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Abstract

The fuel demand in transport sector seems to be raised on a short and also on a long term base in the European Union and 

worldwide as well. A constantly growing trend is foreseen through 2050 worldwide as for using bio-based energy or fuels. 

Questions can arise before using these kinds of fuels in connection with the use of clean water or in terms of soil degradation, 

plant nutrients. It is also questionable whether they can be useful regarding their usage. First-, and second generation liquid as well 

as third generation gaseous bio-based fuels will be in focus in this article. They will be analyzed from physical-chemical properties 

and pollutant emission points of view.
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1 Introduction
The fuel demand in transport sector seems to be raised 
in the near and far future regarding the EU and world-
wide as well. This situation may lead to an increas-
ing load and pollution from the transport sector (Exxon 
Mobil, 2018; Economics, 2018; International Energy 
Agency, 2018; Shell International BV, 2016; Shell, 2018). 
As for using bio-based energy or fuel, steady upward 
trend is forecasted until 2050 worldwide (Fischer and 
Schrattenholzer, 2001). The share of renewable energy in 
transport energy use will be slightly below 5 % globally 
(Exxon Mobil, 2018) while that is significantly higher in 
Europe (Ricardo, 2018) in the long term, while another 
study suggests that the share of biofuels in transport 
will be higher (Shell International BV, 2016). There are 
many initiatives, possibilities to reduce CO2 emission e.g. 
in Hungary (Zöldy, 2018; Török and Zöldy, 2010).

There are many alternative fuels in the transport sector, 
which can be a solution instead of the fossil origin conven-
tional one. The biofuels can be found among these opportu-
nities (Zöldy, 2009). The aim of biofuel's usage is primarily 

the diversification of fuel resources, preservation of fossil 
stocks and keeping energy security (Hancsók et al., 2006a; 
Hancsók et al., 2006b; Ajanovic, 2010; MOL Group, 2012; 
Mantzos, 2010; Exxon Mobil, 2018; Economics, 2018; 
International Energy Agency, 2018; Shell International 
BV, 2016; Shell, 2018). Questions can arise before using 
the fuel in connection with the use of clean water or in 
terms of soil degradation, plant nutrients (Reijnders, 2019). 
Requirements regarding utilization rate of the renew-
able energy are set out in (European Parliament and 
Council, 2009). This utilization rate differs from county to 
country. For example in Poland this value is not so high 
approximately 12 %, while the share of renewable energy 
compared to the total energy consumption reaches the 42 % 
making it a world leader from this point of view (Maczyńska 
et al., 2019), but much of it comes from wood burning 
heating. It is also questionable whether they can be useful 
regarding their usage. First to mention their effect on emis-
sion of an internal combustion engine because it is a mixed 
situation. It means that regarding certain components 
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they have advantages, so these components like CO, HC 
decrease using biofuel and other emission-components 
for example particulate mass increases (Gruden, 2008; 
Whittaker et al., 2011; Vidal Quadras, 2010).

Biofuels can be classified into different generations 
(Alalwan et al., 2019; Saladini et al., 2016; Dahman et al., 
2019). The spread of biofuels of first generation is cur-
rently in process. Biodiesel and bioethanol can be classi-
fied for the first generation. Usually they are blended in a 
low level rate to fossil fuels (MOL Group, 2012), but there 
are some examples in different European cities where they 
are used at a higher level blending rate or pure themselves 
for city buses (CIVITAS, 2011). Fuels from bio-origin are 
expensive, bio components are the most expensive ones 
among additives and components which are added to fossil 
fuels to make it fit for using in internal combustion engine 
(Tóth, 2011; Zöldy et al., 2011). Physical-chemical prop-
erties, composition of these first generation fuels are reg-
ulated in one European Standard for biodiesel (European 
Standard EN 14214, 2008), and in another one for bioetha-
nol (European Standard EN 15376, 2008).

Fuels from the second generation have other basic 
materials that are produced by a different way compared 
to first generation’s fuel. The raw materials are also dif-
ferent such as wood, grasses waste product of animals, 
newspapers, agricultural waste crops in most of cases. 
Enzymes and microorganisms are designed using syn-
thetic biology which should substantially increase the 
energy yield of these raw materials (Bhatia et al., 2017; 
Ahmed-Sarkar, 2018; Then et al., 2010). A serious disad-
vantage of these fuels can be their water solubility which 
is a problem regarding transportation, storage and com-
bustion as well (Dechambre et al., 2017). Many ICE rele-
vant properties of these fuels are similar to those of fossil 
derived fuels and because of their composition they are 
supposed to be more environmentally friendly ones. There 
are also fuels with fossil base among second generation's 
fuels. Learning, designing and refining of technologies 
is in process (Vidal Quadras, 2010; Paraffinic fuels for 
Europe, 2017; Larson, 2008; Rantanen, 2005). 

The use of hydrogen and methane produced on a bio-ba-
sis is on a level of a demonstration project. They can be used 
in internal combustion engine. The technology that is used 
to produce these gaseous fuels does not play role as for their 
usage in engines. Beside the disadvantages of their produc-
tion technology they are highly appreciated from their very 
low level air pollution of view (Eichlseder and Klell, 2010). 

Generally, renewable fuels from 3. Generations are pro-
duced from plants or other crops that are unrelated to food 
production. There is a literature, which considers microbial 
lipids as 3rd generation fuel (Leong et al., 2018). According 
to some other literature, 3rd generation fuels on micro-al-
gae basis are increasingly distributed (Alaswad et al., 2015; 
Dragone et al., 2010; Brennan and Owende, 2010).

Genetically modified algal biofuel can be classified as 
4th generation biofuels. This kind of fuel has advantages 
and disadvantages as well. Non-mature manufacturing tech-
nology coupled with low number of results from using them 
e.g. in engines. According to Abdullah et al. (2019) they 
are a promising alternative for fossil fuel with high energy 
content, low emission, and non-polluting nature. However, 
production of the algal biofuel is not economically viable 
due to the low yield and high production costs at this time. 

First-, and second generation liquid as well as third 
generation gaseous bio-based fuels will be in focus in this 
article. They will be analyzed from physical-chemical 
properties and pollutant emission points of view.

2 About the transportation biofuels in general
2.1 Grounds for using bio-derived fuels, technologies 
for their processing and production
The possibility for spreading of fuels and lubricants with bio 
origin is a question of balance with appropriate proportion 
among agricultural products for food and feed and agricul-
tural products for industrial use. Another criterion is that 
the cost of purchasing and the quality of biofuels compared 
to fossil fuels should be more or less the same. In addition, 
those kind of biofuels come onto the market that do not 
require any modification of modern vehicles today or only 
minimal modification needed. Modernization of exist-
ing production technologies of fuels and lubricants can be 
reached significant saving in resources and stock further-
more in emission of air pollutants (Hancsók et al., 2006b; 
Barabás et al., 2015; Zöldy and Török, 2015).

Most important reasons of using transportation fuels 
from bio sources:

• Reducing CO2 emissions responsible for global warm-
ing, which biofuel itself alone is a realistic option for 
a short and medium term base;

• Reducing the dependence of transport from fossil 
(primarily oil-based) sources; 

• Creating (preserving) a job in agriculture, and utiliz-
ing occasional overproduction as well as abandoned 
land parts. 
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Renewable, biomass origin fuels are counted fuels 
which have a source of vegetable or possible of and their 
stock does not decrease because they are renewed, repro-
duced. The more important bio-derived transportation 
fuels are as follows: bio-alcohols, vegetable oils, bio-
ethers, biogas. Among these have to be mentioned bioeth-
anol and biodiesel which are the most common globally 
and in our land as well. They are blended to gasoline and 
diesel respectively with a certain level on volumetric base 
(Hancsók et al., 2006b).

3 Biofuels of first generation (alcohol, FAME)
Biomass derived gasoline components of Otto-engines are 
called nowadays which are produced entirely or partially 
from biomass (e.g. from wood, corn, straw or from ani-
mal origin materials, etc.) in order to reduce the depen-
dency from fossil origin fuels and to reduce the emission 
of pollutants with global warming effect. Fuels produced 
exclusively from biomass are bio-methanol, bioethanol 
and synthetic gasoline from synthesis gas with Fischer-
Tropsch-synthesis. Fuels produced partially from bio ori-
gin materials are the methyl-ethers (MTBE, TAME, etc) 
and ethyl-ethers (ETBE, TAEE, etc.). As for methyl-ethers 
and ethyl-ethers the proportion of bio origin materials is 
ca. 35–45 %. Producing bioethanol can be a process e.g. 
fermentation from sugar, fermentation of hydrolyzed amy-
lum or fermentation of specially prepared and hydrolyzed 
cellulose (Hancsók et al., 2006b).

For propelling Diesel-engines – beside the conventional 
fuels – biomass derived fuels are also available. These 
include biodiesels (Fatty-Acid-Methyl-Esters from differ-
ent stock), other oxygen containing compounds (e.g. eth-
anol, dimethyl-ether), furthermore the new generation 
of biodiesel like mixture of n- and i-paraffines produced 
from vegetable's triglycerides, synthetic diesel (mixture of 
synthetic n- and i-paraffines, Fischer-Tropsch-diesel) and 
bio-paraffines manufactured from carbohydrate. Among 
these fuels there are some which can be used in a pure 
form in Diesel-engine e.g. biodiesel, dimethyl-ether and 
there are some which is appropriate only as a blending 
component for example ethanol without any modification 
of the engine. Biodiesels are produced in a way, where 
the vegetable's tri-glycerides are modified into a form 
with less molecule scale and the average molecule mass is 
also less. It is a goal as well that the product would be low 
unsaturated. The widely used technologies are as follows: 

• catalytic esterification of triglycerides with alcohols;
• hydrogenation of triglycerides with different depths 

(Hancsók et al., 2006a).

3.1 Air pollution effect of biofuels from the first 
generation
3.1.1 The bioethanol
The effects of blending bioethanol in gasoline on vehicle 
emissions have been investigated in numerous on engine 
and in vehicle fleet as well. Based on these evaluations, 
it can be concluded that the evolution of the emission of 
pollutants (carbon-monoxide, hydro-carbons, nitrogen-ox-
ides) is mainly influenced by the engine design and com-
bustion process. It cannot be clearly stated that blending 
ethanol always results in a reduction in CO and HC emis-
sions and an increase in nitrogen-oxide emissions. 

There is a significant difference regarding emission 
between e.g. older cars equipped with carburetors and 
advanced vehicles equipped with electronically controlled 
injection system. Engines with carburetor do not adapt 
to the lower stoichiometric air/gasoline ratio of the etha-
nol-gasoline blend, which results in the mixture becoming 
poorer, which means that more oxygen is sucked into the 
combustion chamber compared to the operation with pure 
gasoline. It slightly improves the combustion of hydrocar-
bons, but mainly promotes the oxidation of carbon mon-
oxide. Of course, it does not matter whether the vehicle 
is equipped with catalytic converter or not. The test pro-
cedure also significantly determines the emissions of an 
engine or vehicle. Therefore, it is only appropriate to talk 
about trends in connection with emissions emitted by an 
engine or vehicle. In general, engines with advanced elec-
tronic control vehicles have 5–30 % less hydrocarbon and 
carbon monoxide emissions when blending 10–20 V/V % 
ethanol in gasoline. However, nitrogen-oxide emissions 
are generally 10–40 % higher may be because of better 
combustion resulting in higher flame temperatures, which 
favors the formation of nitrogen oxides. It is important 
to note the emission of acetaldehyde, which is extremely 
harmful to human health, is clearly increased in any 
engine type using ethanol and that ethanol is present in the 
exhaust gas in measurable quantities. One of the import-
ant goals of the use of bio-based components is to reduce 
greenhouse gas emissions (CO2, N2O, etc.) throughout the 
whole life cycle of the fuel. Greenhouse gas emissions 
during of a fuel’s life cycle depend on many factors, for 
example, on the type of basic material, on the type of pro-
duction technology, the ethanol content of gasoline as well 
as on the type of vehicle, etc. According to recent reports 
using bioethanol from maize can reduce greenhouse gas 
emissions by 18–29 % compared to conventional motor 
gasoline with the same energy content when used in the 
form of E10 (Hancsók et al., 2006b).
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3.1.2 The biodiesel
RME, which is the most widely produced and used in 

the European Union, can reduce GHG emissions by up to 
50 %. Blending biodiesel into diesel can have a detrimental 
effect on NOx emissions and can have a positive impact on 
emission of particulates, HC and CO. For newer vehicles, 
particle emissions from the B100 can be reduced by almost 
75 %, while NOx emissions can increase by up to 30 % 
compared to biodiesel-free diesel (Hancsók et al., 2006a).

4 Biofuels of second generation (synthetic fuels)
4.1 Introduction and ICE relevant properties
Second-generation synthetic biofuels are pure, high-qual-
ity fuels made from a variety of raw materials. One pos-
sible solution is to produce it from lignocellulose-based 
biomass, which allows the use of lower-cost inedible raw 
materials, thus limiting direct food fuel competition. 
Second generation fuels can be classified in terms of the 
process of converting biomass to fuel. Accordingly, there 
is a biochemical and thermochemical conversion process. 
Ethanol or butanol of second generation are produced by 
a biochemical process. Second generation's biofuels pro-
duced by thermochemical processes are less well known 
because they have no first-generation "equivalent" fuel. 
There are many second-generation biofuels produced by 
thermochemical process that can be manufactured from 
ordinary fossil feedstock, have similar processes to those 
used to produce biofuels. Such biofuels include methanol, 
Fischer-Tropsch liquid, and dimethyl ether. Blended alco-
hols can also be produced from fossil fuels, but this pro-
cess is not yet widespread due to the immaturity of the 
technical solution. Unrefined fuels such as pyrolysis oils 
are produced by thermochemical processes in such a way 
that they do not require any further treatment and refining 
before use in engines. Fig. 1 shows the potential for the 
production of second generation's biofuels (Larson, 2008).

Regardless of the raw material used, the following can 
be said for all synthetic biofuels:

• sulfur-free, low-aromatic, odourless, colourless liquid 
fuel;

• it allows for a significant reduction in regulated 
and unregulated exhaust components from vehicles 
(NOx, SOx, PM, VOC, CO, HC, CO2);

• contributes to the replacement of fossil crude oil, 
improves diversification opportunities and contrib-
utes to security of energy supply;

• can be used in existing fuel infrastructures;
• can be used in existing engines;
• enables the development of a new generation of 

internal combustion engine technologies to improve 
engine efficiency and reduce pollutant emissions;

• easily degradable and non-toxic to organisms 
(Paraffinic fuels for Europe, 2017). 

Advantageous properties of synthetic fuels are shown 
in Fig. 2. Synthetic biofuels also have many advantages 
compared to fossil fuels and first generation biofuels. 
Table 1 summarizes the data for the different fuels from 
four relevant technical point of view.

4.1.1 Parameters of Nesteoil NExBTL biofuel
The NExBTL biodiesel is a mixture of normal and iso-par-
affines. Its features are comparable to the best premium 
fossil diesel fuel available today. When added to fossil, 
the NExBTL component improves the diesel's quality. 
The NExBTL biodiesel is compatible with existing vehi-
cle fleet and fuel delivery system and blending into diesel 
is technically easy. The chemical structure of NExBTL 
and most GTL fuels is different from that of the currently 
well-known biodiesel (FAME). The long-chain methyl 
ester of FAME fatty acids, which contains oxygen in the 
ester group, while NExBTL hydrocarbon-based biodiesel 
does not contain oxygen.

Fig. 1 Possibilities for the production of second generation fuels 
(Larson, 2008)

Fig. 2 Advantages of second generation synthetic fuels  
(Vidal Quadras, 2010)
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The NExBTL fuel does not contain sulphur, oxygen, 
nitrogen and aromatics. The cetane number is very high 
approximately 90. Cold temperatures (turbidity point) 
can be set by the factory to be between -5 °C and -30 °C 
in order to meet different environmental conditions. The 
lubricity of NExBTL biodiesel can be easily improved 
with the amount of additives used today for conventional 
sulfur-free diesel oil. The NExBTL complies with both 
the related European Standard (European Committee 
For Standardization, 2005) and the Specification 4 of the 
WWFC. Table 2 shows the NExBTL fuel characteristics 
compared to other fuels. Based on Table 1, the follow-
ing can be stated regarding the fuel's ICE relevant prop-
erties: its lower density compared to conventional diesel 
gives better sprayability and easier transport. The signifi-
cantly higher cetane number improves the inflammatory 
property, which can become a disadvantage after a certain 
point. The cloud point is significantly lower than that of 
other fuels. Its heating value is approximately the same 
as conventional diesel, which means that the fuel-powered 
engine has similar power and fuel consumption. It does 
not contain PAHs, oxygen and sulphur, which can signifi-
cantly reduce pollutant emissions like soot and particle 
(Rantanen et al., 2005).

4.2 Introduction of properties regarding pollutant 
emission
The use of synthetic fuels in internal combustion engines 
reduces pollutant emissions, contributing to better air 
quality, especially in urban environments. Fig. 3 shows 
the emissions of different pollutants based on data obtained 
from a comparison of fossil diesel and synthetic motor 
fuels. Road tests with synthetic fuels in several European 
countries show, that these propellants significantly improve 
local air quality through reduced emissions of air pollutants 

(particulate matter, nitrogen-oxides, carbon-monoxide and 
hydrocarbons). Using synthetic fuel, PM reduction can be 
achieved as shown in Fig. 4. If the engine is optimized NOx 
reduction can be achieved. 

The test, the results of which are shown in Fig. 3, has 
been conducted with a EURO 4 Toyota car without exhaust 
after-treatment system. The comparison test series was 
based on the type-approval test procedure with differ-
ent types of biofuels. Results show the two most typical 
exhaust gas components for the Diesel-engine, PM and NOx 
(Gray Field: Diesel Fuel, Normal Engine; Light Blue Field: 
GTL Fuel Normal Engine; Dark Blue Field: GTL Fuel, 
Optimized Engine) (Vidal Quadras, 2010).

Table 1 Comparison of some ICE relevant properties of possible Diesel-
engine fuel (Vidal Quadras, 2010)

Diesel
(EN 590)

FAME (EN 
14214, max. 
7 V/V % in 

EN 590)

Sysnthetic 
fuels (SF) 

(CEN CAW 
15940)

SF as 
alternative 
to diesel

Sulfur 
content

< 10 m/m 
ppm

< 10 m/m 
ppm

< 1 m/m 
ppm ++

Aromatics < 11 m/m % n.a. < 0.1 m/m % ++

Cetane 
number > 51 > 51 > 70 ++

Oxidation 
stability ++ - ++ ++

Table 2 Properties of conventional, first and second generation Diesel-
engine fuels (Rantanen et al., 2005; Rimkus et al., 2015; European  

Committee For Standardization, 2005)

FUEL PROPERTIES NExBTL 
biodiesel

GTL 
diesel

FAME 
(RME)

EN 590 
/2005

Density at 15°C 
[kg/m3] 775 ÷ 785 770 ÷ 785 860 ÷ 900 820 ÷ 845

Viscosity at 40°C 
[mm2/s] 2.9 ÷ 3.5 3.2 ÷ 4.5 3.5 ÷ 5 2 ÷ 4.5

Cetane number 84 ÷ 99 73 ÷ 81 > 51 > 51

Distillation 10 vol% 
[°C] 260 ÷ 270 ~ 260 ~ 340 ~ 200

Distillation 90 vol% 
[°C] 295 ÷ 300 325 ÷ 330 ~ 355 ~ 350

Cloud point [°C] -5 ÷ -30 0 ÷ -25 ~ -5 ~ -5

Lower heating value 
[MJ/kg] ~ 44 ~ 43 ~ 38 ~ 43

Lower heating value 
[MJ/litres] ~ 34 ~ 34 ~ 34 ~ 36

Polyaromatics [wt%] 0 0 0 < 11

Oxygen [wt%] 0 0 ~ 11 0

Sulfur [mg/kg] ~ 0 < 10 < 10 < 10

Fig. 3 Reduction of emissions from the most important components 
through the use of second generation fuel (Vidal Quadras, 2010)



16|Szabados et al.
Period. Polytech. Transp. Eng., 50(1), pp. 11–22, 2022 

4.3 Greenhouse gas emissions
The environmental characteristics of conventional and 
synthetic fuel technologies were established by Well-To-
Wheel based life cycle analysis. Studies show that GTL's 
total process' greenhouse gas emissions are comparable 
to those of a conventional refinery system. HVO shows a 
40–80 % reduction over conventional fuel. Regarding the 
refinery system, BTL represents 80–90 % pure improve-
ment. Combined engine development and synthetic fuel 
technologies will lead to significant CO2 reductions (Vidal 
Quadras, 2010). These statements can be seen in Fig. 5.

5 Third generation biofuels (hydrogen, methane)
5.1 Introduction of ICE relevant properties
5.1.1 Hydrogen
The hydrogen-internal combustion engine process is 
based on the process of conventional internal combustion 
engines (most often by the Otto process), however, some 
conversation has to be carried out in the mixture formation 
in order that the system be able to operate with hydrogen 
itself or for dual-mode operation. Thus, they can operate 
with hydrogen or with hydrogen-containing gases (hydro-
gen-natural gas). Although most research work focusing 

on hydrogen-based fuel cell power generation concept but 
hydrogen-powered internal combustion engines are also 
seen as a competitive, good alternative. The use of hydro-
gen engines makes it possible to use current production 
lines in the automotive industry as well as applications 
common in the vehicles. The properties of hydrogen are 
fundamentally different from those of fuels used in inter-
nal combustion engines for the time being. The gas state 
at ambient temperature is the most striking, but by no 
means the biggest difference against gasoline and diesel 
(Eichlseder and Klell, 2010). Table 3 compares the prop-
erties of hydrogen with respect to its use in an internal 
combustion engine to conventional fuels. Unlike the high 
energy content of hydrogen in mass (Hu = 120 MJ/kg), the 
calorific value per unit volume of hydrogen-air mixture 
(MJ/m3) is very low. Under real operating conditions, the 
volume-to-volume calorific value of the hydrogen-air mix-
ture is significantly lower than that of a conventional fuel 
blend. The wide ignition limits of hydrogen allow qual-
ity control over the entire operating range of the engine. 
One significant difference from conventional fuels is that 
the hydrogen-air homogeneous mixture can theoretically 
be burned up to λ = 10 using conventional ignition tech-
nology. However, the required ignition energy, as with 
conventional fuels, increases with increasing air to fuel 
ratio. The ignition energy required to ignite a stoichiomet-
ric hydrogen-air mixture is less than one-tenth the energy 
required to ignite a gasoline-air mixture. In contrast, the 
hydrogen self-ignition temperature is significantly higher 
than that of conventional fuels. This can be an advantage 
in Otto-process applications for knock formation, but also 
requires higher compression ratios and other measures to 
increase the temperature when used in Diesel-engines. 
High laminar flame velocity enables hydrogen to produce 
extremely short and very efficient combustion times. Even 
in the poor mixture range, the laminar combustion rate is 
significantly higher than what can be achieved with con-
ventional fuels. However, due to rapid combustion and 
high pressure rise (high Δp/Δt), the crankshaft unit is 
heavily loaded and excited. Overall, due to the above-de-
scribed properties of hydrogen, it can be used as fuel for 
internal combustion engines. As for the ignition entry 
method we can distinguish the two different method so the 
external ignition and compression ignition in the case of 
hydrogen engines. Due to the relatively high auto-ignition 
temperature of hydrogen compared to diesel fuel, which 
is approximately 585°C, stable self-ignition operation can 
only be achieved with high compression ratio and partly 

Fig. 5 Reduction of GHG emissions by using second generation fuels 
(Vidal Quadras, 2010)

Fig. 4 Reduction in particle emissions through the use of second 
generation fuel (Vidal Quadras, 2010)



Szabados et al.
Period. Polytech. Transp. Eng., 50(1), pp. 11–22, 2022 |17

with additional air preheating. The current field of appli-
cation of H2-fueled internal combustion engines to drive 
a passenger car is no longer confined to the Otto-engine 
concept there was no lack of research and concepts in the 
past for hydrogen-powered passenger car diesel engines 
and two-stroke Otto-engines (Eichlseder and Klell, 2010).

5.1.2 Methane
The critical temperature for methane compared to other 
hydrocarbons used as fuel is very low at -82.5 °C, therefore, 
it cannot be pressurized at ambient temperature in a liquid 
state. Vehicle fuel storage is thus practically accomplished 
by high pressure compression (200–250 bar). Without high 
pressure compression, the calorific value of methane per 
unit volume is only about 1/1000th of the diesel, 0.036 MJ/
dm3 compared to 34.7 MJ/dm3 for diesel. Thus, using the 
usual 200 bar operating pressure, the density of meth-
ane at ambient pressure and temperature is 129.5 kg/m3 
instead of 0.7 kg/m3. A 100 litres high pressure cylinder 

can hold about 13 kg of natural gas with an energy con-
tent of approximately equivalent to 19–20 litres of die-
sel. By the way, this is a very important issue for the car 
operator (disadvantage), namely, the high storage volume 
requirement (about five times that of diesel) and the high 
weight (weight) of high-strength tanks due to high storage 
pressure (Eichlseder and Klell, 2010). The most important 
characteristics of methane are given in Table 4.

At ambient pressure, natural gas can be kept in a liquid 
state at 161.5°C. LNG is internationally designated by the 
English abbreviation. The use of LNG as a fuel requires 
special containers with a very good thermal isolation, 
which is also called cryogenic container, which is very 
expensive. A further disadvantage is the constant evap-
oration loss due to heat absorption due to imperfect heat 
isolation. The use of LNG as a fuel for heavy duty vehicles 
is mainly considered there, where the liquefied natural gas 
arrives at the place of use in liquid form, thus, no addi-
tional liquefaction costs are incurred. Methane has more 

Table 3 The most important ICE relevant properties of hydrogen and conventional fuel (Eichlseder and Klell, 2010)

ICE relevant property Measurement unit Gasoline Diesel Hydrogen

Density (liquid)1 kg/m3 750 ÷ 770 820 ÷ 845 70.8

at temperature °C 15 15 -253

Density (gas)1, 2 kg/m3 - - 0.09

Molmass kg/kmol ~ 98 ~ 190 2.016

Boiling point or - range1 °C 30 ÷ 190 210 ÷ 355 252.8

Stoichiometric kgair/kgfuel 14 14.7 34.2

air demand Vol% - - 29.5

Lower heating value MJ / kg 41.4 42.9 150

Energydensity
liquid1

MJ/dm3
31.7 35.8 8.5

gas - - 3.06)

Heating value of mixture1, 2, 4 MJ/dm3

 3.76 - 3.19
mixture intake

Heating value of mixture1, 2, 4

MJ/dm3 3.83 3.77 4.52
air intake

Ignition limits1, 3, 5 Volume% 1 ÷ 7.6 0.6 ÷ 5.5 4 ÷ 76

 λ-range 1.4 ÷ 0.4 1.35 ÷ 0.48 10 ÷ 0.13

Auto-ignition temperature1, 5 °C 230 ÷ 450 250 585

Minimal ignition energy4, 5 mJ 0.24 0.24 0.17

Laminar flame velocity1, 3, 4, 5 cm / s ~ 40 ~ 40 ~ 230

ROZ - 100 - -

MZ - 88 - 0

CZ - - 52 ÷ 54 -

C content w% 85.6 86.1 0

H content w% 12.2 13.9 100

O content w% 2.2 0 0
1) at pressure 1.013 bar; 2) at temperature 0 °C; 3) at 25 °C; 4) at λ = 1; 5) in air; 6) at pressure 250 bar and temperature 280 K
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or less the same engine relevant properties as petrol and 
thus it is primarily used as an alternative fuel to gasoline 
(Eichlseder amd Klell, 2010).

In the case of Diesel-engines, the following three solu-
tions can be considered for the use of methane: 

a) Conversion of a Diesel-engine over for operation 
with clean natural gas, which can be achieved by "convert-
ing" the Diesel-engine into an Otto-engine (spark ignition 
engine). This requires significant structural intervention 
(modification of piston, cylinder head, reduction of com-
pression ratio, installation of ignition / ignition system).

b) Engines converted to pure natural gas at the factory. 
In this case, serial methane engines are made from serial 
Diesel-engines.

c) Conversion of diesel engines to dual fuel operation. 
Ignition of the gas / air mixture is provided by the injec-
tion diesel as a "torch". In this case, there are two basic 
solutions:

• Application of a central gas inlet system when the 
gas/air mixture is created by means of a throttle/
mixing unit integrated in the suction system; 

• In electrically controlled systems, natural gas is 
introduced separately per cylinder.

The most important elements of the engine's natural gas 
supply system are as follows:

• High-pressure tanks and their fasteners for the stor-
age of compressed natural gas;

• Piping system for the supply of high pressure gas to 
the engine and for refueling, and manual, electrical 
and safety valves;

• Natural gas engine consisting of pressure reducers 
and pressure regulators;

• Gas supply / mixing units, which can be either so called 
Venturi-throat or electronic injection valves;

• Catalyst, which can be a simple oxidation one or 
a 3-way catalyst for engines with electronically con-
trolled injection system (Kiss, 2015).

Table 4 The most important ICE relevant properties of methane and conventional fuels (Eichlseder and Klell, 2010)

ICE relevant property Measurement unit Gasoline Diesel Methane

Density (liquid)1 kg/m3 750 ÷ 770 820 ÷ 845 423

at temperature °C 15 15 -162

Density (gas)1, 2 kg/m3 - - 0.716

Molmass kg/kmol ~ 98 ~ 190 16.043

Boiling point or - range1 °C 30 ÷ 190 210 ÷ 355 -161.5

Stoichiometric kgair/kgfuel 14 14.7 17.2

air demand Vol% - - 9.5

Lower heating value MJ/kg 41.4 42.9 50

Energydensity
liquid1

MJ/dm3
31.7 35.8 21

gas - - 12.66)

Heating value of mixture1, 2, 4 MJ/dm3

 3.76 -
3.4

mixture intake

Heating value of mixture1, 2, 4

MJ/dm3 3.83 3.77
3.76

air intake

Ignition limits1, 3, 5 Volume% 1 ÷ 7.6 0.6 ÷ 5.5 4.4 ÷ 15

 λ-range 1.4 ÷ 0.4 1.35 ÷ 0.48 2.28 ÷ 0.6

Auto-ignition temperature1, 5 °C 230 ÷ 450 250 595

Minimal ignition energy4, 5 mJ 0.24 0.24 0.29

Laminar flame velocity1, 3, 4, 5 cm / s ~ 40 ~ 40 ~ 42

ROZ - 100 - 130

MZ - 88 - 100

CZ - - 52 ÷ 54 -

C content w% 85.6 86.1 74.9

H content w% 12.2 13.9 25.1

O content w% 2.2 0 0
1) at pressure 1.013 bar; 2) at temperature 0 °C; 3) at 25 °C; 4) at λ = 1; 5) in air; 6) at pressure 250 bar and temperature 280 K
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5.2 Properties regarding pollutant-emission
Hydrogen can be treated as a unique one because it is 
hydrocarbon-free material, which also means that it allows 
theoretically a combustion without the formation of CO, 
CO2, and CH. However, in real engine operation, due to 
the presence of lubricating oil in the combustion cham-
ber, these pollutants are slightly present in the exhaust 
gas. When operating with hydrogen, only nitrogen-oxides 
should be considered as a relevant emission component. 
In order to enable a jerk-free, smooth switching between 
the two modes engine power with petrol has to be equiv-
alent to the power running on hydrogen. This is achieved 
by electronic engine control. Emission values with 
hydrogen operation are lower during the various driving 
cycles. Emission values with hydrogen below 2 % against 
EURO 4 and also against US SULEV (Super Ultra Low 
Emission Vehicle) limits. Nitrogen-oxides alone is signif-
icant, which has a value approximately 30 % compared to 
the emission limit. Further reduction of nitrogen-oxides 
to 10 % of the limit is possible with monovalent hydro-
gen operation (Eichlseder and Klell, 2010). Fig. 6 shows 
the emission values recorded during the various driving 
cycles in relation to the limit values.

6 Comparison and evaluation of different generation 
fuels based on their presented characteristics
From point of view of using in internal combustion 
engines the first-generation biofuels approximate the 
important properties of fossil fuels, however, some of their 
properties are disadvantageous. Bioethanol has a signifi-
cantly higher evaporative heat, which makes cold starting 
difficult. Due to the higher density and viscosity of bio-
diesel, it has a detrimental effect on the atomization and 
hence on the quality of combustion. They have oxygen in 
their molecular-structure thereby they may improve the 
combustion and reducing pollutant emissions. The phys-
ical-chemical properties of second-generation biofuels 
are closer to those of fossils. Regarding some properties 
e.g. density, inflammation tendency can be even better 
than that of conventional fossil-origin fuels. They are sig-
nificantly better than those of the first generation.

Because of their different composition, they do not con-
tain or contain only small amounts of certain substances, 
e.g. oxygen, sulphur, nitrogen, aromatic hydrocarbons, 
that is because their use significantly reduces the pollut-
ant components of the exhaust gas. For first-generation 
bio-materials, the individual components are e.g. total HC 
decreases, but within this, aldehyde emissions increase. 

Biofuels differ in their energy content from one genera-
tion to another. The specific energy content of first-gen-
eration fuels is less – but not so much – so close to that of 
fossils, while the second-generation fuels are nearly the 
same as conventional ones. Synthetic fuels do not contain 
or contain some components, e.g. aromatics which reduce 
the particle emissions during their use. Because of the 
oxygen bounded in the molecules of first generation fuels, 
they may burn resulting in less hydrocarbons, particu-
lates and carbon monoxide, while increasing emissions of 
nitrogen-oxides. Hydrogen and methane are at a signifi-
cant disadvantage in terms of volume specific energy con-
tent. Their disadvantages due to their gaseous state can 
be reduced by compression, which, in turn, requires com-
plex, expensive systems that the vehicle carries. In case 
of the internal combustion engines, there can be taken a 
general statement exactly the amount of pollutants is in 
correlation with fuel consumption of the engine and the 
composition of the exhaust gas depending on the composi-
tion of the fuel. Hence, hydrogen and methane are the most 
environmentally friendly fuel.

7 Summary, outlook
In this article, the internal combustion engine relevant 
physical-chemical properties of the first, second and third 
generation bio-derived fuels and their emission during 
combustion have been introduced and analyzed. 

The first generation bioethanol and biodiesel have dif-
ferent physical-chemical properties than conventional  
gasoline and diesel have. At present, their widespread 
slight mixing does not cause disadvantage regarding driv-
ing dynamic and fuel consumption. They may be benefi-
cial in terms of emissions because of the oxygen in their 
molecular structure.

Fig. 6 Emission values measured over different the driving cycles 
(Eichlseder and Klell, 2010)
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The properties of synthetic (second generation) biofuels 
are closer or better in some cases than their fossil counter-
parts, therefore, their mixing to fossil fuel or even using in a 
pure form do not have the disadvantages which can appear 
by fuels of first generation. They also differ in their compo-
sition, and do not contain certain components (e.g. sulfur, 
aromatics) that result in lower emissions due to their use.

Third-generation methane and hydrogen have provided 
the most significant environmental benefits. They can be 
used as fuel for internal combustion engines in terms of 
physical-chemical properties but this requires significant 
additional infrastructure on the vehicle, which makes it dif-
ficult to spread. Although they operate in certain countries 
e.g. Italy has a significant number of gas vehicles, however, 
the use of liquid fuels is dominant actually worldwide.

Using of biofuels can be a solution for reduction of CO2 
emission if this is possible from point of view of blend- 
ing rate and specific fuel consumption of an engine. 
Blending rate to fossil fuels is in a low level nowadays, 
which means that with the same level in increasing of fuel 
consumption they are not counted as CO2 reducer any 
more. This situation seems to be true for all the biofuels 
which have inherent oxygen which reduces the heating 
value of the fuel. And this is only an evaluation regarding 
tank-to-wheel level.

As for air pollution comes from engines running on bio-
fuel biofuels can have advantages regarding certain com-
ponents like CO, HC, they decrease generally while using 
biofuel. Other emission-components for example nitro-
gen-oxides and particulate mass may increase or change-
able in engines running on biofuels compared to conven-
tional fossil derived diesel.

The vision of the authors can be summarized with 
regards to using biofuels as follows: First-generation fuels 
are expensive components, they are not supported by auto-
makers for their high blending rate into today's state-of-
the-art engines. The reason for their use in terms of their 
physical-chemical properties and emissions is not smash-
ing. The use of synthetic fuels in two of the aspects exam-
ined is more justified and their cost-effective production 
also improves their perception. There is currently a learn-
ing process in manufacturing technology with low market 
penetration. Hydrogen and methane are considered third 
generation when produced on a renewable basis. Gas tech-
nology can be a good basis for hydrogen. However, the use 
of hydrogen as a fuel for internal combustion engines is 
highly unlikely due to expensive technology that is still 

immature. Biofuels of 4th generation have been studying 
from production technology point of view and hardly from 
utilization point of view.

There is a multidirectional search of way in connec-
tion with biofuels. Probably will not be one kind of mate-
rial that can spread, but the fuel divergence will further 
expand. The spread of any one will not be significantly 
influenced by its usability in the engines or the reduction 
of the environmental load it achieves, but by other, more 
important, factors already mentioned, such as energy 
security, long-term preservation of fossil fuels, or fuel 
diversification.
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Nomenclature
ICE Internal Combustion Engine; 
EU European Union; 
CO Carbon-Monoxide; 
HC Hydrogen-Carbon; 
CO2 Carbon-Dioxide; 
MTBE Methyl Tert-Butyl Ether; 
TAME Tert-Amyl Methyl Ether; 
ETBE Ethyl-Tert-Butyl-Ether; 
TAEE Tert-Amyl-Ethyl-Ether; 
N2O Nitrous-Oxide; 
E10 Fuel with 10 V/V % ethanol content; 
RME Rapeseed Fatty Acid Methyl Ester; 
GHG Greenhouse Gas; 
NOx Nitrogen-oxides; 
B100 Fuel with 100 V/V % biodiesel content; 
FTL Fischer-Tropsch liquid; 
DME Dimethyl-ether; 
SOx Sulphur-oxides; 
PM Particulate Matter; 
VOC Volatile Organic Compounds; 
FAME Fatty-Acid-Methyl-Ether; 
GTL Gas-To-Liquid; 
EN European Norm; 
CEN European Committee for Standardisation; 
WWFC WorldWide Fuel Charter; 
PAH Polycyclic Aromatic Hydrocarbon; 
NEDC New European Driving Cycle; 
HVO Hydrotreated Vegetable Oil; 
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BTL Biomass-To-Liquid; 
ROZ Research Octane Number; 
MZ Engine Octane Number; 
CZ Cetane Number; 
λ air to fuel ratio; 
C Carbon; 
H Hydrogen; 

O Oxygen; 
LNG Liquified Natural Gas; 
US SULEV United States Super Ultra Low Emission 

Vehicle; 
NMOG Non-Methane Organic Gas; 
km kilometre; 
mi mile;
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