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1. Introduction 
 

Atmospheric concentrations of CO2 have been 
steadily rising since systematic measurements began, 

increasing from 320 ppm in 1958 to the present value of 

425 ppm (ref.1), presumably due to fossil fuel (FF) 
consumption. FF burning also contributes to the formation 

of smog ‒ a complex mixture of solid particulates and 

gaseous pollutants including ozone, sulfur and nitrogen 

oxides, and a plethora of organic compounds. Smog is the 
source of many health problems2,3. Both phenomena pose 

significant environmental and societal challenges to 

modern society. Efforts to address these issues stem from 

concerns over the finite nature of FF reserves and the 
geopolitical risks associated with reliance on fossil fuel-

exporting nations. Global initiatives such as the Paris 

Agreement (2015) and the European Green Deal (2019) 
aim to reduce dependence on FF and their associated 

emissions by increasing the use of renewable energy. The 

European Green Deal specifically seeks to make the EU 

climate-neutral by 2050 through a gradual reduction in 
emissions. Particularly significant is the EU energy sector, 

which is undergoing dramatic changes, including the 

expansion of solar and wind energy and the decline of 
coal. 

Setting a goal is one thing; determining the path to 

achieve it is another, much more challenging endeavor. 

Careful analysis must precede the determination of the 
optimal course of action. When choosing a path to 

a carbon-neutral economy, it is crucial to rely on facts and 
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assess which measures are effective4 and which, despite 

significant resource investment, may have limited impact. 
As noted5, “Wider discussions about future energy 

technologies often focus on questions of what is 

technically possible, rather than on the costs associated 

with a technology. This is often misleading, as in many 

historical cases, costs were key, not the technical 
properties.”  

One such analysis was published in the journal 

Science6 by a group of U.S. experts representing 36 

institutions, including universities, government 
laboratories, private energy consultancies, and think tanks. 

The authors concluded that decarbonization will be 

particularly challenging in sectors such as steel and 
cement production, aviation, and long-distance transport. 

The International Energy Agency reached similar 

conclusions7. 

Global steel production, currently based on the 
reduction of iron oxides by carbon (which produces CO2), 

is now concentrated in Asia, with China alone accounting 

for more than 50%, while Europe's share has slightly 
declined to approximately 7% (ref.8). The path to 

a sustainable future is being led by the World Steel 

Association through its Climate Action Initiative8. 

However, replacing carbon with alternatives such as 
hydrogen remains challenging, and carbon capture 

technologies are expected to play a significant role in 

reducing CO2 emissions. In this context, a promising 
recent study9,10 reporting significant reduction CO2 capture 

costs compared to currently used alkanolamine 

technologies. Authors report over 99% CO2 removal 

efficiency under a 400 ppm CO2 flow system using 
diamines bearing an aminocyclohexyl group, achieved by 

phase separation between a liquid amine and solid 

carbamic acid resulting from CO2 capture. Diamines can 
be regenerated at relatively low temperatures; released 

concentrated CO2 is a valuable input for a number of 

applications.  

The situation is even more critical in cement 
production, where 60% of CO2 emissions result from 

limestone decomposition ‒ a process that cannot be 

avoided ‒ while the remaining 40% corresponds to the 
energy necessary for heating of limestone to reach 

decomposition temperature. The Global Cement and 

Concrete Association has announced a Roadmap for Net 

Zero Concrete11. It is important to note that increased 
production of steel and cement is essential for 

decarbonization efforts in energy production and 

transportation (e.g., new dams, nuclear and wind power 
stations, and pipelines) as well as in other sectors. 

Progress in decarbonizing industry and other sectors 

depends on obtaining energy from low-carbon or 

renewable sources. Some countries have sufficient 
resources from nuclear power, others from hydropower, or 

from combination of both12. In other countries, 

decarbonization is currently focused mainly on wind and 
solar energy. Unfortunately, locations favorable for stable 

wind energy production are scarce, as shown by a Global 

Wind Atlas produced by the Technical University of 

Denmark (DTU)13. One such location is Chile, where 
an e-fuels (i.e. a type of synthetic fuel that is produced 

from renewable energy sources) pilot plant (based on 

water hydrolysis) was recently opened14. In Europe, the 

situation is less favorable, e.g., in Germany, wind farms 
can only operate without subsidies in the northern parts of 

the country; in Bavaria, as in the Czech Republic, 

operation without subsidies is not viable. 

Similarly, solar energy can only be produced year-
round only in certain areas, as shown by another DTU 

project15. Ambitious projects are planned to import solar 

electricity from Western Sahara to Great Britain16 and 
solar-based hydrogen from Tunisia to Germany17. Any 

long-distance energy transportation is however not free of 

problems; losses in underwater cable from Western Sahara 
are admitted to be 13 percent and price of the underground 

electric connection of northern windy part of the country 

with industries in southern Germany18 (which began 

construction in 2024) is comparable to that of a nuclear 
reactor. 

Regarding hydrogen transport using existing 

pipelines, the issue of steel embrittlement is not 
considered problematic in Germany19, but other countries, 

such as Australia20,21 and the USA22, are more cautious. 

Hydrogen storage also presents challenges23,24. 

Finally, it is worth mentioning developments in the 
US and China. Both countries are experiencing a boom in 

renewables. However, in terms of capacity, 

decarbonization in the US is primarily represented by the 
replacement of coal-fired power plants with gas-fired 

plants sourced domestically. In China, the rapid 

development of renewables is accompanied by the 

massive construction of coal-fired power plants, which 
China has announced it will phase out in the 2060s (ref.25). 

 

 

2. CO2 Emissions from Transport 
 

The EU and UK account for around 8% of global 

greenhouse gas emissions. As shown in Figure 1, transport 
is responsible for about 20% of global emissions (25% of 

EU emissions, i.e., 2% of global emissions). In the 

transportation sector, the Green Deal strategy aims to 
phase out the sale of ICE (Internal Combustion Engine) 

passenger cars in the EU by 2035, with a planned 

economic impact assessment in 2026 to adjust interim 

targets. 
In efforts to reduce transport-related emissions, one 

important and often underemphasized aspect highlighted 

by the authors of the Science study6 is the energy density 

(the amount of energy stored in a given volume or mass of 
a system) of respective energy sources (see Figure 2). It is 

clear that, without a technical breakthrough, liquid fuels 

can hardly be replaced in applications requiring high-
power power with a preferably low weight of the power 

unit and energy storage (e.g., agriculture, forestry, 

construction, and mining, as well as long-distance road 
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transport, aviation and shipping) and in cases where 

functionality cannot be compromised (e.g., emergency 

services and military operations). This suggests that 
decarbonization in the transport sector will be easier in 

some areas and harder in others. 

The challenges faced in aviation and maritime 
shipping differ significantly from those in terrestrial 

transport and are beyond the scope of this paper. Those 

interested can find more details in reports by the 
International Air Transport Association26 and the 

International Maritime Organization27. These sectors 

account for approximately 8% and 15% of global transport 

emissions. This paper will focus on terrestrial transport, 
which has traditionally relied on petrol and diesel fuels 

and is responsible for the majority of CO2 and smog 

pollution.  
Conventional FF are derived mainly from crude oil or 

natural gas processing. Despite their well-established 

technological infrastructure, these fuels exhibit significant 

shortcomings, including dependence on long-distance fuel 
transport, reliance on crude oil and gas-exporting 

countries, and CO2 emissions. 

In transportation, battery electric vehicles (BEV) and 
hydrogen fuel cell electric vehicles (FCEV) have emerged 

as prominent emission-reduction contenders5,28. 

BEV appear to be the optimal solution for urban 

passenger transport, which in many cities contributes to 
high concentrations of health-threatening smog3. For long-

distance passenger transport, the primary limitation is the 

lack of infrastructure for battery charging. Additionally, 
the end of subsidies in several European countries has led 

to stagnating sales of BEV and plug-in hybrids in the EU, 

while sales of hybrid cars (HEV) with energy recovery are 

increasing29. The combustion engine is used in both series 
and parallel connection with the electric motor-generator, 

and the combustion engine can also directly recharge the 

battery. To conclude the discussion of BEVs, it should be 
noted that it is clear from Figure 2 that BEV are not 

suitable for heavy-duty applications due to the low energy 

density of the batteries (e.g., for a BEV truck to be 

competitive with its diesel counterpart over long distances, 
it would need a 7-ton battery). High-capacity batteries also 

require high power for fast charging, necessary during 

longer journeys. 

Fig. 1. Distribution of carbon dioxide emissions in 2022 
worldwide: a) by sector; b) from transport by economic 
region; c) from transport in the EU by subsector (data 
sources: ec.europa.eu/eurostat, www.ourworldindata.org, 
www.statista.com, accessed in November 2024) 

Fig. 2. Energy density of liquid and gaseous fuels and batteries 
(adapted from Davis et al.6) 
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Beyond low energy density, other constraints 

associated with BEV include increased raw material 
consumption in their production. As stated by 

Commissioner Breton30, “demand for lithium is expected 

to increase 15-fold by 2030 and for cobalt and natural 

graphite four-fold. We cannot replace one dependency, on 

fossil fuels, by another, on raw materials”. Moreover, 
significant investments would be needed to strengthen the 

electricity grid and develop charging station infrastructure. 

BEV can only be considered environmentally clean if 
sufficient clean electricity is available to charge their 

batteries. The financial costs and time required to achieve 

these sub-objectives are difficult to estimate. In addition, 

when comparing traditional and electric vehicles, a “tank-
to-wheel” analysis is sometimes used, which does not take 

into account either the losses in electricity generation and 

distribution or the indirect costs included only in the “life 

cycle analysis”31. 
Alongside BEV, hydrogen is the favored fuel in the 

form of fuel-cell electrical vehicles (FCEV), which seems 

logical given its higher energy density (in comparison 

with BEV) and zero emissions. Hydrogen-based transport 
could therefore have potential, but in practice it is not very 

widespread5 for several reasons. The main obstacles are 

the high cost of fuel cells and the lack of infrastructure (in 
the Czech Republic, hydrogen cars can currently be 

recharged at only two locations) and the question of 

whether enough hydrogen, which is currently produced 

almost exclusively from fossil source (natural gas), will be 
available. The use of hydrogen in land transport will 

compete with its industrial applications. For example, 

ammonia production alone consumes almost half of the 
world's hydrogen production of 97 Mt (ref.32). Despite 

these challenges, FCEV show long-term potential for both 

stationary and selected transportation applications. 

According to the International Energy Agency7, the total 
cost of ownership will favor FCEV over BEV for heavy-

duty transportation applications with ranges exceeding 

500 km. 
After evaluating emission-free types of propulsion, 

we are left with no choice but to focus on conventional 

diesel vehicles, despite being aware of their negative 

environmental impact. Following protests from farmers in 
2024, vehicles used in agriculture and forestry were 

exempted from these emission reduction targets by EU. 

Following protests from farmers in 2024, vehicles used in 
agriculture and forestry were exempted from these 

emission reduction targets by the EU. Additionally, heavy 

duty vehicles (HDV) designed and manufactured for use 

in national defense, including the armed forces, as well as 
track-laying vehicles, are also exempt from emission 

reduction requirements. HDV designed for use by civil 

protection, medical care, fire brigades, and similar 
services are likewise exempt. On the other hand, a 100% 

zero-emission target has been set for urban buses by 2035, 

with an interim target of 90% by 2030 for this category. 

The remaining sector to be discussed is heavy goods 

transport, which can be divided into short-haul and long-

haul transport for analysis.  
As shown in Figure 1, heavy-duty road freight 

accounts for nearly one-quarter of transport emissions in 

the EU (i.e., 0.5% of global emissions). In terms of tonne-

kilometres, freight journeys longer than 300 km account 
for 60% (with 19% for journeys longer than 1,000 km). 

There are approximately 6.5 million trucks operating in 

the EU, 96% of which run on diesel. Only 0.1% of trucks 
on EU roads are equipped with a low-emission 

powertrain33. It is worth noting that the situation is 

significantly different in China, which accounts for almost 

90% of global EV truck sales ‒ instead of increasing 
battery capacity, battery swapping, which takes only a few 

minutes compared to recharging, has been growing in 

popularity recently, but brings a number of additional 
problems with vehicle safety and logistics. The safety 

issues with the army fleet, where pure electric vehicles are 

not an option, cannot be also ignored. 

The planned fast chargers, with several megawatts 
per vehicle, will require new electrical grids, which will 

take a long time to approve and construct. In addition, 

a large number of skilled workers need to be concentrated 
in a short time. 

Considering the relatively small contribution of the 

EU’s long-distance freight transport to total emissions and 

the significant expenses associated with its 
decarbonization, it appears reasonable to focus on 

decarbonizing short-distance freight transport. For 

example, building charging networks in logistic hubs 
could save resources that can then be directed toward 

decarbonizing other sectors.  

According to a study published by the European 

Commission in 2020 (ref.34), the share of diesel ICE HDV 
is expected to decrease from approximately 99% in 2020 

to 78% in 2050. The remaining share is projected to 

comprise gaseous ICE HDV (18%), HDV with battery-
electric propulsion (3%), and HDV with fuel cell electric 

propulsion (1%). Another study published by the 

International Energy Agency7 predicts a 15% share of 

diesel ICE HDV by 2070, with battery-electric and fuel 
cell electric HDV making up approximately 30% and 

50%, respectively. 

Despite these predictions, the Council and the 
European Parliament’s negotiators followed their own 

path, reaching a provisional political agreement in 

February 2024 (ST-6539-2023-INIT) to tighten CO2 

emission standards for HDV (7.5 tons and above, 
including buses). The European Parliament voted in favor 

of the proposal in April 2024, prior to the European 

elections, with the effectiveness and impact of the 
measure set to be reviewed in 2027. 

Outside the EU (and to a lesser extent China and the 

US), global efforts to decarbonize HDV remain limited7. It 

is evident that, regardless of developments in the EU, 
HDV will continue to be used in the rest of the world for 

many decades to come7.  

https://data.consilium.europa.eu/doc/document/ST-6539-2023-INIT/en/pdf%26ved%3D2ahUKEwiqgd3h7IeFAxWDgv0HHVHyAg0QFnoECA8QAQ%26usg%3DAOvVaw3F6uxRHcC2MuvSx-7SDl87
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We would like to also mention the situation in the 

Czech Republic, which is quite unique ‒ DF consumption 
here is three times higher than petrol consumption for two 

main reasons. The location of the Czech Republic in the 

middle of Europe increases the volume of international 

freight transport. In addition to domestic freight traffic, 
which is almost exclusively diesel, there is also 

a considerable number of diesel-powered passenger cars. 

It is also important to mention that excise tax on 
diesel fuel sale is 9.95 CZK/L + 21% VAT. Combined 

total income from the petrol and diesel sales is over 100 

billion CZK/year35, which makes significant portion of 

Czechia budget. 
 

 

3. Alternative Fuels for Heavy Duty Vehicles 
 

Numerous studies have shown that alternative 

oxygenated diesel fuel (AODF) produced from renewable 
sources and with minimal environmental impact is 

a promising fuel additive/alternative36-40. AODF can serve 

as a bridge from FF to a carbon neutral future while 

reducing emissions such as soot and nitrogen oxides (NOx) 
at the expense of slightly lower energy density. They can 

be used alone or can be easily blended with existing fossil 

fuels to reduce overall emissions without the need for 
costly changes to existing engines or distribution 

networks41,42. 

It should be noted that research on alternative fuels 

has been going on for quite a long time, not only in 
Germany (project Kopernikus Power-to-X43) but also in 

other countries44‒48 . 

 
3.1. Established Alternative Fuels with Low or Zero 

Environmental Impact 
 

As a consequence of current constraints, non-fossil 

fuel alternatives with near-zero CO2 emissions are an 
integral and key part of both European (Directive (EU) 

2023/2413) and global efforts to reduce dependence on FF 

and minimize CO2 emissions. The principal advantage of 
these alternatives lies in the possibility of using well-

established technologies developed over more than 

a century, benefiting from existing infrastructure and 

expertise (the “drop-in” approach). 
Alternative fuels can categorize as follows:  

i) Biofuels of plant/animal origin.  

ii) Fuels obtained through the Fischer-Tropsch (FT) 
process.  

iii) Fuels derived from urban or industrial waste (slow 

pyrolysis, hydrothermal liquefaction, torrefaction 

etc.).  
The products usually have low nitrogen and sulfur 

content (especially in the first two cases), which extends 

the life of exhaust system catalysts and reduces the 
environmental burden. 

Biofuels are currently the most widely used, often as 

additives to conventional diesel fuels (e.g., fatty acid 

methyl esters (FAME). They are classified into first, 

second, third, and fourth generations, depending on the 
type of feedstock used49,50. 

First-generation biofuels are derived purely from 

food-based sources such as starch, cereal crops (especially 

rapeseed), vegetable oils, sugarcane, and animal fats from 
meat. This generation is predominantly produced with the 

help of microorganisms that ferment the feedstock 

(bioalcohols) or through processes such as trans-
esterification (e.g., FAME from rapeseed). 

Second-generation biofuels are produced from non-

food sources such as wood, straw, and the remaining parts 

of harvested crops after removing their edible portions. 
This generation also includes non-edible animal fats and 

oils. 

Third-generation biofuels are derived from specific 
oil-producing algae species, commonly referred to as algal 

biofuels51. While these biofuels are low-cost to produce, 

their production is limited in scale, and large-scale 

development remains in progress. 
 Fourth-generation biofuels are produced using 

advanced biochemical techniques in sophisticated 

laboratory facilities49. This generation is still experimental 
and requires additional time to reach commercial 

adoption. 

Particularly attractive oxygenated biofuels for diesel 

engines include alcohols with 4 to 8 carbons40,47,52‒55, 
including branched isomers of higher alcohols (e.g. 

isopentanol56). These alcohols not only possess 

satisfactory physicochemical properties, abundant raw 
material sources, and mature production technologies but 

also somewhat suppress soot formation and reduce 

particulate matter (PM) emissions. 

The most widespread additive to diesel fuel is FAME 
from rapeseed. It should be noted that FAME is a first-

generation biofuel and relies on agricultural land that 

could otherwise be allocated for food production. 
Furthermore, FAME exhibits limitations in diesel engines. 

One issue is its relatively higher affinity for water 

compared to mineral diesel fuel, which can cause engine 

corrosion. Additionally, the presence of water leads to the 
hydrolysis of FAME, producing organic acids that are 

even more corrosive to engine components than water. 

FAME is produced via the transesterification of 
triglycerides with methanol. Residual glycerol in the fuel 

is also a problem as it can form viscous mixtures that clog 

engine components48,57. Hydrogenated vegetable and 

animal oils (HVO) are also suitable, but here the capacity 
of primary fatty acid sources is encountered. 

Today, we are witnessing a gradual transition from 

first-generation biofuels to more suitable AODF 
(advanced oxygenated diesel fuels). A broad range of new 

biofuels and additives are in various stages of research and 

development. For instance, esters such as dibutyl maleate 

or various carbonates are being studied as promising 
candidates to replace oxygenated additives in diesel 

fuel58,59. 

http://data.europa.eu/eli/dir/2023/2413/oj
http://data.europa.eu/eli/dir/2023/2413/oj
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Fischer-Tropsch (FT) including electrofuels, are 

currently more expensive due to the high costs of catalysts 
and electricity, as their production requires syngas (CO 

and H2). In the past, the typical feedstock for FT fuels has 

been carbon-base sources such as coal or natural gas, 

which are easily converted into syngas via reforming or 
gasification60. Alternative FT fuels can use CO2 instead of 

CO, as well as biomass or bioethanol, which can be 

directly converted into fuels or syngas. While the average 
production cost of these biofuels is still two to three times 

higher than fossil fuel equivalents, it could decrease 

significantly with an excess supply of renewable energy to 

produce cheaper hydrogen. Depending on the feedstock 
and energy source, FT fuels can be nearly carbon-neutral 

(e.g., when biomass/CO2 and hydrogen from renewable 

energy sources like wind or solar are used) or similar to 
traditional fossil fuels if coal, gas, or crude oil is utilized. 

However, due to the absence of sulfur and aromatic 

compounds and a composition with a small number of 

various hydrocarbons (typically C10), the combustion of 
FT fuels produces less PM. 

Waste pyrolysis is a thermochemical process that is 

becoming increasingly important for fuel production. It 
enables the conversion of waste plastics, as well as 

municipal waste, into valuable products. The process takes 

place without the presence of oxygen and several 

technologies have been developed so far for the direct 
production of liquid fuels, char or synthesis gas, which can 

be easily converted into FT fuels61‒63. This approach 

significantly reduces the environmental burden caused by 
waste, especially plastics. However, challenges persist: the 

process requires high energy input, further refinement of 

the products is necessary, and the complexity of the input 

materials makes the process difficult to manage.  
 

3.2. Alternative Oxygenated Diesel Fuels with Low 
or Zero Environmental Impact  

 
Note that regardless of the sources of traditional 

diesel fuel (DF), these fuels are based on long 

hydrocarbons without any oxygen atoms in their 

molecules. The result is the formation of a considerable 
number of solid particles, which are formed by pyrolysis 

(cracking) of the fuel in the fuel-rich inner zone of the 

diffusion flame of the burning fuel jet. On the other hand, 
AODF, due to their higher oxygen content, enhance 

combustion, thereby reducing soot formation45,64. AODF 

are miscible with conventional DF, allowing them to serve 

as "drop-in" fuel additives. Among the AODF composed 
of ethers or polyethers, polyoxymethylene dimethyl ethers 

(OMEn) have received the most attention65‒67. 

OMEn are a group of oligomers with the chemical 
formula CH3O(CH2O)nCH3. OMEn have been extensively 

studied due to their high cetane number, high oxygen 

content, good ignitability, and higher volatility. 

Experimental results have demonstrated that OMEn 
significantly affects the combustion and emission 

characteristics of engines when injected directly into the 

combustion chamber (direct injection). They can be 

directly used in diesel engines without requiring 
modifications to the fuel injection system. Some notable 

characteristics of these compounds are highlighted below:  

OME1 exhibited a reduction of 54 °C in the starting 

oxidation temperature of soot, the largest reduction among 
the oxygenated fuel blends68. 

 OME2 has higher viscosity and lower vapor pressure 

compared to dimethyl ether (“OME0”) and 
dimethoxymethane (OME1) due to its higher molecular 

weight. This prevents vapor lock69, a critical factor for fuel 

injection systems, and eliminates the need for 

a pressurized tank. Additionally, it has a high cetane 
number (CN) above 63,(ref.70) which substantially reduces 

ignition delay. 

Neat OME3 added to diesel fuel in an engine 
demonstrated soot reduction across all engine loads. For 

example, a 20% OME3 addition to diesel reduced soot at 

all loads, achieving a remarkable particulate matter (PM) 

reduction factor of 3.55 at 50% load71. 
These characteristics make OMEn an excellent diesel 

fuel71. In addition, OMEn can significantly reduce or even 

eliminate the formation of soot, along with other 
pollutants such as "unburned hydrocarbons" (actually the 

products of partial oxidation of hydrocarbons), carbon 

monoxide (up to a 90% reduction) and NOx emissions72‒74, 

one of the main precursors of ground-level ozone 
formation. This is attributed to its high oxygen content 

(above 45.3 wt.%) thanks to multiple CH2O units, a high 

H/C ratio and the absence of C-C bonds69. Additionally, 
OMEn are fully miscible with diesel across all 

concentration ranges, enabling various diesel/OMEn 

blends without mixing issues. 

Due to the high economic and environmental 
potential of OMEn a novel process for the industrial-scale 

production of oxymethylene dimethyl ethers has been 

developed ‒ COMET (Clean OME Technology). This 
process utilizes formaldehyde and methanol as 

feedstocks75. Even greener alternatives have been 

proposed for large-scale production. However, this 

technology is not currently economically feasible because 
it requires cheap and readily available H2 and CO2, which 

are converted into methanol. Methanol is then transformed 

into formaldehyde and subsequently into OMEn (ref.76).  
In acidic environments, higher oxymethylene 

dimethyl ethers (OMDME) may decompose. To address 

this, terminal methyl groups can be replaced with ethyl or 

butyl groups, resulting in more chemically stable 
oxymethylene diethyl ethers (OMDEE) or oxymethylene 

dibutyl ethers, respectively (OMDBE, see Figure 3). 

These modifications, which have not yet been 
systematically studied for fuel applications, can be 

achieved using bioethanol or biobutanol while maintaining 

excellent miscibility with conventional DF. Like 

OMDME, these polyethers are biodegradable, making 
them more environmentally friendly than conventional 

DF. 
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In the future, OMDRE could serve not only as an 

additive but also as a replacement for DF, albeit requiring 
minor engine modifications due to its lower boiling 

temperature45. These modifications would simplify the 

exhaust system and are relatively minor compared to those 

mandated by the EURO 4 Emission Standard in 2005, 
which introduced the use of AdBlue® for reducing NOx 

emissions. For example, research using pure OMDME in 

engines resulted in emissions free of soot74. 

It is important to emphasize that OMDRE's potential 
to reduce soot and NOx emissions can deliver benefits 

beyond the EU, where Green Deal restrictions may not 

apply. This is particularly relevant in regions where 
internal combustion engines will remain unrestricted. 

Even in Europe, existing vehicle fleets ‒ especially in 

Central and Eastern Europe and the Balkans ‒ will 
continue operating for many years. OMDRE can also aid 

in reducing emissions from large, expensive heavy-duty 

machinery produced in small quantities, which typically 

have long service lives and lack advanced exhaust 
treatment systems. 

The authors of this article propose that other less-

studied compounds could also serve as potential AODF. 
OEDRE (poly(oxyethylene)dialkyl ethers) and OPDRE 

(poly(oxypropylene)dialkyl ethers) may offer benefits 

similar to OMDRE but with higher energy density and 

lubricity. Although the lowest member of the first series, 
ethylene glycol dimethyl ether (OEDME1), has raised 

concerns about potential effects on fertility77, the 

replacement of methyl groups with ethyl (OEDEE2) leads 
to chemicals that are considered safe78. 

Importantly, the mixture of additives, called co-

blending, is an interesting alternative to explore the 

enhancement of the fuel properties. Although co-blending 
is an underdeveloped area so far, it is expected to gain 

prominence in the future to support the adoption of new 

biofuels. It should also be noted in this place the fuel/bio-
fuel blend design requires robust and predictive 

thermodynamic models, capable of accurately predicting 

the phase equilibria of mixtures containing complex 

organo-oxygenated molecules. 
 

3.3. Production of AODF and the Limiting Factors 
for their Spread 
 
An overview of the simplified production process for 

both fossil and alternative diesel fuels (DF) is presented in 

Figure 4. 

The production and use of alternative fuels face 

numerous challenges, including: 
i) securing feedstock, 

ii) developing suitable catalysts and production 

processes, 

iii) managing investment and production costs influenced 
by government policies, and 

iv) addressing the lack of fundamental physicochemical 

data on existing and potential alternatives for further 
development and optimization. 

Raw materials. OMDRE synthesis primarily 

involves formaldehyde and various alcohols as a source of 

terminating groups. Formaldehyde can be derived from 
CH4 (biogas component) or through methanol oxidation. 

OEDRE and OPDRE are mainly synthesized from 

ethylene oxide or propylene oxide, produced through 
various methods66,79,80, including the catalytic oxidation81 

of ethylene or propylene. In all cases, the main renewable 

inputs are alcohols ‒ products of fermentation ‒ and CO2 

or syngas. 
Catalysts. While this project involves several 

catalytic processes for alternative fuels, it is essential to 

note that also current (bio)fuel production technologies 
heavily rely on catalysts. The petroleum industry uses 

various catalysts based on zeolites doped with rare metals 

for (hydro)cracking and (hydro)reforming82. Fatty acid 

methyl ester (FAME) production technologies utilize acid- 
or base-catalyzed transesterification processes83, and 

Fischer-Tropsch synthesis employs heterogeneous 

catalysts based on iron or cobalt84. Modifications, such as 
using CO2 instead of CO in the process, also exist85.  

Economy/politics. This aspect is critical yet 

challenging to predict. However, several factors indicate 

that political support for alternative fuels could be 
favorable: 

i) renewable fuels already receive support in the EU 

through the Renewables Energy Directive;  
ii) long-distance road freight transport is widely 

regarded as difficult to decarbonize6,7,34, liquid fuels 

derived from renewable sources or waste can 

significantly reduce its carbon footprint;  
iii) the circular economy, which prioritizes using waste 

as a source of raw materials rather than landfilling or 

incineration, is already a high priority under the 
Circular Economy Action Plan;  

iv) “drop-in” fuels can utilize existing refueling 

infrastructure, eliminating the need for extensive 

modifications;  

Fig. 3. Oxyalkylene dialkyl ethers can be collectively termed as follows OxDREn.  Here x = M for methylene, E for ethylene, and P 
for propylene. R is a generic alkyl (M stands for methyl, E for ethyl, and B for butyl). n stands for the number of repeating Ox units (i.e., 
OMDME2 means di(oxymethylene)dimethyl ether) 

https://eur-lex.europa.eu/eli/dir/2018/2001
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2020%3A98%3AFIN
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v) these fuels are essential for specific applications (e.g., 

military, emergency services) and for typical use in 
certain parts of Europe and many regions worldwide.  

 

 

4. Concluding Remarks and Challenges 
 

The introduction of a new family of synthetic fuels or 

fuel additives requires a coordinated effort among 
researchers, industry stakeholders, and governments. 

These fuels for diesel engines (primarily used in freight 

transport) have the potential to reduce reliance on crude 
oil as well as lower greenhouse gas and other pollutant 

emissions (e.g., NOx). To achieve this complex goal, 

several key criteria need to be met (see Figure 5). 

Some of these criteria align well and support each 
other, while others are more challenging to reconcile. The 

compatibility of new fuels with existing engines and 

infrastructure is critical for the widespread adoption of any 

fuel. Without compatibility, an entirely new network of 
fuel stations and a new fleet of vehicles would be required 

‒ a solution that is unlikely to be viable in the short- to 

mid-term due to the immense investments required. 
Therefore, it would be advantageous to mix the new fuel 

with existing fuels in the first stage. This approach would 

enable the immediate introduction of the new fuel and 

facilitate a faster transition toward carbon neutrality86.  
On the other hand, carbon neutrality and 

environmental friendliness, when considered alongside 

economic aspects, present a more complex challenge. The 
design of the fuel must prioritize renewable sources and 

minimize emissions. However, relying exclusively on 

renewable resources might make the production process 
vulnerable to shortages of raw materials. Moreover, even 

if a fuel is designed with excellent properties and zero 

emissions, it will not be adopted if its price is 

prohibitively high. Additionally, all environmental factors 
and inputs must be considered ‒ a detailed analysis of the 

fuel's life cycle is essential, including resource depletion, 

water use, and the generation of other pollutants during 
manufacturing and consumption. 

Fig. 5. The key criteria to be considered of new fuels 

Fig. 4. Possible production paths for alternative oxygenated diesel fuels (in dark green). See Figure 3 for explanation of OxDRE 
abbreviations 
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The development of alternative fuels requires detailed 

consideration of economic and environmental factors. The 
primary screening process, however, must be based on 

comprehensive and accurate physicochemical data (e.g., 

vapor pressure, chemical stability, viscosity and density, 

combustion enthalpy, flash point) to identify the best 
candidates. While manufacturing processes can be 

optimized, input resources modified, and fuel blends 

tailored to specific needs, the initial parameters must be 
derived from pure compounds. These data are essential for 

designing processes, modeling engine performance, and 

refining the overall approach. 

Future research could include parametric studies 
focusing on specific variables such as control of 

supercharging and mixture richness, valve timing affecting 

the effective compression ratio of the engine, exhaust gas 
recirculation, electronically controlled engine injection 

process parameters for different operating modes (engine 

speed and load) to optimize both efficiency and pollutant 

production in practical operation. 
It is crucial to emphasize that all feasible 

technologies should receive support and consideration in 

the transition away from fossil fuels. Each alternative has 
its advantages and limitations, and none of them can 

independently solve the issue of CO2 emissions.  

 

List of abbreviations 
 

AODF  Alternative Oxygenated Diesel Fuels  

BEV  Battery Electric Vehicles 
DF  Diesel Fuel 

FAME  Fatty Acid Methyl Esters 

FF  Fossil Fuels 

FT  Fischer-Tropsch 
FCEV  Fuel Cell Electrical Vehicles 

HEV  Hybrid Electric Vehicles 

ICE  Internal Combustion Engine 
HDV  Heavy Duty Vehicle 

OME  poly(oxymethylene)dimethylether 

OxDREn  oxyalkylenedialkylethers 
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