M01343X/1). Kamble was kindly supported by a Government of Maharashtra scholarship 
(DSW/EDU/F.S/15-16/D-IV/1762). Sean Capper was supported by an EPSRC Scholarship  

References 

[1] M. Ahmadi, C. Brage, K. Sjöström, K. Engvall, H. Knoef, B. Van de Beld, Development of an on-line tar measurement method based on 
photo ionization technique, Catalysis Today, 176 (2011) 250-252. 
[2] T.A. Milne and R.J. Evans, Biomass gasification "Tars": Their nature, formation and conversion, in, National Renewable Energy 
Laboratory, Colorado, USA,, 1998. 
[3] M. Ahmadi, H. Knoef, B. Van de Beld, T. Liliedahl, K. Engvall, Development of a PID based on-line tar measurement method – Proof of 
concept, Fuel, 113 (2013) 113-121. 
[4] F. Defoort, S. Thiery, S. Ravel, A promising new on-line method of tar quantification by mass spectrometry during steam gasification of 
biomass, Biomass and Bioenergy, 65 (2014) 64-71. 
[5] A. Fendt, T. Streibel, M. Sklorz, D. Richter, N. Dahmen, R. Zimmermann, On-Line Process Analysis of Biomass Flash Pyrolysis Gases 
Enabled by Soft Photoionization Mass Spectrometry, Energy & Fuels, 26 (2012) 701-711. 
[6] D.L. Carpenter, S.P. Deutch, R.J. French, Quantitative Measurement of Biomass Gasifier Tars Using a Molecular-Beam Mass 
Spectrometer:  Comparison with Traditional Impinger Sampling, Energy & Fuels, 21 (2007) 3036-3043. 
[7] R. Sun, N. Zobel, Y. Neubauer, C. Cardenas Chavez, F. Behrendt, Analysis of gas-phase polycyclic aromatic hydrocarbon mixtures by 
laser-induced fluorescence, Optics and Lasers in Engineering, 48 (2010) 1231-1237. 
[8] C. Baumhakl, S. Karellas, Tar analysis from biomass gasification by means of online fluorescence spectroscopy, Optics and Lasers in 

 Sean Capper/ Energy Procedia 00 (2017) 000–000   5 

solution and shaking before placing back within the system. This may have led to inconsistencies and any 
deviations from linearity with the exact positioning of the samples to be measured and may explain the change in 
the trend. The test results for the gasifier bio-oil experiments shown in Figure 3, similarly show that when a higher 
percentage of bio-oil is present within a sample the output from the PMT decreases, signifying more intense 
fluorescence signal. 

 

 

Fig. 3. Spectral response from PMT for varying concentrations of Phenol (left) and bio-oil samples  

 

5. Conclusions 

The utilization of fluorescence strategies using LEDs for analysis of tar content seems to be a very promising 
route for biomass gasification due to the potential for real-time, non-intrusive monitoring. The use of LEDs has 
been proven to be effective for the stimulation of measurable fluorescence signals in the liquid phase both with a 
standard tar compound (phenol) of known concentrations and for bio-oil samples derived from a gasifier test using 
Miscanthus biomass. Although exact information regarding the species of tars presents within the bio-oils is 
unknown, this method demonstrates the components selected could effectively be utilized within a tar detection 
system for quantitative evaluation of tar loading on a gas stream if coupled with a suitable offline technique, such 
as the European Tar Protocol, for calibration. The design presented could be effectively developed to provide 
quantitative data concerning tar quantity on any scale of the gasifier. Ultimately, the system will require testing 
in the gas phase to evaluate whether the detector is sufficiently sensitive to detect tar loading concentrations in 
the gas.  

Acknowledgements 

The authors would like to thank EPSRC and the SUPERGEN Bioenergy Hub (UK) for funding support for the 
research project (EP/M01343X/1). Kamble was kindly supported by a Government of Maharashtra scholarship 
(DSW/EDU/F.S/15-16/D-IV/1762). Sean Capper was supported by an EPSRC Scholarship  

References 

[1] M. Ahmadi, C. Brage, K. Sjöström, K. Engvall, H. Knoef, B. Van de Beld, Development of an on-line tar measurement method based on 
photo ionization technique, Catalysis Today, 176 (2011) 250-252. 
[2] T.A. Milne and R.J. Evans, Biomass gasification "Tars": Their nature, formation and conversion, in, National Renewable Energy 
Laboratory, Colorado, USA,, 1998. 
[3] M. Ahmadi, H. Knoef, B. Van de Beld, T. Liliedahl, K. Engvall, Development of a PID based on-line tar measurement method – Proof of 
concept, Fuel, 113 (2013) 113-121. 
[4] F. Defoort, S. Thiery, S. Ravel, A promising new on-line method of tar quantification by mass spectrometry during steam gasification of 
biomass, Biomass and Bioenergy, 65 (2014) 64-71. 
[5] A. Fendt, T. Streibel, M. Sklorz, D. Richter, N. Dahmen, R. Zimmermann, On-Line Process Analysis of Biomass Flash Pyrolysis Gases 
Enabled by Soft Photoionization Mass Spectrometry, Energy & Fuels, 26 (2012) 701-711. 
[6] D.L. Carpenter, S.P. Deutch, R.J. French, Quantitative Measurement of Biomass Gasifier Tars Using a Molecular-Beam Mass 
Spectrometer:  Comparison with Traditional Impinger Sampling, Energy & Fuels, 21 (2007) 3036-3043. 
[7] R. Sun, N. Zobel, Y. Neubauer, C. Cardenas Chavez, F. Behrendt, Analysis of gas-phase polycyclic aromatic hydrocarbon mixtures by 
laser-induced fluorescence, Optics and Lasers in Engineering, 48 (2010) 1231-1237. 
[8] C. Baumhakl, S. Karellas, Tar analysis from biomass gasification by means of online fluorescence spectroscopy, Optics and Lasers in 

 Sean Capper/ Energy Procedia 00 (2017) 000–000   5 

solution and shaking before placing back within the system. This may have led to inconsistencies and any 
deviations from linearity with the exact positioning of the samples to be measured and may explain the change in 
the trend. The test results for the gasifier bio-oil experiments shown in Figure 3, similarly show that when a higher 
percentage of bio-oil is present within a sample the output from the PMT decreases, signifying more intense 
fluorescence signal. 

 

 

Fig. 3. Spectral response from PMT for varying concentrations of Phenol (left) and bio-oil samples  

 

5. Conclusions 

The utilization of fluorescence strategies using LEDs for analysis of tar content seems to be a very promising 
route for biomass gasification due to the potential for real-time, non-intrusive monitoring. The use of LEDs has 
been proven to be effective for the stimulation of measurable fluorescence signals in the liquid phase both with a 
standard tar compound (phenol) of known concentrations and for bio-oil samples derived from a gasifier test using 
Miscanthus biomass. Although exact information regarding the species of tars presents within the bio-oils is 
unknown, this method demonstrates the components selected could effectively be utilized within a tar detection 
system for quantitative evaluation of tar loading on a gas stream if coupled with a suitable offline technique, such 
as the European Tar Protocol, for calibration. The design presented could be effectively developed to provide 
quantitative data concerning tar quantity on any scale of the gasifier. Ultimately, the system will require testing 
in the gas phase to evaluate whether the detector is sufficiently sensitive to detect tar loading concentrations in 
the gas.  

Acknowledgements 

The authors would like to thank EPSRC and the SUPERGEN Bioenergy Hub (UK) for funding support for the 
research project (EP/M01343X/1). Kamble was kindly supported by a Government of Maharashtra scholarship 
(DSW/EDU/F.S/15-16/D-IV/1762). Sean Capper was supported by an EPSRC Scholarship  

References 

[1] M. Ahmadi, C. Brage, K. Sjöström, K. Engvall, H. Knoef, B. Van de Beld, Development of an on-line tar measurement method based on 
photo ionization technique, Catalysis Today, 176 (2011) 250-252. 
[2] T.A. Milne and R.J. Evans, Biomass gasification "Tars": Their nature, formation and conversion, in, National Renewable Energy 
Laboratory, Colorado, USA,, 1998. 
[3] M. Ahmadi, H. Knoef, B. Van de Beld, T. Liliedahl, K. Engvall, Development of a PID based on-line tar measurement method – Proof of 
concept, Fuel, 113 (2013) 113-121. 
[4] F. Defoort, S. Thiery, S. Ravel, A promising new on-line method of tar quantification by mass spectrometry during steam gasification of 
biomass, Biomass and Bioenergy, 65 (2014) 64-71. 
[5] A. Fendt, T. Streibel, M. Sklorz, D. Richter, N. Dahmen, R. Zimmermann, On-Line Process Analysis of Biomass Flash Pyrolysis Gases 
Enabled by Soft Photoionization Mass Spectrometry, Energy & Fuels, 26 (2012) 701-711. 
[6] D.L. Carpenter, S.P. Deutch, R.J. French, Quantitative Measurement of Biomass Gasifier Tars Using a Molecular-Beam Mass 
Spectrometer:  Comparison with Traditional Impinger Sampling, Energy & Fuels, 21 (2007) 3036-3043. 
[7] R. Sun, N. Zobel, Y. Neubauer, C. Cardenas Chavez, F. Behrendt, Analysis of gas-phase polycyclic aromatic hydrocarbon mixtures by 
laser-induced fluorescence, Optics and Lasers in Engineering, 48 (2010) 1231-1237. 
[8] C. Baumhakl, S. Karellas, Tar analysis from biomass gasification by means of online fluorescence spectroscopy, Optics and Lasers in 

 Sean Capper/ Energy Procedia 00 (2017) 000–000   5 

solution and shaking before placing back within the system. This may have led to inconsistencies and any 
deviations from linearity with the exact positioning of the samples to be measured and may explain the change in 
the trend. The test results for the gasifier bio-oil experiments shown in Figure 3, similarly show that when a higher 
percentage of bio-oil is present within a sample the output from the PMT decreases, signifying more intense 
fluorescence signal. 

 

 

Fig. 3. Spectral response from PMT for varying concentrations of Phenol (left) and bio-oil samples  

 

5. Conclusions 

The utilization of fluorescence strategies using LEDs for analysis of tar content seems to be a very promising 
route for biomass gasification due to the potential for real-time, non-intrusive monitoring. The use of LEDs has 
been proven to be effective for the stimulation of measurable fluorescence signals in the liquid phase both with a 
standard tar compound (phenol) of known concentrations and for bio-oil samples derived from a gasifier test using 
Miscanthus biomass. Although exact information regarding the species of tars presents within the bio-oils is 
unknown, this method demonstrates the components selected could effectively be utilized within a tar detection 
system for quantitative evaluation of tar loading on a gas stream if coupled with a suitable offline technique, such 
as the European Tar Protocol, for calibration. The design presented could be effectively developed to provide 
quantitative data concerning tar quantity on any scale of the gasifier. Ultimately, the system will require testing 
in the gas phase to evaluate whether the detector is sufficiently sensitive to detect tar loading concentrations in 
the gas.  

Acknowledgements 

The authors would like to thank EPSRC and the SUPERGEN Bioenergy Hub (UK) for funding support for the 
research project (EP/M01343X/1). Kamble was kindly supported by a Government of Maharashtra scholarship 
(DSW/EDU/F.S/15-16/D-IV/1762). Sean Capper was supported by an EPSRC Scholarship  

References 

[1] M. Ahmadi, C. Brage, K. Sjöström, K. Engvall, H. Knoef, B. Van de Beld, Development of an on-line tar measurement method based on 
photo ionization technique, Catalysis Today, 176 (2011) 250-252. 
[2] T.A. Milne and R.J. Evans, Biomass gasification "Tars": Their nature, formation and conversion, in, National Renewable Energy 
Laboratory, Colorado, USA,, 1998. 
[3] M. Ahmadi, H. Knoef, B. Van de Beld, T. Liliedahl, K. Engvall, Development of a PID based on-line tar measurement method – Proof of 
concept, Fuel, 113 (2013) 113-121. 
[4] F. Defoort, S. Thiery, S. Ravel, A promising new on-line method of tar quantification by mass spectrometry during steam gasification of 
biomass, Biomass and Bioenergy, 65 (2014) 64-71. 
[5] A. Fendt, T. Streibel, M. Sklorz, D. Richter, N. Dahmen, R. Zimmermann, On-Line Process Analysis of Biomass Flash Pyrolysis Gases 
Enabled by Soft Photoionization Mass Spectrometry, Energy & Fuels, 26 (2012) 701-711. 
[6] D.L. Carpenter, S.P. Deutch, R.J. French, Quantitative Measurement of Biomass Gasifier Tars Using a Molecular-Beam Mass 
Spectrometer:  Comparison with Traditional Impinger Sampling, Energy & Fuels, 21 (2007) 3036-3043. 
[7] R. Sun, N. Zobel, Y. Neubauer, C. Cardenas Chavez, F. Behrendt, Analysis of gas-phase polycyclic aromatic hydrocarbon mixtures by 
laser-induced fluorescence, Optics and Lasers in Engineering, 48 (2010) 1231-1237. 
[8] C. Baumhakl, S. Karellas, Tar analysis from biomass gasification by means of online fluorescence spectroscopy, Optics and Lasers in 

 Sean Capper/ Energy Procedia 00 (2017) 000–000   5 

solution and shaking before placing back within the system. This may have led to inconsistencies and any 
deviations from linearity with the exact positioning of the samples to be measured and may explain the change in 
the trend. The test results for the gasifier bio-oil experiments shown in Figure 3, similarly show that when a higher 
percentage of bio-oil is present within a sample the output from the PMT decreases, signifying more intense 
fluorescence signal. 

 

 

Fig. 3. Spectral response from PMT for varying concentrations of Phenol (left) and bio-oil samples  

 

5. Conclusions 

The utilization of fluorescence strategies using LEDs for analysis of tar content seems to be a very promising 
route for biomass gasification due to the potential for real-time, non-intrusive monitoring. The use of LEDs has 
been proven to be effective for the stimulation of measurable fluorescence signals in the liquid phase both with a 
standard tar compound (phenol) of known concentrations and for bio-oil samples derived from a gasifier test using 
Miscanthus biomass. Although exact information regarding the species of tars presents within the bio-oils is 
unknown, this method demonstrates the components selected could effectively be utilized within a tar detection 
system for quantitative evaluation of tar loading on a gas stream if coupled with a suitable offline technique, such 
as the European Tar Protocol, for calibration. The design presented could be effectively developed to provide 
quantitative data concerning tar quantity on any scale of the gasifier. Ultimately, the system will require testing 
in the gas phase to evaluate whether the detector is sufficiently sensitive to detect tar loading concentrations in 
the gas.  

Acknowledgements 

The authors would like to thank EPSRC and the SUPERGEN Bioenergy Hub (UK) for funding support for the 
research project (EP/M01343X/1). Kamble was kindly supported by a Government of Maharashtra scholarship 
(DSW/EDU/F.S/15-16/D-IV/1762). Sean Capper was supported by an EPSRC Scholarship  

References 

[1] M. Ahmadi, C. Brage, K. Sjöström, K. Engvall, H. Knoef, B. Van de Beld, Development of an on-line tar measurement method based on 
photo ionization technique, Catalysis Today, 176 (2011) 250-252. 
[2] T.A. Milne and R.J. Evans, Biomass gasification "Tars": Their nature, formation and conversion, in, National Renewable Energy 
Laboratory, Colorado, USA,, 1998. 
[3] M. Ahmadi, H. Knoef, B. Van de Beld, T. Liliedahl, K. Engvall, Development of a PID based on-line tar measurement method – Proof of 
concept, Fuel, 113 (2013) 113-121. 
[4] F. Defoort, S. Thiery, S. Ravel, A promising new on-line method of tar quantification by mass spectrometry during steam gasification of 
biomass, Biomass and Bioenergy, 65 (2014) 64-71. 
[5] A. Fendt, T. Streibel, M. Sklorz, D. Richter, N. Dahmen, R. Zimmermann, On-Line Process Analysis of Biomass Flash Pyrolysis Gases 
Enabled by Soft Photoionization Mass Spectrometry, Energy & Fuels, 26 (2012) 701-711. 
[6] D.L. Carpenter, S.P. Deutch, R.J. French, Quantitative Measurement of Biomass Gasifier Tars Using a Molecular-Beam Mass 
Spectrometer:  Comparison with Traditional Impinger Sampling, Energy & Fuels, 21 (2007) 3036-3043. 
[7] R. Sun, N. Zobel, Y. Neubauer, C. Cardenas Chavez, F. Behrendt, Analysis of gas-phase polycyclic aromatic hydrocarbon mixtures by 
laser-induced fluorescence, Optics and Lasers in Engineering, 48 (2010) 1231-1237. 
[8] C. Baumhakl, S. Karellas, Tar analysis from biomass gasification by means of online fluorescence spectroscopy, Optics and Lasers in 

 Sean Capper/ Energy Procedia 00 (2017) 000–000   5 

solution and shaking before placing back within the system. This may have led to inconsistencies and any 
deviations from linearity with the exact positioning of the samples to be measured and may explain the change in 
the trend. The test results for the gasifier bio-oil experiments shown in Figure 3, similarly show that when a higher 
percentage of bio-oil is present within a sample the output from the PMT decreases, signifying more intense 
fluorescence signal. 

 

 

Fig. 3. Spectral response from PMT for varying concentrations of Phenol (left) and bio-oil samples  

 

5. Conclusions 

The utilization of fluorescence strategies using LEDs for analysis of tar content seems to be a very promising 
route for biomass gasification due to the potential for real-time, non-intrusive monitoring. The use of LEDs has 
been proven to be effective for the stimulation of measurable fluorescence signals in the liquid phase both with a 
standard tar compound (phenol) of known concentrations and for bio-oil samples derived from a gasifier test using 
Miscanthus biomass. Although exact information regarding the species of tars presents within the bio-oils is 
unknown, this method demonstrates the components selected could effectively be utilized within a tar detection 
system for quantitative evaluation of tar loading on a gas stream if coupled with a suitable offline technique, such 
as the European Tar Protocol, for calibration. The design presented could be effectively developed to provide 
quantitative data concerning tar quantity on any scale of the gasifier. Ultimately, the system will require testing 
in the gas phase to evaluate whether the detector is sufficiently sensitive to detect tar loading concentrations in 
the gas.  

Acknowledgements 

The authors would like to thank EPSRC and the SUPERGEN Bioenergy Hub (UK) for funding support for the 
research project (EP/M01343X/1). Kamble was kindly supported by a Government of Maharashtra scholarship 
(DSW/EDU/F.S/15-16/D-IV/1762). Sean Capper was supported by an EPSRC Scholarship  

References 

[1] M. Ahmadi, C. Brage, K. Sjöström, K. Engvall, H. Knoef, B. Van de Beld, Development of an on-line tar measurement method based on 
photo ionization technique, Catalysis Today, 176 (2011) 250-252. 
[2] T.A. Milne and R.J. Evans, Biomass gasification "Tars": Their nature, formation and conversion, in, National Renewable Energy 
Laboratory, Colorado, USA,, 1998. 
[3] M. Ahmadi, H. Knoef, B. Van de Beld, T. Liliedahl, K. Engvall, Development of a PID based on-line tar measurement method – Proof of 
concept, Fuel, 113 (2013) 113-121. 
[4] F. Defoort, S. Thiery, S. Ravel, A promising new on-line method of tar quantification by mass spectrometry during steam gasification of 
biomass, Biomass and Bioenergy, 65 (2014) 64-71. 
[5] A. Fendt, T. Streibel, M. Sklorz, D. Richter, N. Dahmen, R. Zimmermann, On-Line Process Analysis of Biomass Flash Pyrolysis Gases 
Enabled by Soft Photoionization Mass Spectrometry, Energy & Fuels, 26 (2012) 701-711. 
[6] D.L. Carpenter, S.P. Deutch, R.J. French, Quantitative Measurement of Biomass Gasifier Tars Using a Molecular-Beam Mass 
Spectrometer:  Comparison with Traditional Impinger Sampling, Energy & Fuels, 21 (2007) 3036-3043. 
[7] R. Sun, N. Zobel, Y. Neubauer, C. Cardenas Chavez, F. Behrendt, Analysis of gas-phase polycyclic aromatic hydrocarbon mixtures by 
laser-induced fluorescence, Optics and Lasers in Engineering, 48 (2010) 1231-1237. 
[8] C. Baumhakl, S. Karellas, Tar analysis from biomass gasification by means of online fluorescence spectroscopy, Optics and Lasers in 

6 Sean Capper/ Energy Procedia 00 (2017) 000–000 

Engineering, 49 (2011) 885-891. 
[9] P. Basu, Biomass gasification, pyrolysis and torrefaction: practical design and theory, 2nd ed., Amsterdam: Elsevier Inc., 2013. 
[10] K. Maniatis and A. Beenackers, “Tar Protocols: IEA Bioenergy Gasification Task,” Biomass and Bioenergy, vol. 1, no. 1, pp. 1-4, 1999.  
[11] L. J. Jandris and R. K. Forcé, “Determination of polynuclear aromatic hydrocarbons in vapor phases by laser-induced molecular 
fluorescence,” Analytica Chimica Acta, vol. 151, no. 1, pp. 19-27, 26 October 1982. 

 
      


