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I. The Aim of my Research 

It became clear at the end of the XX. century that fossil fuels are not enough to fulfil the in-
creasing energy demand of the elevating standard of living of the growing population as the 
present known resources depending on fuel type will be diminished within 50-200 years [1], [2]. 

Environmental protection became the main aspect beside fulfilling the energy demands [3]. 
The renewable resources have major role in mitigating fossil fuel combustion caused harmful 
emission, from which CO2 has great importance as it is thought having main role in climate 
change [4], [5]. 

In March 2007 the EU’s leaders endorsed an integrated approach to climate and energy pol-
icy that aims to combat climate change and increase the EU’s energy security while strengthen-
ing its competitiveness. They committed Europe to transforming itself into a highly energy-
efficient, low carbon economy. The EU Heads of State and Government set a series of demand-
ing climate and energy targets to be met by 2020, known as the "20-20-20" targets, which are: 

- A reduction in EU greenhouse gas emissions of at least 20% below 1990 levels. 

- 20% of EU energy consumption to come from renewable resources. 

- A 20% reduction in primary energy use compared with projected levels, to be 
achieved by improving energy efficiency. [7]. 

The aim of my research is to reveal the limits and possibilities of utilisation of renewable, 
carbon neutral fuels like bio-and pyrolysis gases in IC engines for power generation without the 
separation of the inert content or any composition change of the fuel avoiding any change in the 
engine properties or operation. The following tasks should be fulfilled to accomplish the aim set 
above: 

- Determination of possible bio-and pyrolysis gases suitable for power generation. 

- Determination of combustion characteristic of bio-and pyrolysis gases by theoretical in-
vestigations. 

- Determination the change in the engine parameters fuelled with bio- and pyrolysis gases 
compared to natural gas operation. 

- Creating an algorithm based on my theoretical and measurement results, with which the 
combustion characteristics and engine parameters of different bio- and pyrolysis gases 
can be determined. 

II. Antecedent of the research work 

II.A. Bio- and pyrolysis gases 

I used ideal dry, tar and ash free trial gases for modelling the different bio- and pyrolysis 
gases (Table II-1.). Biogases were modelled with CH4 and CO2 mixtures having CO2 content from 
10 V/V% up to ~80 V/V%. For the laminar flame velocity measurements and comparative analy-
sis I used a typical biogas with 40 V/V% CO2 content. In the case of pyrolysis gases I determined 
three different trial gas mixtures: one typical pyrolysis gas gasified with outer heat source called 
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“anaerobe pyrolysis gas”, as during gasification air is separated from biomass; and two pyroly-
sis gases gasified with inner heat source called “producer gas” and synthesis gas”. I based the 
composition of anaerobe pyrolysis gas on the measurement of Department of Energy Engineer-
ing within the international BioHPR project [8]. The composition of producer gas (gasified with 
air) and synthesis gas (gasified wit pure oxygen) is based on Reed’s [9] results. 

  pyrolysis gas 

  outer heat source inner heat source 

   air oxygen 

component typical  
biogas anaerobe pyrolysis gas producer gas synthesis gas 

CH4, V/V% 60 8 5 3 
H2, V/V% 0 38 20 40 
CO, V/V% 0 20 20 40 
CO2, V/V% 40 20 5 17 
N2, V/V% 0 14 50 0 

Table II-1. Investigated bio- and pyrolysis gases 

II.B. Possibilities of Bio- and Pyrolysis gas Use for Power Generation 

The most efficient use of bio and pyrolysis gases is combined heat and power generation. 
A gas engine operated in cogeneration or trigeneration (fulfilling cooling purposes as well) has 
very high efficiency [10]. Bio- and pyrolysis gases are able to utilise in other heat engines as well 
e.g. gas turbines or fuels cells, but gas engines are the best solutions as they could be well inte-
grated in the decentralised power generation system as in the low power range (0,1-4 MW) gas 
engines have better efficiency compared to gas turbines [11]. Further advantages of gas engines 
are the high flexibility and low start up time [12]. However, they are more sensitive to high inert 
content, but less sensitive to H2, tar, and particle content of bio- and producer gas than gas tur-
bines [13], [14]. 

The inert (CO2, N2) content of bio- and pyrolysis gases has negative effect on their combustion 
parameters as the heating value is low so that power drop is expected; however, inert content 
increases the knock sensitivity and higher compression ratio can be used so that in case of con-
stant heat load the decreasing heating value caused power drop can be compensated [15]. 

The H2 content of pyrolysis gases has negative effect on the heating value as it has very low 
density. Due to the wide flammability range of H2 the engine is able to operate with leaner 
mixtures, which is favourable from the point of view of low emission [16], but flash back, ab-
normal combustion and even knock can be caused by the high flame velocity of H2 [17], [18]. 

II.B.1. RESULTS OF BIOGAS FUELLED GAS ENGINES 

The effect of CO2 on the engine parameters was investigated. The heating value of biogases 
depending on CO2 content is half – one third of the heating value of natural gas, which is not 
extremely low. Due to CO2 content biogases have better knock resistance than natural gas so 
that the test engines were modified compression ignition engines and spark ignition engines 
with high compression ratio. 
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Crookes [19], and Roubaud et al. [20] found out that the increasing CO2 content caused power 
drop can be compensated by raising compression ratio, but increasing spark timing advance is 
necessary, which could cause higher NOx emission, but the high CO2 content of biogas de-
creases the NOx emission. 

To eliminate the negative effect of CO2 it should be separated from the biogas or, as the com-
plete separation is very expensive, the CO2 content of biogas should be decreased [21]. 
Propatham et al. [22] found out that the cycle by cycle variation of the pressure decreases if the 
CO2 content of biogas is decreased from 40 V/V% to 20 V/V% due to the faster combustion so 
that the power and efficiency increases, the THC emission decreases but the NOx emission is not 
changing. The spark timing advance needs to be decreased as the heat release rate increases. 

To improve the combustion properties of biogas H2 – biogas mixtures were investigated. Ac-
cording to Propatham et al. [23] the optimal H2 proportion is 10 V/V% with which the combus-
tion process is better, the operation range of the engine is widening, but the knock resistance 
decreases so that the spark timing advance should be decreased. 

According to Bade Shrestha and Narayanan [15] mixing small amount of H2 to biogas the cy-
cle by cycle variation of pressure decreases especially in the case of lean and rich mixtures so 
that the power and efficiency increases. 

Song et al. [24], [25] found out that with exhaust recirculation and H2 mixing the biogas fu-
elled engine has good efficiency and low NOx emission. Kornbluth et al. [26] found out that 
increasing the mixed H2 amount the higher flammability limit increases, the NOx emission 
decreases but the CO emission is basically constant. 

II.B.2. RESULTS OF PRODUCER GAS FUELLED GAS ENGINE 

In the case of pyrolysis gas utilisation not just the inert but the high H2 content should be 
considered too as it decreases the heating value so that the heating value of pyrolysis gases can 
be only ~15% of the heating value of natural gas which is very low. H2 is not favourable from 
the point of view of knock resistance. Due to these features the pyrolysis gas, especially the high 
inert containing producer gas fuelled engines with high compression ratio were not considered 
feasible in the past [27]. 

The aim of Sridhar et al. [28] was to prove that producer gases are suitable for power genera-
tion in IC engines. They found out that producer gas fuelled IC engine has much lower power 
and efficiency compared to diesel oil fuelled IC engine, but knock could not be experienced in 
case of high compression ratio neither due to the decreased spark timing advance. They found 
out that the gas engines made for natural gas are suitable for pyrolysis gas if the carburettor is 
adjusted to producer gas; however power drop is experienced, but the NOx emission is low and 
the CO2 emission can be neglected.  

Ando et al. [29] found out that the power of the engine is mainly depending on the combus-
tion properties of the producer gas, not on the heating value. They suggested using compres-
sion ignition engines in dual fuel mode for producer gas utilisation instead of spark ignitions 
engines, as they are less sensitive to the composition change of producer gas so that the instabil-
ity problems could be solved. 

Srinivasan et al. [30] found out that the maximal power of the producer gas fuelled engine 
could be only 60% of the gasoline fuelled engine, but the efficiency of the engine is higher and 
the THC, CO and NOx emissions were lower, but CO2 emission was higher in the case of pro-
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ducer gas operation. On the whole they determined, that increased power, and the utilisation of 
exhaust heat is necessary to develop a producer gas fuelled IC engine. 

II.B.3. CONCLUSIONS 

The research of utilisation of bio-and pyrolysis gases in IC engines is based on the adaptation 
of the conventional IC engines on these renewable fuels. In most cases compression ignition 
“Diesel” engines or spark ignition ”Otto” engines were modified to gaseous fuel operation. 
Gas engines were rarely investigated. 

By changing the engine design and the operation parameters the engine is adapted to the re-
quirements of the new fuel so that it operates adequately. But it is more arresting from the point 
of view of alternative gaseous fuel utilisation what are the limits and possibilities of utilisation 
of bio-and pyrolysis gases in IC engines for power generation without the separation of the 
inert content or any composition change of the fuel and avoiding any change in the engine 
design or operation parameters. 

From the antecedent research can be concluded that the results of IC engine utilisation of bio-
gases have good correspondence but the results of pyrolysis gas utilisation are diversified, due 
to the different production technology caused diverse composition of pyrolysis gases. Therefore 
in the case of pyrolysis gases there is no unified opinion about IC engine utilisation. 
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III. Methods of Investigation 

III.A. Results of Theoretical Investigation 

I used the premixed flame application of Chemkin software and the GRI 3.0 mechanism for 
adiabatic flame temperature and laminar flame velocity calculation. For the calculation of the 
other combustion parameters I created an algorithm with which the combustion characteristics 
and of different bio- and pyrolysis gases can be determined. 

According to my theoretical investigation I determined that biogases are less dangerous than 
natural gas from the point of view of explosion safety. The knock resistance of biogases is 
higher due to their high methane number. The heating value and Wobbe-number of biogases 
are much lower than the ones of natural gas so that remarkable power drop is expected if the 
IC engine is fuelled with biogas instead of natural gas. This phenomenon is confirmed by the 
results of laminar flame velocity and adiabatic flame temperature results as both parameters are 
much lower than the ones of natural gas. 

The maximal adiabatic flame temperatures (Tad,max,2D és Tad,max,3D curves), similarly to natural 
gas are formed near stoichiometric mixtures, around λ=0.98 (Figure III-1.). By the increasing CO2 
content of biogas the maximal adiabatic flame temperature decreasing. The decrement is near 
linear up to 30% CO2 content above it became more intensive. The air excess sensitivity of adia-
batic flame temperature increases with the increasing CO2 content of biogas. This phenomenon 
is shown by the increasing gradient of the isoconcentration lines. 

 
Figure III–1. Adiabatic flame temperature depending on λ and CO2 content of biogas (298 K, 101325 Pa) 

The formation of maximal laminar flame velocities (uad,max,2D és uad,max,3D curves) is depending 
on CO2 content of biogas (Figure III-2.). By the increasing CO2 content of biogas the maximal 
laminar flame velocity shifts to leaner mixtures, from λ = 0.95 to λ = 1.09. The increasing CO2 
content caused laminar flame velocity decrement is near linear in the whole investigated range. 
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The air excess sensitivity of laminar flame velocity decreases with the increasing CO2 content of 
biogas. This phenomenon is shown by the decreasing gradient of the isoconcentration lines. 

 
Figure III–2. Laminar flame velocity depending on λ and CO2 content of biogas (298 K, 101325 Pa) 

The low laminar flame velocity should be considered from the point of view ignition timing 
in the case of gas engine fuelled with biogases, or the combustion of the fuel is not sufficient. 
From the point of view of climate change biogas are more favourable if we consider it as a com-
pletely carbon neutral fuel. 

According to my theoretical investigations on pyrolysis gases I determined that pyrolysis 
gases are more dangerous than natural gas from the point of view of explosion safety. 
The knock resistance of pyrolysis gases is lower due to their low methane number. The heating 
value and Wobbe-number of pyrolysis gases are much lower than the ones of natural gas so 
that remarkable power drop is expected if the IC engine is fuelled with pyrolysis gas instead of 
natural gas no matter whether inert or H2 is in the pyrolysis gas.  

Except synthesis gas pyrolysis gases have lower adiabatic flame temperature than natural gas 
and producer gas has lower adiabatic flame temperature than a typical biogas (Figure III-3.a). 
Pyrolysis gases have characteristically higher laminar flame velocity (Figure III-3.b) than natural 
gas, which should be considered in the case of setting the engine parameters or else anomalous 
operation could occur. 

The combustion characteristic of pyrolysis gases is significantly affected by the gas composi-
tion. The presence of CO2 in the gas is much more unfavourable than the presence of N2. 
The effect of the two combustible parameters (CO, H2) is different. H2 is more favourable from 
the point of view of increasing the laminar flame velocity and the flammability limits, and CO is 
more favourable from the point of view of increasing the heating value. 
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Figure III–3. Adiabatic flame temperatre (a) and laminar flame velocity (b) depending on λ in the case of different 

pyrolysis gases, a typical biogas and natural gas (298 K, 101325 Pa) 

From the correlation analysis of measured and calculated laminar flame velocities of gaseous 
fuels I determined that in the case of pyrolysis gases the laminar flame velocity is well definable 
with both methods. In the case of natural gas the used measurement technique is not entirely 
reliable; however, strong correlation was experienced between the measured and calculated 
laminar flame velocities. In the case of biogases the used measurement technique is not reliable 
for laminar flame velocity determination (Table III-1.). 

 correlation coefficient coefficient of determination strength of correlation 

natural gas 0,82 0,67 strong 
typical biogas  0,54 0,29 moderate 
producer gas 0,99 0,99 very strong 
synthesis gas 0,97 0,94 very strong 

anaerobe pyrolysis gas 0,99 0,99 very strong 

Table III-1. Results of correlation analysis of calculated and measured laminar flame velocities 
of the investigated gaseous fuels 

III.B. Results of Measurements 

From the gas engine measurement I set out that up to 20% CO2 content of biogas there is no 
significant change in most engine parameters and operation range due to the increased fuel 
consumption (Figure III-4. a) compensated losses. Above 20% CO2 content despite the increased 
fuel consumption only lean fuel-air mixture is achievable so that the operation rage of the en-
gine is narrowing; the power (Figure III-4. b) and efficiency of the engine decreasing, but stable 
operation is achievable up to 40% CO2 content.  

From the engine indicating analysis I set out that the maximum of heat release rate is de-
creasing by the increasing air excess ration and CO2 content of biogas. In the case of constant air 
excess ratio less useful heat and slower was released with the increasing CO2 content. 
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Figure III–4. Fuel consumption (a) and effective power (b) against λ depending on CO2 content of biogas 

From the point of view of environmental protection biogas fuelled IC engine is more favour-
able as its emission is lower than the emission of natural gas fuelled IC engine. As biogases 
considered as carbon neutral renewable fuels the higher CO2 emission (Figure III-5. a) is not 
increasing the CO2 concentration of the atmosphere. The NOx emission of biogases could be half 
of the natural gas in the case of stoichiometric mixtures, and only 10% of the natural gas in the 
case of lean mixtures. 
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Figure III–5. CO2 emission (a) and NOx emission (b) against λ depending on CO2 content of biogas 

From the gas engine measurement I set out that pyrolysis gases are only usable blended with 
natural gas. Up to 40% producer gas content there is no significant change in most engine pa-
rameters and operation range. Above 40% producer gas content despite the increased fuel con-
sumption (Figure III-6.a) only lean fuel-air mixture is achievable so that the operation rage of the 
engine is narrowing; but the power (Figure III-6.b) and efficiency of the engine is not decreasing 
and stable operation is achievable up to 60% producer gas content. 
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Figure III–6. Fuel consumption (a) and effective power (b) against λ depending on producer gas content of fuel 

mixture 

From the engine indicating analysis I set out that the producer gas content does not have any 
significant effect on the combustion process in the case of constant air excess ratio, but with the 
increasing air excess ratio the maximal heat release rate decreases. 

From the point of view of environmental protection producer gas blending is not unfavour-
able. The CO2 emission (Figure III-7.a) is not increasing considerably with the increasing pro-
ducer gas content of the fuel blend. The NOx emissions (Figure III-7.b) are basically the same as 
the NOx emission of natural gas fuelled IC engine. 
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Figure III–7. CO2 emission (a) and NOx emission (b) against λ depending on producer gas content of fuel mixture 
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III.C. Utilisation of the results, further research activities 

In order to achieve easy and practical use of my results I created an algorithm with which the 
combustion characteristics and engine parameters of different bio- and pyrolysis gases can be 
determined. The structure of the algorithm is shown on Figure III-8. 

Combustion 
parameters

Gas type?

Gas composition

Prolysis gasBiogas

Moisture 
content?

More 
components

noyes

Composition 
to dry basis

LHV 
correction?

yesno

Ambient
state

oxidiser

Reference 
LHV

Renewable
part

Air  excess

Blendig
proportion

Engine
parameters

Engine 
operates?

no

yes

n.a.

Measured 
point exist?

yes

no

Interpolation?

yes

no

Extrapolation?
no

yes

Estimation, 
Table, 
Figure

Engine parameter Module Theoretical module

Table, 
Figure

Table, 
Figure

Stop

Data error?
yes

Start

Stop

no

 
Figure III–8. Structure of the algorithm 

The algorithm running in excel working environment is a useful and practical tool to deter-
mine the combustion characteristic and engine parameters so that it shows the possibilities and 
limits of IC engine utilisation of different bio-and pyrolysis gases with given composition. 

I suggest that the following research activities should be done in the future: 

1. Methane number measurements of pyrolysis gases. 

2. Gas engine measurements with the non-investigated pyrolysis gas types. 

3. Further gas engine tests with alternated motor parameters. 

4. Numerical simulation for modelling the combustion process in bio-and pyrolysis gas 
fuelled gas engine, validation of the results, extension analysis of the test results. 
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IV. New Scientific Results 

I concluded the new scientific results of my research in the following thesis: 

1. Thesis 

I worked out approximate functions with which the CO2 dependence of the two most impor-
tant combustion parameters, the adiabatic flame temperature and the laminar flame velocity 
of biogases can be determined. 

The decrement of the maximal adiabatic flame temperature up to ~30% CO2 content of 
biogas is near linear, above it become more intensive. The formation of maximum is basi-
cally independent form CO2 content of biogas. The air excess sensitivity of adiabatic 
flame temperature increases with the increasing CO2 content of biogas. 

The decrement of the maximal laminar flame velocity is near linear in the whole investi-
gated range. By the increasing CO2 content of biogas the maximal laminar flame velocity 
shifts to leaner mixtures (from λ = 0.95 to λ = 1.09). The air excess sensitivity of laminar 
flame velocity decreases with the increasing CO2 content of biogas. 

I determined that the used laminar flame velocity measurement technique is not reliable 
for the validation of the calculated laminar flame velocity. 

See dissertation chapter 4.1. Related own publications: 2, 8, 11, 12, 15, 20 

2. Thesis 

I revealed the effect of natural gas differing gas composition and its variation of pyrolysis 
gases on their two most important combustion parameters, the adiabatic flame temperature 
and the laminar flame velocity. 

The adiabatic flame temperature of pyrolysis gases is not generally lower than the adia-
batic flame temperature of natural gas or a typical biogas. The formation of maximum 
depends moderately form H2 content of pyrolysis gas and by the increasing H2 content it 
shifts to richer mixtures (from λ=0.98 to λ=0.91). 
Pyrolysis gases have characteristically higher laminar flame velocity than natural gas, or 
a typical biogas. The formation of maximum depends significantly form H2 content of 
pyrolysis gas, by the increasing H2 content it shifts to richer mixtures (from λ=0.95 to 
λ=0.6). I validated the reliability of the calculated laminar flame velocities by measure-
ments. 
I determined that these two combustion parameters of pyrolysis gases is significantly af-
fected by the gas composition. The presence of CO2 in the gas decreases the value of 
these two parameters 1,5-2 times effectively than the presence of N2. The increment of H2 
and CO causes nearly the same adiabatic flame temperature increment. The increment of 
H2 elevates significantly the laminar flame velocity but CO has basically no effect on this 
combustion parameter. 
See dissertation chapter 4.2. Related own publications: 1, 2, 3, 8, 11 

3. Thesis 

By theoretical calculations and measurements I determined the CO2 content dependence of 
natural gas optimised IC engine utilisation of biogases. According to CO2 content of biogas I 
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determined 3 ranges of IC engine utilisation: usable with minor losses, usable with major 
losses, non-usable. 

The utilisation of biogas up to 20% CO2 content is feasible with 20-30% excess fuel con-
sumption without any changes in engine design or operation parameters and no signifi-
cant losses. Above 20% CO2 content despite the 2-3 times higher fuel consumption only 
lean fuel-air mixture is achievable so that the operation rage of the engine is narrowing; 
the power and efficiency of the engine is only the half of the natural gas fuelled engine, 
but stable operation is achievable up to 40% CO2 content. 

See dissertation chapter 5.1.1. Related own publications: 4, 5, 6, 9, 10, 12, 19, 20, 21, 22, 24, 25 

4. Thesis 

By theoretical calculations and measurements I determined that  producer gas is not suitable 
for natural gas optimised IC engine without any changes in the engine design or operation 
parameters, but it is suitable blended with natural gas. Up to 40% producer gas content there 
are no significant losses with 1,5 times higher fuel consumption. Above 40% producer gas 
content despite the two times higher fuel consumption only lean fuel-air mixture is achiev-
able so that the operation rage of the engine is narrowing; but the power and efficiency of the 
engine is not decreasing, and stable operation is achievable up to 60% producer gas content. 

See dissertation chapter 5.1.2. Related own publications: 7, 9, 13, 14, 18, 21, 25 

5. Thesis 

By theoretical calculations and measurements I determined that the investigated IC engine 
fuelled with biogas is favourable compared to natural gas from the point of view of exhaust 
emission. In the case of stoichiometric mixtures the NOx emission of biogases could be 40-
50%, and only 10% of the NOx emission of natural gas fuelled engine in the case of lean mix-
tures. THC and CO emissions are basically the same of biogas and natural gas fuelled engine, 
only in the case of lean mixtures (λ>1,4) are 2-4 times higher emissions experienced. 
As biogases are renewable fuels the 1,5-3 times higher CO2 emission not increases the CO2 
concentration of the atmosphere. 

See dissertation chapter 5.1.1. Related own publications: 19, 21, 24, 25 

6. Thesis 

By theoretical calculations and measurements I determined that the investigated IC engine 
fuelled with producer gas - natural gas blends is not unfavourable compared to natural gas 
from the point of view of exhaust emission. The THC and NOx emissions are basically the 
same as the ones of natural gas fuelled IC engine. In the case of reach mixtures (λ<0,9) the CO 
emission could be half, and it could be twice of the CO emission of pure natural gas fuelled 
engine in the case of lean mixtures (λ>1,4). The CO2 emission is not increasing considerably 
with the increasing producer gas content of the fuel blend. As producer gas is renewable fuel 
the CO2 emission from producer gas not increases the CO2 concentration of the atmosphere. 

See dissertation chapter 5.1.2. Related own publications: 13, 14, 18, 21, 25 
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7. Thesis 

I created an algorithm to determine the combustion characteristic so that the possibility of IC 
engine utilisation of different bio-and pyrolysis gases with given composition. Based on my 
theoretical calculations and measurements the algorithm determines the theoretical combus-
tion parameters: heating value (LHV), Wobbe-number (Wo), specific combustion parameters 
(L0, V0, CO2,max) and flammability limits) and the expected main engine parameters: power 
(Pe), efficiency (η), specific fuel consumption (be) and exhaust emissions. 

See dissertation chapter 6. Related own publications: 16, 17, 23 
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VII. Symbols in the Thesis Book 

1. Latin Characters 
notation unit denotation 
be m3/kWh Specific fuel consumption 
CO2,max m3 CO2/m3fg Maximal CO2 concentration of flue gas 
LHV MJ/m3 Lower heating value 
L0 m3levegő/m3tüza Theoretical air requirement 

Pe W Effective power 
Tad K Adiabatic flame temperature 
u cm/s Laminar flame velocity 
V0 m3n.fg/m3tüza  Theoretical exhaust gas amount 
Wo MJ/m3 Wobbe-number 
IC - Internal combustion 

2. Greek Characters 

notation unit denotation 

η - Efficiency 
λ - Air excess ratio 

 


