
 
Article citation info:  

HEINRICH, S., HIEN, M., KNITTEL, T., MUGGLI, J. Novel thermal method for determining properties of compressed natural gas. 
Combustion Engines. 2019, 176(1), 56-62. DOI: 10.19206/CE-2019-107 

56 COMBUSTION ENGINES, 2019, 176(1)  

Stephan HEINRICH CE-2019-107 
Markus HIEN 

Thorsten KNITTEL 

Josef MUGGLI 

 
 

Novel thermal method for determining properties of compressed natural gas 
   

The article describes a new method for obtaining fuel properties, derived from the thermal properties of natural gas fuel mixtures. By 

measuring the thermal conductivity and the dynamic response with the help of a heated Micro Electro Mechanical System (MEMS), input 

values for a mathematical correlation are obtained which predict the calorific value of the gas. In this paper the fundamentals of the 

theoretical gas properties, the sensor operation and the first results on a gas test bench are presented.  
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1. Introduction 

The composition of compressed natural gas (CNG) var-
ies strongly worldwide. Even across Europe the gas blends 
differ according to the gas source location. Additional to 
the impacts of its origin, the manufacturing process plays  
a role in the content of the hydrocarbons methane, ethane, 
propane and butane as well as the inert gases carbon mon-
oxide and nitrogen, which are the main fractions of hydro-
carbons in CNG. New fuel trends like bio-methane, power 
to gas (PtG) methane and hythane (blends of hydrogen and 
natural gas) can lead to a further diversification of the gase-
ous combustion media.  

According to the big variances the quality of the natural 
gas variation, which can be classified with the calorific 
value (CV) and the methane number (MN). This issue is 
specific to natural gas and has a strong influence on the 
engine control optimization capability. For a diagnostic and 
anticipatory engine operation the methane number and 
calorific value can be relevant optimization parameter. If an 
automotive sensor which delivers CV and MN can be de-
veloped, then ignition timing can be adjusted to operate the 
engine close to the knock line. With the calorific value it is 
possible to optimize ignition angle and/or boost pressure. In 
addition, the calorific value can play an important role for 
achieving gas-only, mono-fuel-engines. A sensor signal, 
provided to the engine management system in the time 
frame of one second before engine on, would avoid rich 
mixture combustion and potential critical engine crank-up 
conditions, especially just after the gas refilling operation. 

Existing ways of measuring the quality of the natural 
gas like calorimetry can´t be used, are too complex or do 
not work in the relevant temperature and pressure range.  
A novel method with a simple microsystem chip is the 
starting point for a concept study to get information from 
natural gas blends by measuring thermal properties. The so-
derived thermal properties are the inputs for a mathematical 
correlation model which should predict the calorific value 
and methane number.  

2. Natural gas variety 
Defining the quality of fuels, oils and other complex 

fluid mixtures is a difficult topic. The presence and 
variation of single compounds affect the properties of the 
fuel in many ways. Compressed natural gas blends can 

contain hydrocarbons, inert gases, sulfur components, 
hydrogen, water and odour gases. Of course, methane is the 
dominant fraction. The hydrocarbons ethane, propane and 
butane play a role in the percentage range. The inert gases 
carbon dioxide and nitrogen with a possible content of 
several percent have also a significant impact. An example 
how the content of the main components can vary over 
different locations is given in [6].  
 
Table 1. Main components of natural gas blends at different locations [6] 

Gas 

Natural Gasoline H  
[mol%] 

Natural Gasoline L 
[mol%] 

Russia North 
Sea 

Denmark Holland Germany 

CH4 96.96 88.71 90.07 84.64 86.46 

C2H6 1.37 6.93 5.68 3.56 1.06 

C3H6 0.45 1.25 2.19 0.61 0.11 

C4H10 0.015 0.28 0.90 0.19 0.03 

larger HCs 0.03 0.07 0.28 0.13 0.01 

N2 0.86 0.82 0.28 10.21 10.24 

CO2 0.18 1.94 0.60 1.68 2.08 

 
Some other gases like hydrogen, oxygen and long 

chained hydrocarbons are in a typical range of a few 
percent or less than 1% in concentration. For the generic 
study of a thermal quality sensor this small fractions are 
neglected so far. 
 

Table 2. Selected gas species and relevant measurement ranges 

Gas compound 
Minimum range 

[vol%] 

Maximum range 

[vol%] 

Methane CH4 70 100 

Ethane C2H6 0 20 

Propane C3H8 0 15 

Butane C4H10 0 10 

Nitrogen N2 0 30 

Carbondioxid CO2 0 20 

 
To cover the worldwide variations of CNG, detecting 

the variability at fuel refilling, providing an instantaneous 
measurement before engine start, adjusting the efficiency of 
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combustion and controlling knock resistance the calorific 
value and the methane number are the desired values for 
characterization. The target for the sensor concept proof is 
to measure MN and CV as accurate as possible.  

In the quality sensor evaluation of work package 5 the 
investigations are restricted to gases which are in the per-
centage range. The physical properties used for the sensing 
of the gas mixture are dominated by the main fractions.  
A limitation on six CNG gas fractions with methane, 
ethane, propane, pentane, carbon dioxide and nitrogen seem 
to reflect the nature of the gas in an appropriate way. They 
allow adjusting a continuous composition for detailed in-
vestigations.  

3. Lower calorific value and methane number 

The lower calorific value (LCV) describes the whole 
redundant energy when a volume of gaseous fuels is 
completely burnt and water vapor leaves with the 
combustion products without being condensed. Because 
many gas burning applications cannot make use of the heat 
content of the water vapor, the lower calorific value is the 
more interesting one. It is essential for driving range 
estimation based on the calculated tank filling level [3]. 

LCV� ��x� ∙ LCV�,�
�

 (1) 

The methane number (MN) is an indicator for the 
knocking resistance of gaseous fuels, similar to the octane 
number of gasoline vehicles. The MN of a gaseous mixture 
is defined as the methane volume percentage of a pure 
combination of only methane and hydrogen, which has the 
same knocking resistance. The methane number was 
determined experimentally on test engines at AVL in the 
seventies and now standardized in DIN51624 [8]. 

4. Thermal properties as basis for gas quality 

prediction 
It is difficult to get e.g. the calorific value without 

combusting the gas and simultaniously measureing the heat 
release. A direct measurement is not possible in a simple 
way. The novel approach is now to measure the thermal 
conductivity and specific heat capacity with a micro-
machined and miniaturized sensor. The typical specific 
thermal properties of each single gas in a CNG blend allow 
to destinguish concentrations in mixtures by measuring and 
tracking the thermal properties. In combination with  
a mathematic correlation model the prediction of gas 
quality properties is possible. As signal for the calculation 
input the thermal conductivity and the specific heat 
capacity is used.  

Both physical values are temperature dependent. With  
a dedicated operation strategy of the MEMS device this 
temprature dependency can be exploited by measuring at 
different test gas temperatures. As a consequence an 
additional input parameter for the correlation modeling can 
be adapted. This widening of the input parameter is the key 
for a more detailed and accurate modeling taking the 
temperature dependencies into consideration.  

 
 

4.1. Thermal conductivity of a single gas 

Thermal conduction is the transfer of heat from hotter to 
cooler parts of a medium resulting in temperature 
equilibrium. Taking gaseous fluids into consideration, the 
thermal conductivity is the energy transfer between gas 
molecules from higher to ones with lower energy. The basic 
law of thermal conductivity is the Fourier Law which states 
that the heat flux density is proportional to the temperature 
gradient T in an isotropic medium [4]: 

q � dQ
A ∗ dt � �λdTdz (2) 

The proportional factor λ is the thermal conductivity. 
The minus indicates that the temperature decreases in the 
direction of the heat transfer [6]. The absolute temperature 
has an impact on the lambda value. An approximation for 
the temperature dependency of the thermal conductivity is 
described in the VDI Wäremeatlas [7] with an 4th polyno-
mial equation and the gas specific coefficient A,B,C,D and 
E. 

�

W K ∙ m⁄ � A � BTK � C �TK�
�
�D�TK�

�
� E�TK�

!
 (3) 

 
The characteristics over the application temperature 

range for the CNG relevant gases is displayed in Fig. 1. 
 

 

Fig. 1. Temperature dependency of the thermal conductivity λ for different 
pure gases 

 
The overview shows the value of λ differs for each pure 

gas species at a dedicated temperature as well as the slope, 
taking the temperature influence into count.  

4.2. Specific heat capacity at constant pressure for pure 

gases 

The heat capacity of each medium tells us how much 
heat is required to raise a certain amount of it by one 
degree. For gases we can define a molar heat capacity, 
which is the heat required to increase the temperature of  
1 mole of the gas by 1 K.  

Q � nC ∙ ∆T (4) 
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The value of the heat capacity depends on, wheater the 
heat is added at constant volume or constant pressure. 
Therefore, the specific heat capacity Cp at constant pressure is: 

Cp � ∆Q
∆T (5) 

Where accoding to the first law of thermodynamics 
some of the heat energy is doing work due to constant 
pressure [1]. The value for Cp is tempeature dependent. 
Like before described in the thermal conductivity section, 
the characteristics can be similar expressed by a interpolation 
equation with the coeffcients A, B, C, D and E [7]. 

c&
J kg ∙ K⁄ � A � BTK� C�TK�

�
� D�TK�

�
� E
*T K⁄ +� (6) 

One can see in Fig. 2 the specific heat capacity of the 
inert gases carbon dioxide and nitrogen in comparsion to 
the main hydrocarbon fractions in the relevant temperature 
range. 
 

 

Fig. 2. Heat capacity at constant pressure for different gases and tempera-
tures 

 
The following content, can be derived from the data 

shown in Fig. 4. Methan has by far the highest heat 
capacity. The other hydrocarbons ethane, propane and 
butane are almost identical in value and slope. For the inert 
gases nitrogen and carbon dioxide the specific heat capacity 
values are much lower and the progression over temperatue, 
is almost constant, especially for nitrogen.  

4.2. Time dependent temperature distribution 

Another physical relation which discribes the time 
dependent temperature distribution is the so called thermal 
diffusivity. The thermal conductivity λ, the coefficient of 
heat capacity c and the density ρ of a substance can be 
summarized in absence of internal heat sources by the 
differential equation of thermal conductivity [5]: 

∂T
∂τ �

λ
ρc ∙ ∇

� ∙ T (7) 

∇� ∙ T � ∂� ∙ T
∂ ∙ x� �

∂� ∙ T
∂ ∙ y� �

∂� ∙ T
∂ ∙ z�  (8) 

With ∇ the Laplacian operator, τ the time, and x, y, z the 
cartesian coordinates. Wheras the group k = (λ/ρc) is 
known as thermal diffusivity. It characterizes the velocity 
of propagation of isothermal surfaces in a body. 

In the study the specific heat capacity is taken as 
indicator or so to say deceicive propertie for the time 
dependent temperature change. The use of the thermal 
diffusivity would also be possible, but the operation of the 
sensor described later on is in contradiction to the absence 
of an internal heat source.  

Although the pure specific heat capacity does not fully 
reflect the physical circumstances, the results achieved are 
sufficent.  

4.2. Thermal properties of gas mixtures 

The thermal properties of gas mixtures can be 
summarized by the properties of the single gases. The 
following two formulas are used for the theoretical 
calculations and the comparsion with the measurements 
achieved. 

For the thermal conductivity the mixing equations of 
Wassiljeva, Ason and Saxena can be used. The indice i and 
j representing components according to the single gase. In 
the equation x stands for the quantity and F is an own gas 
specific summary, considering the viscosity gas and molare 
weight of the gas [2]. 

�
12� �� x3 ∙ �3

∑ x5 ∙ F3553
 (9) 

For the calculation of the specfic heat capacity of an 
ideal gas only the massfraction of the heat capcity are 
summed up [7]. 

c&,12� ��x3
3

∙ c&,3 (10) 

For the calculation of the specfic heat capacity of an 
ideal gas only the mass fraction of the heat capacity are 
summed up. These two mixing formulas are used for 
theoretical approximations.  

5. Sensor properties 
Typical sensor arrangenments for measuring the thermal 

properties of gases are micromachined membranes. They 
have the required sensitivity to destinguish small changes 
of e.g. the thermal conductivity. Typical for this membranes 
are silicon nitride processed layers, made in bulk micro-
machining technology to achieve the well thermally 
isolated measurement with a measurement spot on top of 
the membrane. An even more advanced setup shown in Fig. 
3 is used for the CNG based measurement.  

In the considered implemention the membane is not  
a fully closed one, etched from the backside. In the used 
device it is in fact a membrane layer processed in surface 
micromachined technology on top of the semiconducter 
which is opened due to an underetching process on two 
sides. A suspended bridge with heater structure on top 
remains as sensitive device. This allowes an even better 
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thermal isolation of the gas sensitive bridge from the solid 
state silicon substrate. The area which is responsible for the 
heat transfer is in the range of ~ 1 mm². A specific meander 
arrangement of the nickel-chrome heater provides a homo-
genous temperature distribution on the heated bridge. This 
tiny microstructure arrangement has a response of a few 
microseconds when heated up.  

 

 
Fig. 3. Simplified setup of thermal MEMS 

 

5.1. Sensor operation 

The electrical heat source realized with nickel-chrome 
has a distinct temperature behavior of his electrical re-
sistance. By heating up the structure with current in the sub-
milliampere range, the corresponding temperature rise is 
several degrees in combination with a resistance change of 
several ~10%. A fast and highly accurate voltage measure-
ment during an applied constant heating current pulse al-
lows to derive the resistance at any time. The evaluation of 
the dynamic behavior when applying current pulses is used 
to get a feedback from the thermal properties of the gases 
tested.  

In Figure 4a the heater current pulse applied is shown. 
A swichtable precision current source is used to operate the 
heater. With the current amplitude and the pulse time  
a fixed amount of energy is feeded into the microsystem. 
The reaction of the temperature deduced by the resistance 
measurement is visualized by Fig. 4b. Depending on the 
thermal conductance of the gas as well as the specific heat 
transfer, different end values for the temperature respective 
rise time can be seen. The temperature rise is represented 
by ΔT and the rise time by τ. 4c and 4d illustrate how this 
different transient reactions are reached. With the 
assumpten that in both test gas cases the same energy is 
processed, the gas with higher thermal conductivity reaches 
a lower level of maximum temperature due to the better 
conductance of the heat in the gas. Vice versa, the 
“isolating” gas is responsible that the heat is “blocked” and 
the temperature amplitude rises. Analog to the thermal 
conductivity the specific heat capacity has a similar effect. 
The amount of heat transfered with the pulse in the 
measurement structure per time unit is identical. For a gas 
with higher specific heat capacity the rise in temperature is 
slower than for a gas with lower one. Normalizing the rise 
time to the end evalue of the temperature plateau enables to 
conclude on Cp of the gas mixture.  

 

 

Fig. 4. a) current pulse for heating; b) temperature transient for two differ-
ent gas species; temperature distribution on top of bridge structure for c) 

gas 1 and d) gas 2 

 
The heat pulse is chosen to generate only a slight 

temperature reaction to determine the thermal properties at 
the tested gas temperature. A second sequence was 
developed to raise the bridge structure to a constant 
overtemperature. This overtemperature is heating up the 
surrounding gas molecules. When the applied heating pulse 
lasts enough, a small area with permanent higher gas 
temperature is created. With a third measurement pulse, 
similar to the first one, the thermal properties of the 
overheated gas can be derived with the difference that they 
represent the gas properties at overtemperature with 
sufficent accuracy. Thermal data for different gas 
temperatures can be collected with this methode.  

5.2. Correlation model  

Of course, the calorific values can be obtained with  
a caloric measurement device by gas combustion and 
measuring the heat release. This is not possible with a sim-
ple sensor device at automotive environmental conditions. 
Besides of optical spectroscopy, a multi-parameter correla-
tion method may be expedient. By measuring other proper-
ties of the relevant gas and the use of statistical means  
a prediction of a target value can be obtained. In general, 
these properties don not necessarily have to be linked to the 
parameter of interest, like in our case the thermal properties 
to the calorific value. If the measurement value gives an 
adequate gas component distinction, a correlation algorithm 
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can achieve good results with sufficient accuracy. The op-
timization of the algorithm needs a defined set of gases.  

Figure 5 shows an overview how the signal flow is han-
dled to get a prediction of combustion relevant gas parame-
ters. Out of the main fractions of the CNG the theoretical 
values for the thermal conductivity and the specific heat 
capacity are calculated over temperature. A set of four input 
parameters was taken for dedicated CNG gas blends and 
applied to numerous equation types. The input parameters 
were joined in a virtual value SCV (sensor correlated value) 
which is a function of λ(T1), λ(T2), cp(T1) and cp(T2), 
where T1 represents the gas temperature and T2 a fixed gas 
overtemperature. The mathematic correlation with the 
smallest average deviation for LCV prediction was taken 
for further steps. In analogy to the LCV the correlation can 
be done with the methane number or the stoichiometric 
required Air Fuel Ratio for combustion.  

In the following Figure 5 the SCV as a function of 
λ(T1), λ(T2), cp(T1) and cp(T2) is shown. The good corre-
lation result can be fitted with a quadratic equation. The 
error between the calculated values and the fit of the single 
gas is shown in the deviation chart. The deviation is nor-
malized to the LCV of methane. For the investigated gases 
the theoretically achievable accuracy is better than ±2%. 

Like described in the previous section the sensor 
measures a rise time and a temperature change, derived 
from the heater resistance, representing the values of λ and 
cp. The substitution of the values with the measured values 
of ΔT and τ and some small modifications in the equation 

parameters lead to the following result, when tested with 
the same gas blends.  

With a slight modification of the equation and the in-
serted values of ΔT1, ΔT2, τ1 and τ2 the LCV prediction 
ends up in a similar good result, shown in Fig. 9. A linear 
regression of LCV based on SCV(ΔT, τ) is possible. The 
normalized deviation stayed in an error range of 2% for the 
tested gas blends.  

6. Test bench results 
After finding a promising correlation approach and stat-

ic pre testing, the quality of the correlation result was vali-
dated with a dynamic blend testing. Hydrocarbon/inert gas 
blends, mixed by flow controllers were used at a the test 
bench. Successively, five identical sensor samples per-
formed an automated test cycle over several minutes. After 
testing each of the nine test gases, a purge cycle with pure 
nitrogen and low flow was applied to get defined starting 
conditions. The result can be seen in Fig. 6.  

It can be seen, that the gas variations caused the same 
reaction on the calibrated sensor devices with a small part 
to part variation. The single raw data value showed a noise 
level of ~ 1.5%. This value can be reduced significant by 
averaging the sensor output signals. The sensors also react-
ed in the same way when changing from gas to purge se-
quence. For example, gas blend no. 1 lead instantaneously 
to a steady state, while gas blend no. 7 has a delayed mix-
ing, with a time constant of several ~10 seconds. The calcu-
lated deviation was in the range of ±4% without the averag-
ing measure. This error is higher than the pure static 
measurement, but still in an acceptable range.  

 
 

 

Fig. 4. Concept of the signal propagation of a multiple input correlation setup to predict quality values for CNG 
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Gas 

No. 

Gas compound [vol%] 

CH4 C2H6 C3H8 C4H10 CO2 N2 

1 100 0 0 0 0 0 

2 71 1 11 0 0 17 

3 83 4 1 0 1 11 

4 81 3 1 0 1 14 

5 91 6 1 1 1 0 

6 79 9 3 7 2 0 

7 84 3 1 1 1 10 

8 90 6 2 1 1 0 

9 85 4 1 0 0 10 
 

Fig. 5. Result of the theoretical correlation for the lower calorific value over a set of gas blends 

 

 

Gas 

No. 

Gas compound [vol%] 

CH4 C2H6 C3H8 C4H10 CO2 N2 

1 100 0 0 0 0 0 

2 71 1 11 0 0 17 

3 83 4 1 0 1 11 

4 81 3 1 0 1 14 

5 91 6 1 1 1 0 

6 79 9 3 7 2 0 

7 84 3 1 1 1 10 

8 90 6 2 1 1 0 

9 85 4 1 0 0 10 
 

Fig. 6. Result of the theoretical correlation for the lower calorific value over a set of gas blends 

 

 

Gas 
Gas blends [vol%] 

1 2 3 4 5 6 7 8 9 

CH4 100 71 91 79 83 81 84 90 85 

C2H6 0 1 6 9 4 3 3 6 4 

C3H8 0 11 1 3 1 1 1 2 1 

C4H10 0 0 1 7 0 0 1 1 0 

CO2 0 0 1 2 1 1 1 1 0 

N2 0 17 0 0 11 14 10 0 10 

T = 23°C, P = 1 bar abs. 
 

Fig. 7. Testing of synthetic gas blends to predict the lower calorific value 

 
7. Conclusion 

Measuring the quality of CNG gas is a difficult topic. 
Direct measurements are not possible due to environmental 
limitations or are simply to complex and costly to be able 
entering the automotive market. Therefore a concept study 
was done with a correlative method based on the thermal 
properties of the typical single gas components of CNG. 
The statistical investigations were done with a novel 
MEMS chip based on a thermal isolated bridge structure. 
Before a dedicated test cycle was developed to measure the 

thermal conductance and the specific heat capacity a set of 
equations was tried and optimised. Parameter for the opti-
misation was the minimum error level on the lower calorific 
value for the entirety of defined test blend set.  

After fixing a set of equations a comparison of the theo-
retical calculated accuracy levels was done with the corre-
sponding test bench measurement. The basic investigation 
showed for the calculated as for the measured test blends 
similar accuracy levels of less than 2%. 



 

Novel thermal method for determining properties of compressed natural gas 

62 COMBUSTION ENGINES, 2019, 176(1) 

To have a first overview about the principle robustness 
and the performance spread over different samples a test 
sequence with nine test blends at low flow was done.  
A fluctuation on the signal could be observed, which can be 
optimised by signal filtering and averaging. Without this 
optimisation the error was in the range of 4%.  

For sure the measurement has some weaknesses com-
pared to a colorimeter. However the low effort for electron-

ic and the affordable miniaturized sensing element allow to 
get a solution which could fulfill the requirements of an 
automotive application. The first investigations have shown 
that a calorific value prediction with an accuracy level in 
the lower percentage range is possible. This information 
before engine start could be sufficient for a defined and 
save engine start in a monovalent CNG car. 
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