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Kurzfassung 

Ziel des Projektes „FVV 1204“ ist die Entwicklung eines Sensors zur Analyse alternativer Kraftstoffe in 

Bezug auf ihre Zusammensetzung und ihren Zustand für Werkstattanwendungen. Das Sensorkonzept 

beinhaltet die Kombination verschiedener vereinfachter Messsysteme für ein robustes Design bei 

gleichzeitiger Beibehaltung der Messgenauigkeit durch Verwendung kombinierter Signale. Die 

einzelnen Messysteme basieren auf Nahinfrarot-Absorptionsspektroskopie (NIR), dielektrischer Spek-

troskopie (DS) und lichtinduzierter Fluoreszenzspektroskopie (FLU). Die Vereinfachung der Systeme im 

Vergleich zu handelsüblichen Laborgeräten erfolgt durch eine Anpassung des Messbereiches im el-

ektromagnetischen Spektrum an geeignete Wellenlängen und Frequenzen für die Kraftstoffanalyse. Um 

geeignete Messparametern zu finden, werden zahlreiche relevante Kraftstoffe mithilfe von Laborgeräten 

analysiert. Die ermittelten Parameter finden Anwendung in einem voll funktionsfähigen Prototyp des 

Kraftstoffsensors. Die Messergebnisse zeigen, dass der entwickelte Sensor-Prototyp in der Lage ist, 

Kraftstoffe zu identifizieren, ausgewählte Komponenten wie RME oder Ethanol zu detektieren und den 

Kraftstoffalterungszustand zu erkennen. Die Bestimmung der Kraftstoffalterung wird durch hochfre-

quente Permittivitätsmessung erreicht. Darüber hinaus ist der Sensor in der Lage, Fluoreszenz-

Messungen durchzuführen, die für erweiterte Messungen, wie die Bestimmung von Kraftstoffmarkern, 

eingesetzt werden können. 

 

Abstract 

The project FVV 1204 is focused on the development of a sensor for the analysis of several alternative 

fuels regarding composition and condition in workshop applications. The sensor concept is based on 

the combination of simplified measurement systems for robust design while maintaining the detection 

accuracy by signal combination. The individual measurement systems are based on near infrared ab-

sorption spectroscopy (NIR), dielectric spectroscopy (DS) and light induced fluorescence spectroscopy 

(FLU). All systems are simplified in comparison to commercially available laboratory devices by de-

creasing variabilities and adapting the measurement range in the electromagnetic spectrum to conven-

ient wavelengths and frequencies for the analysis of fuels. The corresponding selection of measurement 

parameters is achieved by testing a high number of relevant fuels using laboratory devices. The selected 

parameters are applied to a fully-functional fuel sensor prototype. 

The measurement results demonstrate the capability of the self-developed prototype sensor for dedi-

cated fuel identification, the detection of selected components such as RME or ethanol and the deter-

mination of aging conditions. The determination of fuel aging is achieved by using high frequency per-

mittivity measurement. Moreover, the sensor is prepared for fluorescent measurement techniques, 

which can be used for extended measurements such as fuel marker detections.  
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1 Introduction 

1.1 Relevance and background of fuel sensors 

The development of sustainable energy systems will be one of the major challenges for future econo-

mies. The key benefits of corresponding developments are increased independence from fossil energy 

sources and thus improved environmental protection. At the current point, several promising energy 

conversion systems are in development. A few of these systems use (access of) regenerative energy 

to locally produce regenerative liquid fuels, which can be used on existing combustion engine powertrain 

systems. These fuels can be used for the development of a sustainable mobility, but might differ signif-

icantly between each other due to the selected process conditions or carbon sources available at the 

side of production. As a result, the combustion system powertrains need to be prepared for a diversity 

of available fuels for efficient and clean operation. One key aspect of this development is the sensory 

recognition of the filled-in fuel to adapt engine operation to more advanced or more secure conditions 

depending on the fuel. Moreover, the sensory detection can also be used to alert the customer if wrong 

or unfavorable combinations of fuels are filled into the system. Thus, the sensory fuel detection can help 

to avoid damages and thereby help to achieve a rapid market acceptance for sustainable mobility sys-

tems using regenerative fuels and combustion system powertrains. 

 

1.2 Project aims 

This FVV research project “Development of a Fuel Sensor in order to detect the aging condition of fuels 

and identification of special components” has 

o 2 main project aims.  

a) Detection of the fuel aging status (→ chapter 2.1) 

b) Detection of specific fuel types and compositions (→ chapter 2.2)  

o 4 included measurement system 

1) Near infra-red absorption spectroscopy at λevaluation = 2177 nm (NIR) 

2) Light induced fluorescence at λexcitation = 405 nm (FLU) 

3) Permittivity measurements at fevaluation = 100 kHz (MF) 

4) Permittivity measurements at fevaluation = 10 MHz - 500 MHz (HF) 

o 1 prerequisite to be robust and applicable for workshop purposes 

 

The requirements on workshop robustness excludes the usage of commercially available measurement 

devices, which are normally used in chemical laboratory environments. These laboratory devices can 

apply variable measurement parameters, which improves measurement accuracy but also results in a 

more complex design and thus more complex handling. As a result, this project needs to apply simplified 

versions of these measurement techniques with decreased variabilities to achieve improved robustness 

and allow for simplified handling. The drawback of these simplified measurement systems is the de-

crease in measurement accuracy due to parameter settings, which could lead to similar measurement 

results with different fuels and therefore signal ambiguities. This issue of signal ambiguity can be solved 

by combining different simplified measurement systems with different physical measurement principles. 

The combination of different simplified measurement systems is feasible, since it is unlikely that two 
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samples provide similar measurement results with two different measurements systems. Therefore, the 

combination of simplified measurement systems is a promising approach to achieve robust designs with 

decreased variabilities while maintaining measurement accuracy. The two following subchapters de-

scribe the achieved solutions for the two main project aims by applying the simplified versions of the 

described measurement systems. 

 

2 Technical results  

2.1 Detection of fuel aging  

2.1.1 Introduction 

The fuel aging detection in this project is achieved by comparing aged and unaged fuels during high-

frequency (HF) permittivity measurements at frequencies from f = 10 MHz - 500 MHz. This single system 

application is possible, since fuel aging processes can result in modified molecular fuel structures and 

therefore changed electrical charge distributions within the molecules ( (Wang, et al., 2016), (Owczuk, 

2015), (Besser, et al., 2017), (Fang & McCormick, 2006), (Schmidt, 2014), (Kerkering & Andersson, 

2015)). In consequence, fuel aging leads to changed response of a sample to an oscillating electric field, 

which is externally applied to the sample. Here, it is important to note that the signal response is fuel 

dependent. This means that an unaged sample of fuel A and an aged sample of fuel B can provide 

similar responses to the external electric field oscillation. As a result, the HF measurements provides 

information about the fuel aging status as soon as the HF permittivity in unaged status is known or as 

soon as the fuel itself is known. The identification of the fuel itself is described in chapter 2.2 and can 

therefore be postulated in the context of this chapter.  

 

2.1.2 High frequency dielectric spectroscopy 

The high frequency measurements are performed in a self-developed measurement cell, which is shown 

on the left side of Figure 2.1. The two main components of this sensor are the central pin within the 

sensor and the external housing. The external housing acts as the outer conductor of the sensor and 

the central pin acts as the inner conductor. As a result, the ring-shaped volume between the central pin 

and sensor housing is the applicable measurement volume within the sensor.  
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Mechanical structure 

 

Simplified functional structure 

 

 

 

*strong simplification for the purpose of illustration  

Figure 2.1: mechanical and functional structure of developed high frequency dielectric sensor 

 

The right side of Figure 2.1 shows a conceptional sketch of the measurement system. Please note that 

this sketch is strongly exaggerated in scale to improve visibility and therefore does not show realistic 

scales. In this sketch, the externally applied, oscillating electric excitation is illustrated by the black sinus 

wave at left. This electromagnetic wave propagates in the measurement volume between the two con-

ductors with a specific frequency f, phase velocity 𝑣1 and wavelength 𝜆1 =  𝑣1/𝑓. The wavelength and 

phase velocity of this signal decreases with increasing permittivity of the sample within the measurement 

volume. This effect is illustrated at the right side of Figure 2.1 by a decreased wavelength within the 

measurement volume compared to the excitation at the left side of the sketch (please keep in mind the 

strong exaggeration of this sketch). The entering electric wave (blue-line) is reflected at the open end of 

the measurement volume and travels back to the excitation source (red-line). This wave reflection results 

in two effects. Firstly, a part of the signal energy is dissipated while the wave propagation in the fuel, 

which results in a decreased amplitude of the reflected signal. Secondly, the incoming and reflected 

signal is shifted in phase. The amount of phase shifting depends on the measured sample, applied 

frequency and length of the inner conductor and can therefore be used as a design parameter for the 

simplified sensor. The interference between the applied and received signal is described by the complex 

reflection factor 𝑅(𝑓, 𝜀𝑟) = 𝑈𝑜𝑢𝑡/ 𝑈𝑖𝑛, which is analyzed by an external analyzer, which needs to be ac-

curate enough to detect the described phase separation effects.  

Besides the illustrated sensor part (in Figure 2.1, right side), propagation effects in the connector of the 

sensor and stray capacities at the end of the inner conductor must also be considered to measure the 

permittivity of the sample in the sensor accurate. The complete sensor model (Göttmann, Kaatze, & 

Petong, 1996) leads to a complex equation 𝑅(𝑓, 𝜀𝑟). A linear least square fit can be used to calculate 

the frequency dependent complex permittivity 𝜀𝑟(𝑓) of the sample, if the measured reflection coefficient 

(𝑅(𝑓)) and the exact dimensions of the measurement cell are known. 
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2.1.3 Fuel aging procedure 

The development of an evaluation algorithm to detect the fuel aging state requires the availability of 

aged and unaged fuel samples of the same batch to train the sensor with respect to the corresponding 

signals. To quickly generate aged fuel samples, some fuels are artificially aged at laboratory conditions.  

The data in this publication is based on fuel aging parameters according to the Rancimat method. This 

process achieves fuel aging due to thermo-oxidative stress by boiling the sample at T = 110 °C while 

simultaneously scavenging the sample with 𝑉̇ = 300 ml/min of air. Both parameters are obviously not 

representative for conventional fuel storage conditions. However, the combination of these parameters 

provides significant fuel aging progression after several hours of operation and is therefore feasible for 

rapid production of aged fuel samples.  

 

2.1.4 Measurement results 

Figure 2.2 shows the complex permittivity of an exemplary bio-diesel at different aging states measured 

with the high frequency measurement cell illustrated in Figure 2.1. The measured soy-bean-methyl-ester 

(SME) is aged using the thermo-oxidative Rancimat process described chapter 2.1.3 for 0 to 20 hours.  

The graph in Figure 2.2 represents the so-called Cole-Cole plot with the real permittivity 𝜖𝑟
′ (𝑓) given at 

the x-axis and the dielectric losses 𝜖𝑟
′′(𝑓) on the y-axis. Here, the different lines within the diagram show 

measurements with fuel samples of different aging levels. The difference between the individual lines 

indicates that the permittivity of the aged fuels changes with aging progression. Furthermore, it can be 

seen that the individual measurements are performed at different frequencies from 10 MHz at the lower 

right of each plotted line to 500 MHz at the upper left of each line. Therefore, the aging status of this 

and other investigated fuels can be measured with HF permittivity only, but requires a sweep of excita-

tion frequencies in order to achieve good measurement accuracy. The comparison of the permittivity 

results at 10 and 500 MHz shows that the permittivity at a given frequency (𝜖𝑟
′ (𝑓) as well as 𝜖𝑟

′′(𝑓)) 

increases with the thermo-oxidative aging time. Therefore, the determination of fuels aging state is pos-

sible as soon as the value of the unaged status or as soon as the fuel is known.  

If the whole frequency measurement range of the permittivity is used, the measurement data of SME 

shows the effect of dielectric dispersion. This effect describes that larger molecules can no longer follow 

the oscillation of the externally applied electric field with increasing oscillation frequencies. This leads to 

two effects: Firstly, the per ittivity’s real part (𝜖𝑟
′ ) decreases with increasing frequency (Küchler, 2009). 

Secondly, a delayed oscillation of the fuels molecules causes dielectric losses (𝜖𝑟
′′). This both effects 

can be combined by evaluating the area below the frequency locus (𝐴𝐶𝑜𝑙𝑒) of the different fuel samples 

(see Figure 2.2). Therefore, 𝐴𝐶𝑜𝑙𝑒 is a convenient parameter to describe how distinctive the dielectric 

dispersion of a sample in a given frequency spectrum is.  
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Figure 2.2: Cole-Cole-plot of complex permittivity of soy-bean-methyl-ester aging series from 10 MHz to 
500 MHz 
 

The newly defined parameter 𝐴𝐶𝑜𝑙𝑒 can be used to describe the aging progressing with one single value 

in good correlation with standard laboratory devices. For this purpose, Figure 2.3 compares the devel-

opment of the 𝐴𝐶𝑜𝑙𝑒 value with the development with a standard aging parameter called high to low mass 

ratio over aging duration for four exemplary fuels. Here, the upper graph of Figure 2.3 shows the high 

to low mass ratio of these fuels derived from GPC measurements. These measurements separate multi 

component fuel samples by molar mass using intermolecular binding forces such as permittivity in a 

scavenged column. This process provides a separation of the sample according to the applied param-

eters, which allows for a subsequent comparison of different fuel sample fractions. The applied high to 

low mass ratio definition is described in detail within the final report of this project and not extensively 

explained here to maintain brevity. 

 



 Fuels Sensor for Detection of Fuel Condition 

 

 

Figure 2.3: upper diagram: Parameter 𝐴𝑐𝑜𝑙𝑒 in defined frequency spectrum measured with the reflection 
cell over thermo-oxidative-aging-time; Lower diagram: High to low mass ratio of FAME GPC measure-
ments over thermo-oxidative-aging-time 
 

Both graphs include measurement results of four exemplary fuels, which are all produced from different 

oil derivates with different molecular chain length compositions. The four shown methyl-ester fuels are 

produced from Coconut oil- (CME), palm-oil-, (PME), rape-seed- (RME) and soy-bean- (SME) and are 

shown here to demonstrate the sensitivity of the developed 𝐴𝐶𝑜𝑙𝑒 calculation due to the comparability of 

the shown fuels. The upper graph of Figure 2.3 shows the described high to low mass values derived 

from GPC measurements plotted over aging progression of all four fuels. At 0 hours aging, all four fuels 

are comparable with respect to the given mass ratio, which underlines the comparability of these fuels 

in unaged status. However, it can be seen that these four fuels differ with respect to the high to low 
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mass ratio with aging progression, which can be explained by intramolecular effects, which are not 

focused in the context of this paper. 

In parallel to this, the lower graph of Figure 2.3 shows the corresponding values of the 𝐴𝐶𝑜𝑙𝑒 calculation 

of the same four fuels samples with similar aging conditions. The comparison of the upper and lower 

graph of Figure 2.3 shows a very good correlation of these two values, which indicates that the change 

of permittivity response and the change of molecular size distribution can be correlated and might even 

be coupled by causal correlations. At this point it is important to note this explained correlation is valid 

for 84 of 93 tested fuels. Moreover, it is important to note that the laboratory separation and post-pro-

cessing can be highly time consuming as soon as the parameters of the separation process need to be 

adapted. Therefore, it can be concluded that the presented 𝐴𝐶𝑜𝑙𝑒 calculation does not only provide a 

very good correlation to standard laboratory values, but also provides a quick detection of a fuel aging 

status as soon as the 𝐴𝐶𝑜𝑙𝑒 value of the unaged sample or the fuel itself is known. Therefore, this data 

set demonstrates the successful achievement of the fuel aging status as the first challenge of this pro-

ject. 

 

2.2 Fuel and fuel components detection 

2.2.1 Introduction 

The subchapter 2.2 describes the second aim of this project, which is focused on the identification of 

various fuels and fuel components. This sensor functionality can be vital for situations of miss-filling with 

wrong or unfavorable fuel combinations to trigger corresponding driver alerts. As described in chapter 

1.2, the developed sensor concept includes simplified measurement systems for robust design and 

workshop capabilities. However, these simplifications deteriorate the sensor accuracy and can cause 

signal ambiguities. At this point, the signal combination of two simplified measurements system is a 

prime way to achieve robust design while maintaining measurement accuracy. This approach of signal 

combination is used in the context of the project for fuel identification by applying NIR and MF combined. 

The following subchapters again provide the technically relevant sensor information before demonstrat-

ing the capability of this approach with exemplary project results.  

 

2.2.2 Conductivity and middle frequency permittivity measurement 

Figure 2.4 shows the design and scheme of the dielectric sensor for the conductivity and middle fre-

quency permittivity measurement. The two main components of this sensor again are the central pin 

within the sensor and the external housing. The external housing acts as the outer conductor of the 

sensor and the central pin acts as the inner conductor. As a result, the ring-shaped volume between the 

central pin and sensor housing is the applicable measurement volume within the sensor. The guard ring 

improves permittivity measurements by preventing the measurement of parasitic capacitive fringing 

fields of the connector. The insulation between the guard ring and the outer electrode is achieved by the 

spacer marked in green. Moreover, this system is accessible by two ports (intake and exhaust) to allow 

for scavenged operation. The individual parts are sealed by standard sealing rings to avoid leakages. 
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Mechanical structure 

 

Functional structure 
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Figure 2.4: Mechanical and functional structure of developed dielectric sensor for low and middle fre-
quency measurements 
 

The right side of Figure 2.4 shows the functional scheme of the dielectric sensor. As explained within 

chapter 2.1., an alternating voltage 𝑈(𝑓) c n be  pplied to the sensor’s electrodes by the connectors. 

The applied excitation charges the sensor electrodes and therefore applies an electric field within the 

measurement volume, which can trigger a molecular response within the sample. The orientation of 

dipoles in the sample is described by the frequency dependent permittivity 𝜀𝑟(𝑓). An electric displace-

ment field is induced and leads to an electric current 𝐼(𝑓), which incre ses with the dielectric’s per it 

tivity. Especially at low frequencies, the electric current 𝐼 can also be caused by the motion of ions 

between the electrodes. This ion  ove ent c n be described by the s  ple’s conductivity 𝜅. If the 

sensor-dimensions are known, the permittivity 𝜀𝑟(𝑓) as well as the conductivity 𝜅 of the sample in the 

sensor can be calculated, by measuring the complex impedance of the sensor. (von Münch, 1987) 

(Küchler, 2009). As a result, the MF and HF measurements differ with respect to the applied alternation 

frequencies and are therefore sensitive for the detection of different molecular responses. 

 

2.2.3 Near infrared spectroscopy 

Figure 2.5 shows the design and scheme of the near-infrared absorption spectroscopy (NIR) measure-

ment cell. The technical cut section at the left of Figure 2.5 shows the fuel sample, which is applied to 

the center of the hollow housing using a glass cuvette made of quartz glass. In addition to this, the light 

source and detector of the NIR measurement system are applied to opposite sides of the sensor.  
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Isometric view (cut) 

 

Functional structure 

 

 

Figure 2.5: Mechanical and functional structure of developed near infrared sensor 

 

The necessity of this line-of sight measurement set-up is explained on the right side of Figure 2.5, which 

shows the functional scheme of the NIR system. Here, a halogen lamp is used to provide broadband 

radiation (visible and near infrared spectrum). This radiation is focused and directed through the fuel 

sample. The energy of the radiation can trigger different molecular vibrations within the sample as soon 

as the incoming radiation meets one or more vibrational resonance frequencies. The result of this mo-

lecular excitation is an absorption of the light radiation at the corresponding light wavelength. As a result, 

the detection of exciting radiation provides information about the molecules within the sample. This de-

tection is achieved by prism monochromator and a subsequent intensity detector as shown on the right 

side of Figure 2.5. Here, the monochromator can be set to specific wavelength signals to be processed 

in the detector.  

The quantification of the absorption is achieved by comparing a non-absorbed reference signal I0 with 

the partially absorbed measurement signal I1 following Beer-L  bert’s l w o   bsorption given in equ  

tion 2.1. and 2.2. Here, it can be seen that the absorption of the incoming light intensity I0 is a function 

of molecular specific extinction coefficients ε, the concentration of the absorbing medium c and the 

thickness of the samples d, which is kept constant during the measurements. As a result, the absorption 

only depends on material properties. At this point, it is important to note that too high signal absorptions 

will impair the quality of the detected signal by increased signal to noise ratios. Therefore, absorptions 

of approximately 3 % signal intensity are recommended. For more details of the near-infrared absorption 

spectroscopy the book (Workman & Weyer, 2012) is recommended. In the context of this paper, all NIR 

measurement values are related to an absorption wavelength at λ = 2199 nm to facilitate a strong ab-

sorption peak of aromatic components. The corresponding explanations are skipped in the context of 

this paper to maintain brevity, but are explained in detail within the final project report. 
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I1 = I0 ∙ e−ϵ∙c∙d (2.1) 

𝐴𝜆 
= 𝑙𝑔 (

𝐼0

𝐼1

) (2.2) 

with: 

l0: Intensity of incident light / W / m2 
l1: Intensity of light after sample passage / W /m2 
ε: Decadic extinction coefficient / - 
c: Concentration of the absorbing analyte medium / mol/l 
d: Thickness of the irradiated body / m 
Aλ: Absorb nce o  the s  ple  t w velength λ / - 

 

2.2.4 Measurement results 

As mentioned earlier, the detection of fuels and fuel compositions is achieved by combining two simpli-

fied measurements systems i.e. simplified NIR and MF detection. The corresponding measurement re-

sults are given in the diagrams Figure 2.6 to Figure 2.8 in order to provide a storyline explanation. Here, 

please note that the data points within these three diagrams are always identical, all represent non-aged 

fuels and only differ with respect to the highlights of full- and partially transparent color schemes. 

Figure 2.6 shows the  irst set o  co bined  e sure ents results with NIR  e sure ent v lues  t λ = 

2199 nm plotted on the y-axis and MF measurement values at f = 100 kHz plotted at the x-axis. The 

included data points are derived from the research project and are grouped for improved visibility. The 

group of highlighted datapoints in Figure 2.6 shows the measurement values of standard market fuels, 

which are separated into the group of diesel fuels (blue dots) and gasoline fuels (red dots). Furthermore, 

it can be seen that both fuel groups can even be separated into subgroups, which are highlighted by 

colored ovals in Figure 2.6 and represent different types of gasoline and diesel fuel samples with differ-

ing ethanol, methanol or biodiesel contents. This separation of data points can be explained by differing 

 bsorption beh viors between g soline  nd diesel  uels, since the  pplied  bsorption w velength  t λ 

= 2199 nm is sensitive for aromatic fuel components. The separation between the individual fuel com-

position within the group of gasoline and diesel fuels is mostly related to differences with the MF permit-

tivity signal. Here, the ethanol sensitivity of permittivity measurement systems is already used in series 

production systems. The detection of bio-fuel contents in diesel mixtures is less dominant but still within 

the range of fuel detection. However, at this point it is important to recall that aging processes can 

influence the permittivity measurement signals as described in chapter 2.1. As a result, a non-aged B10 

and partially aged B0 could have similar measurement signals within Figure 2.6 (same values at the 

position of the non-aged B10). It is therefore important to emphasize that the given values in Figure 2.6 

only represent measurement values of non-aged fuels. However, the measurement results of chapter 

2.1. and 2.2 can be combined to determine the fuel and aging status by signal combination.  
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Figure 2.6: Combined NIR and MF measurement results of unaged fuels for fuel identification with focus 
on various gasoline and diesel fuels  
 

The highlighted data points in Figure 2.7 show the measurement results of binary fuel mixtures as a 

further feature of the developed sensor and algorithms. Here, the green and purple line highlight binary 

mixtures of hydrogenated vegetable oil (HVO) and rape-seed methyl ester (RME) as well as of hydro-

genated vegetable oil (HVO) and polyoxymethylene dimethyl ether (OME). These fuels are selected due 

to their strong differences with respect to permittivity and noticeable differences with in NIR detection in 

pure status. As a result, the sensor detection provides the chance to distinguish between different mixing 

rates of these fuels as long the measurement signals scale with a good linearity. This is tested with 

respect to the corresponding mixing rate. The green and purple measurement points in Figure 2.7, which 

are highlighted by the corresponding arrow lines, show that the binary mixtures of HVO-RME and HVO-

OME scale with a proper linearity according to the mixture rates, which differ in steps of 25 vol% each 

for each binary mixture. Therefore, it can be concluded that the developed sensor and algorithms do not 

only allow for identification of individual fuel types (as shown in Figure 2.6), but can also be used to 

identify binary mixture rates as soon as the individual fuels are sufficiently different with respect to their 

measurement values in pure status.  
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Figure 2.7: Combined NIR and MF measurement results of unaged fuels for fuel identification with focus 
on binary fuel mixtures of HVO and RME as well as HVO and OME  
 

Finally, Figure 2.8 shows measurement results of ternary fuel mixtures to show the full potential of mix-

ture identification using two simplified measurement systems. The corresponding measurement values 

are illustrated by the gray triangle, which is called simplex. Here, please note that Figure 2.8 includes 

the same data points as shown earlier, but is adapted with respect to axes dimensions to improve visi-

bility. The ternary mixtures, which are plotted in Figure 2.8, consist of  

1) a basic fuel with 100 % vol. of n-, iso- and cyclo-hydrocarbon mixtures at the lower tip of the  

    triangle.  

2) the basic fuel with 30 % vol. aromatic component mixtures at the upper tip of the triangle  

3) the basic fuel with 30 % vol. RME at the right tip of the triangle  

 

These three fuels are selected due to the differing measurement values with respect to NIR and MF 

detection and are also blended in steps of 33 vol % each. The point at the tringle tips consist of mixtures 

with 100/0/0 vol% in differing orders. The points along the triangle axes again represent binary mixtures 

with mixtures such as 66/33/0 vol %. And data points within the triangle represent the ternary mixtures 

with compositions such as 33/33/33 vol%.  

The comparison of the individual data points Figure 2.8 shows that the measured values properly fit with 

respect to the idealized triangle. It can therefore be concluded that the developed system with the com-

bination of two simplified measurement systems is capable to identify mixture rates of at least 3 individ-

ual components as long as the individual components are sufficiently different with respect to their 

0,4

0,6

0,8

1

1,2

1,4

1,8 2,3 2,8 3,3 3,8 4,3

A
b

s
o
rb

a
n

c
e
 (

2
1
7

7
 n

m
) 

/ 
-

εr(100 kHz) / -

Simplex points HVO → RME (25% steps)
Simplex triangle Rise of RME
Line B10 HVO → OME (25% steps)
Line B20 Rise of OME
Diesel fuels* Gasoline fuels*

* Fuels taken from FVV projekt "Fuels for PHEV"



Fuels Sensor for Detection of Fuel Condition 

detection values in non-blended status. It can therefore be concluded that the developed sensor and 

algorithms are capable to detect aging (chapter 2.1) as well as capable to detect different fuels and fuel 

compositions (chapter 2.2).  

 

 

Figure 2.8: Combined NIR and MF measurement results of unaged fuels for fuel identification with focus 
on ternary fuel mixtures  

 

3 Summary and conclusions 

The project FVV 1204 was focused on the development of a fuel sensor for workshop purposes with the 

capability to detect several alternative fuels regarding their aging condition and fuel composition. These 

two tasks are accomplished by a sensor concept, which combines simplified versions of commercially 

available measurement systems into one sensor. The simplification provides robust design for workshop 

purposes, while the signal combination maintains measurement accuracy by circumventing signals am-

biguities if necessary.  

The detection of aging condition and fuel composition is achieved in two individual ways. Firstly, the 

aging detection is achieved by high frequency permittivity measurements only. The provided results of 

four different alternative fuels even show that the analysis of dielectric dispersion and the 𝐴𝐶𝑜𝑙𝑒 post-

processing procedure provides results, which enable the detection of aging products in fuels, without 

using high-cost laboratory analytic. Secondly, the detection of fuel composition is achieved by a combi-

nation of NIR and medium frequency permittivity measurements. Here, the results show that this system 
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is capable for the differentiation of various diesel and gasoline related market fuels as well as the iden-

tification of different binary and ternary component mixtures in unaged conditions.  

It c n there ore be su   rized th t the FVV rese rch project “Fuels Sensor  or Detection o  Fuel Con 

dition” (Project no. 1204) success ully achieved the project aims for aging detection and fuel identifica-

tion by signal simplification and combination if necessary. Corresponding sensor concepts can be used 

for various monitoring purposes during the various process steps such as production, delivery, distribu-

tion, usage, maintenance repair, troubleshooting or control.  

 

4 Outlook 

The developed system provides further features and potentials, which shall shortly be mentioned in this 

outlook. The introduction of this paper includes the investigation of four measurement system, whereas 

the successful development of aging and fuel detection is achieved by only using three measurement 

system. This system, which did not yet need to be included, is the light induced fluorescence spectros-

copy (FLU), which is illustrated in Figure 4.1 with respect to possible hardware implementation and 

functional scheme. The functional scheme shows a laser diode as light source, which is used for sample 

excitation. In contrast to the NIR system, this excitation is applied to excite the electrons to high energy 

potentials. After a short period of time, the electrons relax to their ground state, which again releases 

energy in the form of light photons. Here, the emitted energy of relaxation can have lower energy (and 

therefore higher wavelengths), since the relaxation to ground state can happen in several consecutive 

steps, which results in low emission signals and wavelength shifts. As a result, the detection of the 

emitted relaxation energy can provide further information about the fuel components within the sample 

as long as the corresponding molecules can react to the excitation radiation. The detection of the emitted 

relaxation energy is done by detector perpendicular to the line of excitation to simplify detection. The left 

side of Figure 4.1 shows that this detector is already applied to the bottom side of the sensor despite of 

the point that this measurement system was not yet necessary for fuel detection.  

 

Isometric view (cut) 

 

Functional structure 

 

Figure 4.1: Mechanical and functional structure of developed fluorescence sensor 

  

Sample vial 

Laser  
diode 

Photodiode 

FLU detector 



Fuels Sensor for Detection of Fuel Condition 

Bibliography 

Besser, C., Pisarova, L., Frauscher, M., Hunger, H., Litzow, U., Orfaniotis, A., & Dörr, N. (2017). 

Oxidation products of biodiesel in diesel fuel generated by artificial alteration and identified by 

mass spectrometry. Fuel 524-533(DOI: 10.1016/j.fuel.2017.06.038). 

Fang, H., & McCormick, R. (2006). Spectroscopic Study of Biodiesel Degradation Path-ways. SAE 

Technical Paper 2006-01-3300. 

Göttmann, O., Kaatze, U., & Petong, P. (1996). Coaxial to circular waveguide transition as highprecision 

easy-to-handle measuring cell for the broad band dielectric spectrometry of liquids. 

Measurement Science and Technology(7). 

Kerkering, S., & Andersson, J. T. (2015). Chemical Changes in Fossil and Biogenic Heat-ing Oils on 

Long-Term Storage. Energy Fuels 29 (2)(849–857). 

Küchler, A. (2009). Hochspannungstechnik. Berlin: Springer. 

National Institute of Standards and Technology. (2005). Measuring the Permittivity and Permeability of 

lossy Materials: Solids, Liquids, Metals, Building Materials, and Negative-Index Materials. 

Boulder. 

Owczuk, M. a. (2015). Liquid Fuel Ageing Processes in Long-term Stor-age Conditions. Biernat, K. (ed.): 

Storage Stability of Fuels: InTech. 

Schmidt, L. (2014). Wechselwirkungen zwischen Kraftstoffkomponenten in biodieselbasierten 

Mischkraftstoffen unter besonderer Berücksichtigung der Alterungsprodukte von Fettsäu-

remethylestern. Göttingen: Cuvillier Verlag. 

von Münch, W. (1987). Elektrische und magnetische Eigenschaften der Materie. Stuttgart: B. G. 

Teubner Verlag. 

Wang, Z., Zhang, L., Moshammer, K., Popolan-Vaida, D. M., Shankar, V., Shankar, B., . . . al., e. (2016). 

Additional chain-branching pathways in the low-temperature oxidation of branched alkanes. 

Combustion and Flame. 

Workman, J., & Weyer, L. (2012). Practical Guide and SPECTRAL ATLAS for INTERPRETIVE NEAR-

INFRARED SPECTROSCOPY. Boca Raton : CRC Press. 

 




