
With the signing of the Paris Agreement in Decem-
ber 2015 the United Nations explained their willing-
ness to limit the GHG Emissions and contribute to 
the measures against the global warming effect. In 
2019 the European Commission proposed the Green 
Deal and as a consequence the target to be climate 
neutral in 2050. In consequence the fossil based 
energy system has to transform into a climate-neu-
tral energy system with renewable and sustainable 
energy carriers. Research on and development of 
alternative fuels and new production processes are 
ongoing to provide the technical solution. Political 
actions are needed to provide the economic frame-
work for the introduction of such alternative fuel 
solutions.

The fulfilment of the European CO2 reduction targets 
until 2050 needs realistic technical solutions includ-
ing backwards compatible approaches for existing 
vehicle fleets. An economic and sustainable devel-
opment towards climate neutral mobility requires a 
holistic view based on life cycle assessments for the 
different mobility approaches including the econom-
ic impacts as well as financing options.

A synergetic discussion of solutions for future fuels 
and powertrain technologies is needed to develop an 
economic pathway to a sustainable and affordable 
mobility of tomorrow.

The challenging goal for mobility can only be 
achieved through an international cooperation of 
universities, the automobile industry, energy pro-
ducers, the oil industry and the legislative bodies of 
the member states.

The international colloquium aims to contribute to 
the development of a climate-neutral mobility by 
exchanging views on and discussing all aspects con-
nected with the "powertrain/fuel/environment" sys-
tem, including the necessary political regulations.

Main Topics

 Perspectives on Renewable Fuels
 Renewable Fuels Production
 Fuels Quality Research
 Application of Renewable Fuels

 The present  volume contains the contributions 
submitted in advance for the lectures and shows 
the potentials and challenges of CO2-reduced 
mobility.

Target Group

 Specialists and executives in
 OEM's
 Tier 1
 Companies in the mineral oil industry
 Engineering firms
 Technology companies
 Research facilities
 Municipalities
 Start-ups in the field of future mobility
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Preface

With the signing of the Paris Agreement in December 2015 the United Nations explained their willing-
ness to limit the GHG Emissions and contribute with measures against the global warming effect. In 
2019 the European Commission proposed the Green Deal and thereof the target to be climate neutral 
in 2050. 

On July 14, 2021, the President of the European Commission, Ursula von der Leyen, and Vice President 
Frans Timmermans, together with their fellow Commissioners Simson, Gentiloni, Vălean, Sinkevičius and 
Wojciechowski presented the so called “Fit-for-55” package, laying out the most ambitious draft of climate 
legislation ever launched globally. The impact of this draft EU legislation on the Transport Sector and Fuel 
Industry will be impressive.

With revised ETS regulation the EC is proposing that emissions from the current EU ETS sectors be reduced 
by 61% by 2030, compared to 2005 levels (= increase of 18% compared to the current -43%) and to increase 
the annual rate of reduction to 4,2% vs 2,2% so far. A separate new emissions trading system is set up for 
fuel distribution for road transport and buildings which will put a GHG cap on Fuel suppliers.

Renewable Energy Directive (RED III) will set an increased EU target to produce 40% of our energy from 
renewable sources by 2030, including specific targets for renewable energy use in transport (shift to GHG 
intensity reduction target of 13%), 

Stronger CO2 emissions standards for cars and vans will accelerate the transition to zero-emission mobi-
lity by requiring average emissions of new cars to come down by 55% from 2030 and 100% from 2035 com-
pared to 2021 levels. As a result, all new cars registered as of 2035 will be zero-emission and the combustion 
engine will probably not be any longer present in new cars.

Revised Alternative Fuels Infrastructure Regulation will require Member States to expand charging 
capacity in line with zero-emission car sales, and to install charging and fuelling points at regular inter-
vals on major highways: every 60 kilometres for electric charging and every 150 kilometres for hydrogen 
refuelling.

ReFuelEU Aviation Initiative will oblige fuel suppliers to blend increasing levels of sustainable aviation fuels 
in jet fuel taken on-board at EU airports, including synthetic low carbon fuels, known as e-fuels.

FuelEU Maritime Initiative will stimulate the uptake of sustainable maritime fuels and zero-emission techno-
logies by setting a maximum limit on the greenhouse gas content of energy used by ships calling at European 
ports.

Revision of the Energy Taxation Directive (ETD) proposes to align the taxation of energy products with EU 
energy and climate policies, promoting clean technologies and removing outdated exemptions (e.g. in avia-
tion) and reduced rates that currently encourage the use of fossil fuels

In consequence the fossil-based energy system must transform into a climate neutral energy system with 
renewable and sustainable energy carriers. Research and development on alternative fuels and the realization 
of new production processes are ongoing to provide the technical solution. Energy and CO2 Taxation will pro-
vide the economic frame conditions for the introduction of such alternative fuel solutions. The alternative fuel 
solutions need to be backwards compatible for existing vehicle fleet and the new production technologies 
needs to be flexible for the production of sustainable Diesel and Gasoline Fuels as well as Jet (SAF) to justify 
the huge investment in those technologies. 

The agenda of the 13th International Colloquium Fuels has been clearly focused on the latest developments 
with sustainable fuels research and the related production technologies in order to fully support the develop-
ment into a sustainable Mobility. An impressive number of high-quality presentations were submitted and 
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presented to the visitors of the colloquium. At this point I would like to express my special thanks to the 
authors and co-authors of this presentations. In this conference proceedings you will find all presentations of 
the 13th Colloquium.

We thank all visitors of the 13th International Colloquium Fuels for their participation and look forward to our 
next International Colloquium Fuels in Esslingen.

Best regards

Nikolai Schubert
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Refueling the Future? Perspectives of German Stakeholder 
Positioning towards Renewable Fuels

Dr. Dirk Scheer
KIT/ITAS, Karlsruhe, Germany

Lisa Schmieder
KIT/ITAS, Karlsruhe, Germany

Summery

Even if there is fundamental agreement between different stakeholders on the goal of the energy transition as a whole, 
regarding the Verkehrswende (transition in the transport sector) and in particular regarding refuels, stakeholders set their 
own and sometimes opposing accents in their positioning. This refers in the storytelling for example to divergent opinions 
about where and from which energy the synthetic fuels are made or which political framework and policy instruments are 
necessary for the diffusion of refuels in the market. Against this background, the aim of this analysis is to systematically 
identify, systemize and analyse the diversity of stakeholder perspectives in Germany using a document-based position 
analysis in order to provide the broadest possible range of (controversial) positions and evaluations on the refuels’ future 
path. Based on a document analysis of 41 sources published by 17 stakeholders from the areas of economy (8), environ-
ment (3) and civil society (6) in the last ten years, we analyse commonalities and differences in the assessments of the 
refuels’ path as well as the reasons behind it. The analysis was complemented by a Groupdelphi-Workshop with stake-
holders. We thereon derive comprehensive narratives and conclusions regarding relevant dimensions such as the overall 
potential of refuels in the context of the energy transition, areas of application, type of energy production, timeline, possi-
ble trade-offs regarding water and land availability, political framework and others. The results may allow policy makers 
to recognize impending acceptance conflicts early on and to take appropriate planning, design, participative or commu-
nicative measures. The analysis presented here is part of a research project called refuels – rethinking fuels (https://www.
refuels.de) funded by the State Government of and represents the first step of a broader stakeholder analysis.

1. Introduction

The transformation of the energy and transport system 
towards climate protection is a task for society as a who-
le, in which politics, business and society have to make 
contributions. In this context, there are sometimes very 
different assessments among the stakeholders about the 
design of the transformation and about promising and 
goal-oriented transformation paths. It can be assumed 
that the refuels route as a promising part of a transforma-
tion will be assessed very differently by different groups. 
It is therefore all the more important to investigate in ad-
vance which measures in which combination meet with 
the approval or rejection of stakeholder groups and what 
the reasons behind them are. Only in this way can im-
pending conflicts of acceptance be recognised at an early 
stage and appropriate planning, design, participatory or 
communicative measures be taken.
Even if there is fundamental agreement among the va-
rious stakeholders on the direction of the energy tran-
sition with regard to climate protection, the actors set 

their own (and in some cases contradictory) accents in 
their positioning in some areas. This applies in parti-
cular to the “transport transition”, which still has to be 
completed in large parts, and thus also to refuels rou-
tes. Against this background, the aim of this paper is to 
systematically record the diversity of stakeholder per-
spectives on synthetic fuels by means of a document-
based position analysis in order to represent the broa-
dest possible spectrum of (controversial) positions on 
and assessments of fuel routes. It is related to several 
working papers published in the reFuels project (www.
refuels.de) ([26.]; [27.]; [28.]). This paper thus ties in 
with the existing state of research on the potential of 
synthetic fuels as well as attitudes and positions of so-
cial groups (e.g. [34.]; [21.]; [25.]).
This report summarises the results of the analysis. First, 
chapter 2 explains the method of the document analy-
sis in more detail. Chapter 3 presents some results of 
the position analysis. Finally, Chapter 4 summarises the 
central results from a comparative perspective and draws 
conclusions.
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Refueling the Future? Perspectives of German Stakeholder Positioning towards Renewable Fuels

2. Methods

The position analysis of selected stakeholder documents 
was carried out methodically via desk research by first 
identifying documents published by stakeholder groups 
with reference to (synthetic) fuels. In a second step, an 
analysis tool was developed as a template (“association 
position profile”). Finally, the database was evaluated 
from a comparative perspective using the profiles1. The 
three methodological steps are briefly explained below.
A list of German associations from the fields of business, 
environment and civil society was compiled, as associati-
ons from these three areas are of great importance for the 
transport transition from an overall societal perspective. 
As a result, 21 organisations were identified across the 
three areas (cf. Table 1). The search for association-rela-
ted documents (e.g. position papers, statements, working 
reports, etc.) resulted in statements with a positioning on 
the fuel route for 17 organisations. The search was car-
ried out using the search term “fuels” on the websites of 
the organisations. As a result, 42 documents were avai-
lable for further processing. Even if the table gives the 
impression of a numerical underweighting of environ-
mental organisations (3) compared to business (8) and 
civil society (6), this distribution is not reflected in the 
results. The evaluation and presentation of results aims at 
an additive collection of arguments by associations wit-
hout reporting frequencies. Each argument was included 
regardless of how often it was put forward by actors.

Table 1: Compilation of the organizations considered

3. Results

3.1 Positioning of stakeholders in the big picture

The overall view across all associations shows that the 
topic of “fuels” is firmly anchored in the German sta-
keholder discourse. All seventeen associations analysed 
have expressed and positioned themselves in one way or 
another on refuels (cf. Table 2).

This shows that alternative fuels (biogenic or electrici-
ty-based) are perceived as a possible building block of 
a transport turnaround and that an intensive discussion 
about the pros and cons of fuels is currently taking place 
between stakeholders.
Looking at the individual thematic lines, the following 
central results can be highlighted. All of the associations 
studied have taken a position via documents, whereby the 
clear majority have explicitly expressed themselves via 
statements, positions or position papers. Only three as-
sociations have implicitly positioned themselves on fuels 
(VDV, VCD, KDA). While the VDV as an association 
represents in particular the rail and bus-bound local pass-
enger transport, the VCD focuses on the singular trans-
port mode bicycle. The KDA, on the other hand, has no 
direct connection to mobility or the transport system. All 
associations, with the exception of the DBV, have taken 
a position on the transformation of transport and in some 
cases have set their own priorities, formulated goals and 
prioritised measures for a future transformation of trans-
port. This shows that the topic of transport transition is 
now firmly anchored in the stakeholder discourse. The 
relevance of fuels is now also firmly integrated in the 
transport discourse. The clear majority of associations 
have issued assessments and statements on both bioge-
nic and electricity-based fuels. For individual aspects of 
electricity-based fuels, there are differences between the 
individual stakeholder groups. The majority of associati-
ons from the economic sector have taken a very different-
iated position on electricity-based fuels.
Only the VDV and the DBV are somewhat more reser-
ved in their assessment. The majority of environmental 
and civil society associations, on the other hand, have a 
less comprehensive assessment of refuels. Civil society 
actors in particular (with the exception of Agora) only 
commented on individual aspects of refuels. 
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Table 2: Overview of all stakeholders in the associa-
tion position profile

3.2 Spects of electricity-based fuels

3.2.1 Location of energy production and relevance 
of imports

In the discussion about electricity-based fuels, the loca-
tion of production facilities plays a major role. Due to 
(absolute) cost advantages, foreign production capacities 
and corresponding imports of re-fuels are being discus-
sed.
Trade associations such as the VDA see the renewable 
electricity volumes to be produced in Europe as sufficient 
to both produce renewable fuels and cover the direct 
electricity demand ([29.]. In addition, the existing infras-
tructure consisting of more than 14,000 public filling sta-
tions and the distribution systems of fuel retailers could 
continue to be used ([31.]), which would represent a cost 
advantage. According to the VDA, the production of the 
fuels would be possible in the long term and test plants 
exist ([29.]). Furthermore, according to the BDEW, there 
is the possibility of counteracting possible fluctuations by 
coupling renewable energy use with fuel production and 
thus making grid use more efficient ([6.]; [7.]).
From the MEW’s point of view, the energy industry 
should be structured in a market economy ([22.]). A 
critical point of view is taken by the BEM, which sees 
refuels as a pretext to continue selling conventional pass-
enger cars, regardless of energy production: “with the 
help of the permit, it is possible for conventional car ma-

nufacturers to keep their old products on offer and sell 
the engines with e-fuel admixtures as environmentally 
friendly.” ([9.]). This is because by blending with refuels, 
combustion engines could be sold as “environmentally 
friendly” even though they are less efficient than batte-
ry-powered drives and also perform poorly in the energy 
balance ([9.]). VDV, DBV and BDI have not yet taken a 
position on the type and location of energy use and the 
import of electricity.
On the environmental side, BUND believes that water 
supply in warm but water-scarce areas should be consi-
dered, especially when importing refuels or renewable 
energy, and social-ecological land use should be ensured 
([12.]). With the exception of Agora Verkehrswende, the 
civil society associations (ADAC, vzbv, VCD, IG Metall, 
KDA) did not make any statements on the location of 
fuel production or the relevance of electricity imports. 
Agora Verkehrswende ([4.]) assumes that the electricity 
required for the production of refuels or the refuels them-
selves would have to be imported. The joint study with 
Agora Energiewende ([5.]) also examines various sce-
narios with production sites in North Africa, the Middle 
East, Iceland (geothermal, hydropower) and Germany 
(wind offshore North Sea and Baltic Sea) with a view 
to costs, but does not take a position with regard to an 
optimal location.

3.2.2 Assessment of economic efficiency

The economic viability of refuels focuses in particular 
on the current and future costs of producing synthetic fu-
els. The economic viability of refuels is considered low 
by most industry associations due to efficiency disad-
vantages. The VDA and the BDI, for example, currently 
see no economic viability due to the lack of a technolo-
gy-open political framework that enables and promotes 
investment in refuels technology ([29.]; [8.]). The VDA 
explicitly calls for investment security ([29.]). The MEW 
takes a different view, describing refuels as a win-win si-
tuation from an economic perspective ([24.]). According 
to this, the main advantages are climate neutrality, stora-
bility and use in conventional engines. According to the 
BDEW, cost efficiency and market-based approaches are 
the decisive criteria for setting up suitable climate pro-
tection instruments ([6.]). With regard to manufacturer 
costs, the VDA is aiming for a target cost level of around 
1 euro per litre of diesel equivalent (currently around 
4.50 euros per litre) ([29.]). From the MEW’s point of 
view, refuels can be produced between 0.70 euros and 
1.30 euros per litre in 2050, depending on location con-
ditions ([23.]). The BDI ([8.]) also sees future produc-
tion costs of around 1 euro per litre of diesel equivalent. 
No positioning on this point was identified by the VDB, 
BEM, VDV and DBV associations.
Greenpeace is the only environmental organisation to 
comment on the economic viability of the price develop-
ment of refuels: “E-Fuels will be significantly more ex-
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pensive and less efficient in the long term” ([15.]). The 
remaining environmental organisations, such as WWF 
and BUND, did not provide any information on this 
point. Civil society associations, such as the vzbv and 
the ADAC, are critical of the economic viability ([33.]; 
[1.]; [2.]). They emphasise above all the current state of 
research, in which the electric drive has a head start over 
synthetic fuels ([33.]). In addition, e-cars are also ahead 
of re-fuels in terms of efficiency advantages and cost-
effectiveness ([33.]; [2.]). Furthermore, there is a five- to 
six-fold higher energy demand compared to battery-elec-
tric cars with direct electricity use. Considering the costs, 
optimistic estimates exist that consider a price of 2.29 
euros including taxes as possible ([1.]). Together with 
Agora Energiewende ([5.]), Agora Verkehrswende also 
examines the potential costs of synthetic fuels in detail 
in a study. These vary greatly depending on the point in 
time considered (2020, 2030, 2050) and the location of 
energy or fuel production (North Africa, Middle East, 
Iceland (geothermal, hydropower), Germany (wind off-
shore North Sea and Baltic Sea)). These vary between 
about 10 and up to more than 25 cents/kWh for 2020, bet-
ween about 10 and 20 cents/kWh for 2030 and between 
about 8 and 15 cents/kWh for 2050 (assumed reference 
prices of a conventional fuel without distribution, levies/
surcharges: premium petrol, 2020: 4.66 ct/kWh, 2030: 
6.19 ct/kWh, 2050: 7.63 ct/kWh). Among other things, 
the study states that cost advantages are possible through 
the import of refuels. However, these in turn depend sig-
nificantly on the development of investment costs for off-
shore wind energy.

3.2.3 Importance of refuels with regard to storage 
and flexibility

The role of refuels for the entire energy system is discus-
sed in the discourse under the aspects of system efficien-
cy, storage and flexibility. Some trade associations (VDA 
and VDB) see refuels as a chemical storage option for 
surplus electricity ([29.]; [30.]). According to the VDB, 
biorefineries can be used as inexpensive “long-term bat-
teries” that also contribute to stabilising the electricity 
grid. Furthermore, refuels technology is a good way to 
use CO2 from the air ([30.]). The argument of possible 
grid stabilisation is also shared by the BDEW, as PtX can 
additionally contribute to flexibilisation and security of 
supply in the energy sector ([6.]). The MEW also sees 
refuels as energy storage ([22.]; [23.]; [24.]). The BDI, on 
the other hand, sees the potential for long-term storage of 
renewable energy in the natural gas grid or in liquid fuel 
storage facilities. The possibility for decentralised recon-
version into electricity in CHP plants should be given at 
best ([8.]). No positioning was identified by the associa-
tions BEM, VDV and DBV.
Environmental organisations (WWF, BUND, Green-
peace) also recognise the potential of using electricity 
surpluses in the sense of long-term storage for the pro-

duction of synthetic fuels. At the same time, however, 
the WWF points out that electricity surpluses occur in-
termittently and electrolysers may only have low full-
load hours, which in turn can lead to high costs ([35.]). 
For the civil society associations, the vzbv refers to re-
fuels as a “relatively new energy storage system” in its 
documents, as does IG Metall in general “as a storage 
technology, without, however, taking a concrete position 
on this aspect ([33.]; [19.]). Agora Verkehrswende also 
addresses the aspect of electricity storage using PtX tech-
nologies, although it points to lower efficiencies. Further-
more, the operation of PtL plants in Germany via surplus 
electricity is not economical ([4.]). The ADAC and the 
VCD only address the aspect of storage in the context of 
electric vehicles; the KDA does not comment on this in 
its documents.

3.2.4 Acceptance assessment

Social acceptance for technologies and ultimately the 
purchase of electricity-based fuels by consumers at the 
filling station is crucial for the future role of refuels in the 
transport transition. Due to the relatively small structural 
changes that refuels entail, refuels will meet with high 
acceptance among consumers, according to the MEW 
([24.]). For example, the use of the existing filling station 
infrastructure is seen as advantageous ([29.]; [31.]). Other 
trade associations such as BEM, BDEW, VDV and DBV 
do not take a position on this aspect in their documents. 
The BDI also does not make any specific statements on 
the acceptance of refuels, although it does state that refu-
els contribute to “increasing flexibility in the ramp-up of 
electrification and possible hedging through diversifica-
tion when risks arise with regard to the expansion of the 
electricity grid/charging infrastructure, resource availa-
bility, customer acceptance, battery price development or 
recycling” ([8.]).
On the part of the environmental associations, the only 
position on social acceptance can be found in the BUND. 
For BUND, PtX materials are acceptable in terms of 
climate policy if only renewable energy is used in their 
production ([10.]). Greenpeace sees at least partial ac-
ceptance among the population. Based on a representati-
ve YouGov survey conducted on behalf of the Deutsche 
Presse-Agentur, more than half of the respondents see 
refuels as an alternative to electric cars ([17.]), but the 
price should not be too high: “For just under half of the 
respondents, so-called e-fuels produced with green elect-
ricity should cost less than 1.50 euros per litre. 28 percent 
would find 1.5 to 2 euros okay. This means that e-fuels 
should generally not cost much more than a litre of pre-
mium petrol, the price of which was 1.53 euros in May 
according to the Mineral Oil Association” ([17.]). The 
WWF and NABU have not provided any information 
on acceptance. A similar positioning to Greenpeace can 
be found at the ADAC. In the association’s view, most 
customers would accept refuels, but only if the price is 
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affordable, although there is generally a high ecologi-
cal awareness ([1.]). In its documents, the vzbv calls for 
“political and technical options to be carefully weighed 
up and unacceptable side-effects to be ruled out before 
proceeding to implementation. Otherwise, there will be 
no acceptance for biofuels, also for ecological reasons 
([32.])”. The remaining civil society associations (inclu-
ding VCD, IG Metall and KDA) have not taken a posi-
tion on the acceptance of synthetic fuels.

3.2.5 Role of securing Germany as a location for 
business and investment

From the point of view of industrial and economic policy, 
aspects of securing the location and value creation are 
important factors in securing prosperity.
With regard to the role of securing the location and value 
creation, the MEW sees at least part of the value crea-
tion in Germany as secured by means of refuels ([22.]). 
The BDI emphasises that know-how as well as jobs: 
“[...] in core European industrial technologies such as 
engines and gearboxes as well as in the energy and gas 
industry” ([8.]) should be secured. No positioning can be 
found in the documents of the trade associations VDB, 
BEM, BDEW, VDV and DBV. IG Metall points out that 
Germany should continue to serve as a development and 
production location for synthetic fuels and battery cells 
in line with industrial policy ([19.]).

3.2.6 Assessment of sustainability criteria

Sustainability on the three pillars of ecology, economy 
and social issues forms an important orientation for refu-
els as an umbrella concept.
On the part of the trade associations, there is agreement 
that refuels can make an important contribution to redu-
cing greenhouse gas emissions and thus to achieving the 
Paris climate targets ([30.]; [9.]; [8.]; [22.]). In this con-
text, both the VDA and the DBV mention that, on the 
one hand, sustainability criteria must exist for biogenic 
fuels so that there are “[...] no undesirable environmen-
tal impacts [...]” ([13.]). Among other things, ecological 
impacts are to be checked at regular intervals during the 
production of refuels. The DBV criticises the currently 
applied method of greenhouse gas accounting according 
to the so-called source accounting, in which emissions 
from raw material production in agriculture are accoun-
ted for and greenhouse gas avoidance is assigned to the 
transport sector.
The environmental associations demand the comprehen-
sive inclusion of sustainability criteria in the production 
and use of refuels. From BUND’s point of view, the wa-
ter supply in warm and water-scarce areas in particular 
should be considered and further ensured. In addition, the 
association calls for social-ecological land use to be ta-
ken into account in the context of fuel production and for 
further work on sustainability criteria for PtX in the futu-

re ([10.]; [11.]; [12.]). Greenpeace ([16.]) also emphasi-
ses from a climate protection perspective that “synthetic 
(liquid) fuels [have] a worse efficiency than propulsion 
systems with hydrogen fuel cells. In this respect, it would 
be very welcome from a climate protection perspective 
that vehicle concepts with fuel cells for large cars and 
trucks or long distances become marketable as soon as 
possible.” The vzbv points out that greenhouse gas neu-
trality of fuels can only be assumed if only renewable 
electricity is used. Agora Verkehrswende also notes that 
it must be ensured that the renewable electricity is gene-
rated from renewable energy so that the electricity-based 
fuels contribute to decarbonisation. It points out that the 
use of plant-based raw materials releases greenhouse ga-
ses and endangers animal and plant habitats ([3.]; [4.]). 
The ADAC emphasises that, from a sustainability per-
spective, refuels should be used in the existing fleet as 
soon as possible, as today’s vehicles remain in the fleet 
for more than a decade ([1.]).

4. Conclusions 

The analysis of stakeholder positions on refuels has 
shown that the issue of electricity-based fuels has been 
taken up by many associations in the fields of business, 
the environment and civil society – with quite different 
emphases and positioning. Fuels from renewable re-
sources are discussed and evaluated by the associations 
in different thematic contexts. These range from a funda-
mental classification in the self-image of a transport turn-
around to the differentiation of biogenic and electricity-
based fuels to individual technical, economic, social and 
ecological aspects of electricity-based fuels. The positio-
ning also focuses on the political framework conditions 
that are conducive to this.
In the overall view of the position analysis, three cross-
stakeholder narratives can be synthesised, which take up 
the individual aspects mentioned above and condense 
them in their evaluation. These narratives serve as illust-
rative points of positioning in the current stakeholder dis-
course on refuels.
Narrative 1: refuels are crucial for the success of the 
transport transition
In view of the urgency of climate protection and thus the 
upcoming defossilisation of the transport sector, refuels – 
especially for the existing fleet, but also beyond – repre-
sent an immediately available solution using the existing 
infrastructure and are thus an important building block 
for achieving the climate targets. By dovetailing the two 
sectors of energy and transport, a significant contribution 
is made to grid stability, flexibility and security of sup-
ply in the energy system. In the process, refuels offer the 
possibility of storing surplus electricity in synthetic fuels 
until it is used, in the sense of a grid-stabilising and fluc-
tuation-eliminating application. Refuels also ensure that 
at least part of the value creation remains in Germany and 
thus make a significant contribution to securing the loca-
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tion within the framework of the national transformation 
process. This concerns local value creation, know-how 
and job security, purchasing power and tax revenues. 
Within the framework of a technology-open approach, 
refuels should play out their potential for the transforma-
tion of transport. The acceptance of users will be crucial 
for the widespread use of synthetic fuels. The possibility 
of using the existing infrastructure, which does not re-
quire any significant changes in behaviour, favours this. 
In addition to the areas of application that are difficult 
to electrify (ship and aircraft), refuels are also seen as 
relevant for private transport in rural areas and for use in 
the existing fleet.
Narrative 2: refuels have potential – in transport modes 
without alternative and in compliance with sustainability 
criteria
In principle, there is potential for the use of synthetic 
fuels. While synthetic, electricity-based fuels are consi-
dered to contribute to the reduction of greenhouse gas 
emissions, it is important to phase out fuels from cultiva-
ted biomass by 2030. Refuels should only be used where 
no (direct electric) alternative is foreseeable, e.g. for use 
as a basic material in the chemical industry, as storage to 
ensure the stability of the energy supply or as an energy 
source in special transport sectors such as shipping and 
aviation. For the production of refuels, the use of CO2 
from the air is necessary for climate policy reasons (no 
fossil CO2). Moreover, refuels are only acceptable in 
terms of climate policy if they are produced entirely on 
the basis of renewable energies. From a sustainability 
perspective, a complete phase-out of the use of cultivated 
biomass for road transport is necessary in the long term. 
With regard to biofuels, only those (of the second genera-
tion) that have no to little ecological impact are accepta-
ble. The use of pesticides, fertilisers and the endangering 
of the food industry as well as rainforest deforestation 
must be avoided. In addition to electricity and CO2, the 
production of re-fuels requires water. It must therefore 
be ensured, especially when importing refuels from wa-
ter-scarce regions, that water availability is not impaired. 
The use of land for renewable energies must also take 
ecological and social aspects into account. The expansion 
of generation capacities for refuels does not make sense 
at the present time, but should take place after 2030 at the 
earliest, as the overall balance of electricity-based fuels 
is worse than that of conventional fuels due to the current 
CO2 intensity of the electricity mix. The next few years 
should be used for further research and development in 
the field of refuels in order to then derive an appropriate 
path for the development of electricity-based fuels on the 
basis of sound knowledge and taking into account the de-
velopment in the electricity sector.
Narrative 3: Transport transition as sustainable, affor-
dable, safe and comfortable mobility – if refuels contri-
bute to this, then yes!
From a climate policy perspective, there is an urgent need 
for action to tackle the transport turnaround. Sustainable, 

comfortable and affordable mobility that is accessible to 
all is the basis for welfare, quality of life and social par-
ticipation. Especially from a social perspective, positive 
effects are expected from the transformation process, 
such as better air and higher quality of life in cities, less 
congestion on the roads, more space for urban culture, 
new jobs, etc. In order to achieve these goals, energy and 
resource consumption as well as greenhouse gas emissi-
ons must become significantly more expensive, while at 
the same time ensuring a social balance. It is therefore 
possible that a situation may arise in which CO2-intensi-
ve mobility becomes so expensive for part of the popula-
tion that some travels can no longer be afforded. For this 
reason, it is important to exclude or mitigate unaccepta-
ble side effects in the sense of mobility participation of 
the entire society and to enable all people – whether in 
the city or in the countryside – to have flexible mobility 
on foot, by bike, bus and train or with vehicles.
The development of refuels is currently at an early stage 
and is far from being commercially viable. Despite the 
general increase in ecological awareness, most users will 
only accept refuels at an adequate price. A relevant ques-
tion will therefore be what taxes the state will impose 
on these fuels and how much fuel the cars consume in 
everyday use. In order to ensure openness to technology, 
politics must participate financially and at the same time 
create framework conditions for investment strategies 
that encourage investors and companies to invest in the 
development and production of refuels.
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GHG Emissions and Primary Energy Demand of Vehicle 
Fleets Based on Dynamic LCA Methodology – Introduction of 
Electric Vehicles in Austria 2010 – 2050

Gerfried Jungmeier
JOANNEUM RESEARCH – Institute for Climate, Energy and Society (LIFE), Graz, Austria

Summary

The environmental effect of electric vehicles can only be assessed based on life cycle assessment (LCA) covering produc-
tion, operation and end of life treatment. Since 2011 in the Technical Collaboration Program (TCP) on “Hybrid & Electric 
Vehicles” (HEV) of the International Energy Agency (IEA) with 20 participating countries an expert group develops and 
applies LCA methodology to estimate the environmental effects of the increasing electric vehicle (EV) fleet globally. 
Since 2014, IEA HEV Task 30 estimates the LCA based environmental effects of the worldwide EV fleet in 40 countries. 
In the LCA of these vehicles using the different national framework conditions, the environmental effects are estimated 
by assessing the possible ranges of GHG emissions, acidification, ozone formation, PM emissions and primary energy 
consumption in comparison to conventional ICE vehicles. Now this approach was further developed to a dynamic LCA by 
taking the time depending effects of the BEV fleet introduction and the parallel increasing supply of renewable electricity 
into consideration. 
To illustrate the timing of the environmental effects in a dynamic LCA perspective the case of Austria shows that the 
additional renewable electricity generation increased between 0.2 up to 2.2 TWh per year up to 2020. The annual GHG 
emissions due to the installation of new renewable electricity generation plants in Austria were between 100,000 up to 
800,000 t CO2-eq per from 2005 to 2020. Due to the dynamic LCA approach, the GHG emissions of the construction of 
renewable electricity generation plants before 2005 are not considered in the years from 2005 onwards, only the GHG 
emissions of operating the plants for maintenance and the fuel supply for bioenergy are included. The GHG emissions 
of renewable electricity generation in Austria in existing and newly installed power plants are in the range between 8 to 
33 g CO2-eq/kWh, whereas the GHG emissions of the additionally installed renewable electricity generation is between 
31 and 250 CO2-eq/kWh.
The BEV introduction in Austria started in 2010 and the annually registered BEV increased significantly to 16,000 new 
BEVs in 2020. The BEV fleet increased up to 46,000 BEVs in 2020, and consumes 142 GWh electricity, which is 1.1% 
of the additional renewable electricity generated since 2010. The GHG emissions of the BEV introduction since 2010 in 
Austria are calculated by considering the GHG emissions of the production from the annually new registered BEV and the 
operation of the BEV fleet by taking the substituted conventional ICE vehicles into account. In 2020, the GHG emissions 
of producing the newly registered 16,000 BEV are 167,000 t CO2-eq and the GHG emissions of the BEV fleet operation of 
45,000 vehicles with renewable electricity are 3,000 t CO2-eq. Assuming each BEV substitutes for an ICE, 16,000 newly 
registered conventional ICE vehicle were substituted in 2020 avoiding GHG emissions from their production of 96,000 t 
CO2-eq and avoiding GHG emissions of 94,000 t CO2-eq in the ICE fleet operation of 45,000 conventional ICE vehicles. 
Therefore, in 2020 the BEV fleet in Austria emitted 170,000 t CO2-eq and avoided 190,000 t CO2-eq from substituting 
conventional ICE vehicles, which results in an overall GHG reduction of 20,000 t CO2-eq in 2020. 
In a next step this methodology is applied in scenarios up to 2050 to reach a climate neutral Austrian transport sector and 
to identify its necessary framework conditions.

1. Introduction

The environmental effect of electric vehicles can only 
be assessed based on life cycle assessment (LCA) co-
vering production, operation and end of life treatment. 
Since 2011 in the Technical Collaboration Program 

(TCP) on “Hybrid & Electric Vehicles” (HEV) of the 
International Energy Agency (IEA) with 20 participa-
ting countries an expert group develops and applies 
LCA methodology to estimate the environmental ef-
fects of the increasing electric vehicle (EV) fleet glo-
bally [1, 2, 5]. 
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Since 2014, IEA HEV Task 30 estimates the LCA ba-
sed environmental effects of the worldwide EV fleet 
in 40 countries. In the LCA of these vehicles using the 
different national framework conditions, the environ-
mental effects are estimated by assessing the possible 
ranges of GHG emissions, acidification, ozone forma-
tion, PM emissions and primary energy consumption 
in comparison to conventional ICE vehicles [3, 4, 6, 
7]. 
The environmental assessment of the global EV fleet 
based on LCA compared to the substituted conventional 
ICE vehicles leads to the following key issues:

• The environmental effects depend on the national 
framework condition, e.g., national grid electricity 
generation mix. 

• The broad range of possible environ]mental effects is 
caused by the:

 – emissions of the national electricity production 
and distribution,

 – electricity consumption of EVs at charging point, 
and

 – fuel consumption of substituted conventional ICE 
vehicles.

• The highest environmental benefits can be reached 
by using additional installed renewable electricity, 
which is synchronized with the charging of the EVs.

• The adequate loading strategies for EVs to integrate 
additional renewable electricity effectively will crea-
te further significant environmental benefits.

Now this approach was further developed to a dynamic 
LCA by taking the time depending effects of the BEV 
fleet introduction and the parallel increasing supply of 
renewable electricity into consideration. 

2. Issues on dynamic LCA of vehicle fleet

Issues on dynamic LCA, e.g. annual environmental ef-
fects, become relevant for the rapidly increasing of EV-
fleets combined with an additional generation of renewa-
ble electricity. For this, the Task identified the following 
relevant methodological aspects:

1. timing of environmental effects in the three lifecycle 
phases,

2. timing of environmental effects of increasing supply 
of renewable electricity,

3. timing of environmental effects of EVs using increa-
sing supply of renewable electricity, and

4. substitution effects and timing of environmental ef-
fects of EVs substituting for ICE vehicles.

The possible environmental effects of a system occur at 
different times during their lifetime. In LCA, the envi-

ronmental effects are analysed for the three phases se-
parately – production (for vehicles) or construction (for 
power plants), operation and end of life – over the whole 
lifetime of a system. Then the cumulated environmental 
effects over the lifetime are allocated to the service pro-
vided by the system during the operation phase, which is 
the functional unit in LCA, e.g. per kilometre driven for 
vehicles and kWh generated for power plants. Therefo-
re, the functional unit gives the average environmental 
effects over lifetime by allocating the environmental ef-
fects for production and end of life over the lifetime to 
the service provided independent of the time when they 
occur. 
Another approach considered in the Task is to reflect and 
keep the time depending course of the environmental ef-
fects in the life cycle and compare the absolute cumula-
ted environmental effects in a dynamic LCA.
In Figure 1, the possible courses of the cumulated en-
vironmental effects of three systems in their lifetime are 
shown for the three phases – production, operation and 
end of life. All the three systems – A, B and C - have 
the same lifetime and provide the same service but the 
courses of the environmental effects are quite different. 
The system A has low environmental effects in the pro-
duction/construction phase but high effects during the 
operation/use phase and again low effects in the end of 
life phase. While system B has very high effects in the 
production phase, very low further effects in the opera-
tion phase and declining environmental effects in the end 
of life phase due to the recycling of materials and a credit 
given for the supply of secondary materials for substitu-
ting primary material. The system C has lower effects in 
production/construction phase than system B and no fur-
ther effects during the operation phase, but significantly 
declining environmental effects in the end of life phase, 
which is due to the reuse of certain parts, facilities or 
materials for other further purposes. 
Considering the total cumulated environmental effects 
system C has the lowest and system A the highest effects 
in their lifetime. However, additionally it can be analy-
sed at which time in the lifecycle the system C has lower 
cumulated environmental effects compared to the other 
systems. At t1 system C has lower cumulated environ-
mental effects than system A; at the time t2 system B has 
lower cumulated effects than system A. 
This timing of the environmental effects becomes more 
relevant in future, when new innovative systems substi-
tute for conventional systems to reduce the overall en-
vironmental effects. However, it might take some time 
until the real reduction of environmental effects takes 
place by the new innovative system. This aspect beco-
mes more and more relevant in the context e.g. of the 
global necessary reduction of GHG emissions with in-
creasing energy efficiency and renewable energy. The-
refore, in dynamic LCA the course of the cumulated 
environmental effects have to be considered and addres-
sed more adequately. 
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Figure 1: Timing of cumulated environmental effects of 
three systems with the same lifetime

In Figure 2, the timing of environmental effects of a BEV 
using renewable electricity substituting an ICE vehicle is 
shown. In total over the lifetime the BEV has lower en-
vironmental effects e.g. GHG emissions than the ICE. Due 
to the higher environmental effects from production of the 
BEV the environmental effects are higher in the begin-
ning, but after about 3 years the environmental benefi ts 
of substituting ICE vehicles starts. An additional effect 
is that due to the rebound effect not each electric driven 
kilometre might substitute a fossil fuel driven kilometre. 
Therefore, the substitution rate might be lower than 100%. 
In the example below, the timing of environmental effects 
is shown for a substitution rate of 80% and 100%. Additio-
nally, if the timing effects are analysed for a rapid annual 
increase of BEV the annual environmental effect might 
still be higher than the substituted ICE vehicles. So depen-
ding on the annual growing size of the BEV fl eet it might 
take some time until the overall annual environmental ef-
fects decline by substitution of ICE vehicles.

Figure 2: Timing of environmental effects of a BEV 
using renewable electricity substituting an ICE vehicle 

3. LCA of supplying additional renewable electricity 
– Example Austria

It is relevant to analyse and assess the environmental effect 
of the increasing production of renewable electricity genera-
tion and its use, e.g. in BEV. The environmental effects, e.g., 

GHG emissions, of electricity from hydro, wind and solar 
power plants mainly occur in the construction and the end 
of life phases. In most countries, there are huge investments 
in new facilities to generate additional renewable electrici-
ty. Related to these investments signifi cant environmental 
effects are taking place with these investments, but the subs-
titution of conventional electricity generation will lead to a 
reduction of environmental effects in the coming years. 
To illustrate the timing of the environmental effects in a dy-
namic LCA perspective the following example of Austria of 
increasing the renewable electricity generation is described.
The additional renewable electricity generation in Austria 
increased between 0.2 up to 2.2 TWh per year from 2005 
up to 2020. In Figure 3, the total renewable electricity ge-
neration in Austria is shown from 2005 to 2020. Already 
in 2004 about 40 TWh renewable electricity was generated 
mainly in hydro power plants. Over the years, the genera-
tion from renewable electricity increased from 41 TWh in 
2005 up to 57 TWh in 2020 signifi cantly. The share of re-
newable electricity in the Austrian grid mix (incl. imports) 
increased from about 60% in 2005 up to 75% in 2020. 

Fig ure 3: Renewable electricity generation in Austria 
(references are given in working document) 

The annual GHG emissions due to the installation of new 
renewable electricity generation plants in Austria were 
between 100,000 up to 800,000 t CO2-eq per from 2005 
to 2020, depending on the annual installed generation 
capacity and the type of renewable energy. E.g. the ins-
tallation of a power plant to generate 1 GWh annually of 
PV with about 1,400 to 1,600 t CO2-eq has signifi cantly 
higher GHG emissions than hydro and wind with about 
250 – 600 t CO2-eq. 
The combination of the annual GHG emissions and the 
additional electricity generation gives the specifi c GHG 
emissions of renewable electricity generation in Austria 
(Figure 4), on one hand the GHG emissions of the addi-
tional installed renewable electricity generation and on the 
other hand of the total renewable electricity mix in Austria. 
Due to the chosen dynamic LCA approach here, the GHG 
emissions of the construction of renewable electricity ge-
neration plants before 2005 are not considered in the years 
from 2005 onwards, only the relatively low GHG emissi-
ons of operating the plants for maintenance and the fuel 
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supply for bioenergy are included. So the GHG emissions 
of renewable electricity generation in Austria in existing 
(before 2005) and newly installed power plants (since 
2005) are in the range between 8 to 33 g CO2-eq/kWh, 
whereas the GHG emissions of the additionally installed 
renewable electricity generation is between 31 and 250 
CO2-eq/kWh between 2005 and 2020.

Figu re 4: GHG emissions of renewable electricity gene-
ration in Austria 

4. GHG emissions of BEV introduction in Austria

The introduction of BEV in Austria started in 2010. Ad-
ditionally, also PHEV were introduced, which are not 
considered here. The annually registered BEV increased 
signifi cantly and reached nearly 16,000 new BEVs in 
2020. The BEV fl eet increased up to about 46,000 BEVs 
in 2020. The rapid increase of the BEV fl eet in Austria 
was stimulated by public funding of up to € 6,000 for 
the investment and the charging stations. If the supply of 
renewable electricity for the operation of the BEV is gua-
ranteed by a corresponding electricity purchase contract.
Assuming an electricity demand of about 0.22 kWh/km 
(incl. heating, cooling and auxiliaries) and 10% grid and 
charging losses the additional renewable electricity demand 
for the operation of the BEV fl eet increased from 0.3 GWh 
in 2010 up to 142 GWh in 2020. Considering the increased 
renewable electricity generation since 2010 in Austria the 
demand to operate the BEV fl eet is in a range of 0.1 to 1.1% 
of the additional renewable electricity generated since 2010. 
Concluding, also in this system perspective it is evident that 
the Austrian BEV fl eet is operated on renewable electricity, 
while the increasing demand for electricity is met with in-
creasing supply of renewable electricity. 
Considering the course of the annual GHG emissions of 
the renewable electricity generation in Austria the GHG 
emissions of the operations of the BEV fl eet in Austria 
are calculated using the GHG emission (2010 – 2020) 
between 10 to 18 g CO2-eq/kWh. The GHG emissions of 
BEV fl eet operation using the renewable electricity mix 
in Austria are in average between 2.5 to 4.5 g CO2-eq/
km without considering maintenance and spare parts. 

Therefore, in average between 2010 and 2020 the GHG 
emissions of a BEV operating in Austria are about 3.6 g 
CO2-eq/km. 
In addition, the GHG emissions from the production of 
the new registered BEV are calculated in an LCA per-
spective. The average GHG emissions of the global bat-
tery production has decreased from about 100 kg CO2-eq 
per kWh battery capacity in 2010 to about 70 kg CO2-eq/
kWh. At the same time the battery capacity of a new BEV 
in Austria increase from about 30 kWh in 2010 to about 
65 kWh in 2020 in average, due to the lower battery costs 
and the demand for higher driving ranges. Therefore, the 
production of a new BEV between 2010 and 2020 cau-
ses GHG emissions between 8.5 up to 10.5 t CO2-eq. In 
comparison, the production of a conventional new ICE 
vehicle causes about 6 t CO2-eq. However, the operation 
of a conventional substituted ICE vehicle has GHG emis-
sions of about 145 g CO2-eq/km with an average fuel 
consumption of about 0.52 kWh/km.
The GHG emissions of the BEV introduction since 2010 
in Austria are calculated by considering the GHG emis-
sions of the production from the annually new registered 
BEV and the operation of the BEV fl eet by taking the 
substituted conventional ICE vehicles into account. 
In Figure 5, the change of GHG emissions of the BEV 
fl eet substituting an ICE fl eet in Austria are shown. In 
2020, the GHG emissions of the production of the newly 
registered 16,000 BEV are about 167,000 t CO2-eq and 
the GHG emissions of the BEV fl eet operation of about 
45,000 vehicles with renewable electricity are about 
3,000 t CO2-eq. 
Assuming each BEV substitutes for an ICE, about 16,000 
newly registered conventional ICE vehicle were substitu-
ted in 2020 avoiding GHG emissions from their produc-
tion of about 96,000 t CO2-eq and avoiding GHG emis-
sions of about 94,000 t CO2-eq in the ICE fl eet operation 
of about 45,000 conventional ICE vehicles. Therefore, in 
2020 the BEV fl eet in Austria emitted about 170,000 t 
CO2-eq and avoided about 190,000 t CO2-eq from sub-
stituting conventional ICE vehicles, which results in an 
overall GHG saving in 2020 of about 20,000 t CO2-eq. 

Figur e 5: Change of GHG emissions of BEV fl eet sub-
stituting ICE fl eets in Austria 
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5. Conclusions and outlook

Timing of environmental effects in LCA of EVs produc-
tion-operation-end-of-life phases becomes relevant in the 
transition time of

• strong BEV introduction in combination with a 
• strong increase of additional renewable electricity ge-

neration and 
• improvement of battery production technologies.

Within the framework of LCA a methodology is develo-
ped and applied to the annual environmental effects of an 
increasing BEV fleet and substitution of ICE vehicles by 
considering the annual environmental effects of

• New vehicle production
• Supply of renewable electricity from existing and 

new power plant
• Substituted operation of ICE vehicles and
• End of life of old vehicles.

In a next step this methodology is applied in scenarios up 
to 2050 to reach a climate neutral Austrian transport sec-
tor and to identify its necessary framework conditions.
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Summary

Sustainably produced drop-in fuels offer great potential for reducing greenhouse gases in the transport sector, and the pos-
sibility of using existing infrastructures facilitates a quick implementation into the transportation system. Hence, drop-in 
fuels are the only option that can address the existing vehicle fleet. Nevertheless, renewable fuels have to be economically 
competitive and comply with technical specifications. 
An intriguing concept are solar-thermal produced renewable drop-in fuel components for gasoline engine with time ho-
rizon up to 2030. The techno-economic consideration and the studies of technical fuel assessment for selected solar fuels 
are activities embedded in the BMWi funded project “Solare Kraftstoffe”.
The goal is the identification of optimized, low-pollutant, synthetic fuel components as well as the evaluation of the 
engine performance including pollutant behavior. Therefore, chemical analytic experiments, engine tests and the devel-
opment of a digital platform for the model-based assessment and optimization of fuels are carried out and presented here. 
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1. Introduction

Since the transport sector accounts for a large proportion 
of the global greenhouse gas emissions, it is important to 
implement new technologies with the potential to reduce 
greenhouse gas emissions. Besides of battery electric ve-
hicles and vehicles powered by renewable hydrogen, sus-
tainably produced synthetic fuels offer great potential for 
reducing greenhouse gases in the transportation system. 
The introduction of renewable synthetic fuels enables a 
quick reduction of emissions and offers striking benefi ts: 
use of existing vehicle fl eet, reduction of emissions and 
compatibility with existing infrastructure Other notable 
benefi ts are the high energy density as well as the fast 
refueling. 
Synthetic fuels open up the chance to not only mimic 
existing fossil-based fuels, but make them even better 
in terms of performance The optimization of the fuel’s 
composition via fuel design allows the enhancement of 
the performance and the pollutant behavior can be redu-
ced compared to non-synthetic fuels e.g. by reduction 
of heavy aromatic components (Wiese et al. [1]). For a 
successful implementation, renewable fuels have to be 
economically competitive and comply with technical 
specifi cations. 
Within the project “Solare Kraftstoffe” funded by the 
Bundesministerium für Wirtschaft und Energie (BMWi), 
the entire process, starting from CO2 and H2O as the 
feedstock and ending with the combustion in the engine, 
is investigated and schematically illustrated in Figure 1. 
For the production of the synthesis gas, the use of con-
centrated solar power (CSP) in a two-stage thermo-
chemical cycle is being investigated. This technology 
is particularly attractive for regions with high solar ir-

radiation. Monnerie et al. [2] studies the application 
of the thermochemical cycle for the production of me-
thanol as an alternative fuel, also considering techno-
economic aspects. The actual principle of operation of 
the two-stage thermochemical cycle for splitting CO2
and water using metal oxides to produce syngas is di-
scussed in detail by Lu et al [3]. For improved effi -
ciency, Rosenstiel et al [4] describes CSP power plants 
with the possibility of thermal energy storage (TES) in 
combination with photovoltaics (PV). In the following 
we will focus on the downstream challenge, i.e. appli-
cation and optimization of a gasoline product suitable 
to be produced in a solar process.
For the application in gasoline engines, fuels need to ful-
fi l the current valid fuel standard, which is EN 228 [5] 
for Europe. This standard restricts certain fuel proper-
ties (e.g. density, boiling behavior) and fuel components 
especially the maximum concentration of oxygenated 
components (e.g. ethanol, ethers). Within the EN 228 
standard, the admixture of renewable synthetic compo-
nents is possible, as long as the fi nal blend has standard-
compliant properties. These fuel mixtures can be denoted 
as drop-in renewable fuels. 
The fuel candidates selected in this study use different 
renewable blending components and compositions for 
exploring the EN 228 limits. All selected fuels (listed in 
Table 1) are liquid gasolines for spark-ignition engines 
which comply with the standard EN 228 with the excep-
tion of E30, containing 30 vol.% of ethanol, where the 
volumetric ethanol content was increased above the all-
owed 10% according to EN 228. 

 Figure 1: Illustration of the complete solar fuel process. The present work is focused on the marked downstream processes.
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Table 1

The focus of this work is the technical evaluation of the fuel 
list above. The work is experimental as numerical likewise. 
The physical-chemical properties of the liquid fuels are to be 
analyzed and fundamental combustion properties will be de-
termined. Investigations of the combustion chemistry from a 
molecular point of view were performed in an atmospheric 
laminar flow reactor (ALFR) system, which allows tracing 
the formation and destruction of most of the important com-
bustion intermediates in great detail. In addition, engine tests 
are carried out, where fuel effects were evaluated on com-
bustion behavior, criteria pollutant emissions and calibration 
neutrality. In this paper an overview of the engine measure-
ment procedure is given. Furthermore, an exemplary result 
of injector coking endurance run is presented and discussed.
A digital platform for the model-based assessment and opti-
mization of fuels is also to be developed as part of this work. 
This platform includes the training and application of machi-
ne-learning models for the prediction of certain fuel proper-
ties. An important part of this project is also to gain an unders-
tanding of the relationship between the chemical composition 
and the resulting ignition delay time and the octane number. 
Therefore, a quasi-dimensional model approach was develo-
ped to predict the octane number through the simulation of 
ignition delay times by using chemical kinetic mechanisms. 

2. Fuels

The study focuses on liquid drop-in fuels which are com-
pliant to the current EN 228 standard and may be produ-
ced from a solar route. This approach ensures the usage 
of the fuels in new and stock vehicles as well as the fuel 
supply infrastructure, which can lead to prompt CO2 re-
duction in the current vehicle fleet. The renewable com-
ponents where chosen according to potential near time 
availability with the target by 2030. The matrix of the 
chosen drop-in fuel candidates is listed in Table 1. 

The fuels were designed in order to maximize the renewable 
content with renewable drop-in blend components. The fos-
sil base fuel quality was adjusted for each fuel candidate in 
order to meet the EN 228 limits. For the gasoline blends ET-
BEmax and MTBEmax the maximum content of ethyl tert-
butyl ether (ETBE), and methyl tert-butyl ether (MTBE), 
respectively, was achieved. For iBuOHmax the maximum 
possible Isobutanol content was chosen. FT18-MTBE and 
FT20-ETBE include maximum MTBE and ETBE amounts 
and furthermore a Fischer-Tropsch surrogate was added to 
maximum possible amount, which could be achieved wit-
hin EN 228. ReMax contains 63% of possible renewable 
components which compose of isooctane, FT-surrogate and 
ETBE. In addition, a near drop-in fuel candidate E30 was 
chosen. This candidate does not meet the EN 228, but should 
be tested in order to see effects of a potential higher ethanol 
content on series calibrated engine combustion and emission 
behavior. The renewable test fuels were blended by the sup-
plier Coryton and do not contain any additives. As reference 
fuel a EU5 certification fuel (Bosch EU5 Cert) was used. 
The fuel list and the blend shares can be found in Table 1and 
the key properties of the fuels are listed in Table 2.

3. Technical Fuel Assessment Approach

3.1 Assessment of the fuels using the SimFuel platform

The SimFuel platform connects distributed models and com-
bines them with datasets and knowledge to gain additional 
insight. The two main application areas are the holistic as-
sessment and optimization of fuels in an interdisciplinary and 
complex context. The platform also supports the develop-
ment of models by providing massive data for the validation 
of models and the training of Machine Learning (ML) mo-
dels [6]. .
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Table 2: Relevant key fuel properties

Fuel
Bosch 
EU5 
Cert

ETBE
max

MTBE
max

iBuOH
max ReMax FT20- 

ETBE FT18-MTBE E30

RON [-] a 96.8 97.4 98.3 98.8 98 97.4 97.5 103.3

MON [-] a 87.0 86.0 87.5 87.1 88.9 86.8 86.1 88.6
Density @15°C [kg/
m³] a 748.2 754.9 755.8 757.1 730.7 765.2 764.7 741.5

Vol. lower heating value 
[MJ/l] a 31.43 30.97 31.1 31.01 30.62 31.37 31.27 28.41

DVPE @37.8 °C [kPa] a 58.8 58.8 58.5 58.1 57.6 55.3 59.0 101.9

E70 [%v/v] a 32.2 29.7 39.2 29.8 22.5 20.0 32.4 41.7

E150 [%v/v] a 82.7 79.9 82.3 78.2 88.4 81.9 82.3 92.8

FBP [°C] a 201.5 197.3 197.9 195.1 197.4 196.2 196.2 199.6
C9/C9+aromatic [%v/v] 
a 17.5 16.5 16.2 16.1 11.1 17.2 16.8 1.7

Ethanol [%v/v] a 4.8 0.4 0.1 0.1 0.3 0.4 0.1 29.2

Aromatic [%v/v] a 32.8 30.8 31.8 31.4 11.3 30.3 33.2 19.2

Olefins [%v/v] a 8.2 7.8 6.9 7.7 4.0 6.9 7.2 14.9

C [%-m/m] a 84.81 83.20 83.21 83.12 81.88 83.37 83.55 75.54

H [%-m/m] a 13.43 13.17 13.13 13.27 14.45 13.02 12.85 13.59

O [%-m/m] a 1.76 3.63 3.66 3.61 3.68 3.61 3.60 10.87

a Measurement resource: Coryton, England

The platform was originally developed for aviation fuels, 
but is currently extended to other sectors including road 
transport. It consists of four main components: databases, 
models, a distributed model environment and the human-
in-the-loop concept.
The databases consist of composition, property and per-
formance values of conventional fuels, synthetic fuels 
and blends as well as of over 5300 single compounds and 
their properties. A visualization of the pure compounds in 
the database is given in Figure 2, as scatter plot of quan-
titative structural components of the molecules, reduced 
to two dimensions with a dimension reduction algorithm. 
The datasets are systematically used to assess new fuels 
as well as to create new ML models or validate physical 
based models.
Those models are used to predict unknown properties 
or performance metrics of the fuels. Model types inclu-
de correlations as well as physical based and ML based 
property and performance models. If the models have 
a quantified predictive capability [7] they can play an 
important role for the pre-screening of fuels [8].
The distributed model environment allows the connec-
tion of distributed models from partners to perform a 
completely digital multidisciplinary assessment and op-
timization across institutions, operating system and ot-
her boundaries. The Remote Component Environment 

(RCE) software [9] is used, which handles the secure 
data transfer from and to the models including a rights 
management.
The human-in-the-loop concept finally captures the impli-
cit knowledge of experts by providing interactive visuali-
zation of the relevant data and model predictions enriched 
with reference data as well as e.g. the appropriate specifi-
cation limits. Hence, the human-in-the-loop concept integ-
rates the platform into real world decision making.

Results
Fuels for road transport significantly differ from aviation 
fuels, e.g. in terms of hydrocarbon families present in the 
composition, where oxygen containing compounds are not 
allowed in aviation. Hence, the models as well as the sing-
le compound database had to be extended to include those 
additional families and molecules. Also, the fuel database 
hat to be extended to contain enough diesel and especially 
gasoline fuels not only for use as a reference (range of ex-
perience) when assessing new synthetic fuels, but also for 
training and validation of the property models.
First machine learning models for density and motor oc-
tane number (MON) were trained directly on the compo-
sition data as input and show good predictive capability 
with an accuracy of 0.1% for the density at 15°C and 
0.5% for MON, respectively. 
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Figure 2: Visualization of single compound database 
(dimensionality reduction). Colors indicate the 60 diffe-
rent hydrocarbon families.

However, since the training data was limited to conventio-
nal crude oil based gasoline, the applicability to synthetic 
fuels is not directly given. Hence, new machine learning 
models are under development, which are not trained on the 
fuels composition, but on all single components from the 
single component database, which may sum up to a fuel.

3.2 When the composition of the synthetic fuels from 
Table 1 is available, the models will predict relevant 
properties. These properties will then be visualized 
together with measured data in the context of relevant 
specification limits and real fuel data of conventional 
fuels as an indicator for the range of experience to 
support the technical fuel assessment of the fuels.

2-Zone-Cylinder-Model
Sustainably produced synthetic fuels offer a great possi-
bility for decarbonizing the public transport. In addition, 
a further option for reducing CO2 emissions through an 
increase of the compression ratio, which results in a bet-
ter thermodynamic efficiency. However, the limiting fac-
tor hereby is the fuel itself, which tends to uncontrolled 
self-ignition, also called engine knock, since increasing 
the compression ratio leads to higher temperatures and 
pressures in the cylinder. 
The resistance of the fuel against uncontrolled self-ignition 
is given by the octane number (ON), which can be basi-
cally derived through a comparison between the knocking 
behavior of the fuel and the knocking behavior of a primary 
reference fuel (PRF). A PRF is a blend of iso-octane and n-
heptane, where its composition, the volume fraction of iso-
octane, respectively, determines the octane number. 
Experimental measurement of the ON. The experimental de-
termination of the octane number is carried out in a single cy-
linder Cooperative Fuel Research (CFR) engine. This purpo-
se build engine features a variable compression ratio which 
allows to adjust the in-cylinder conditions to the point, where 
the fuel starts to self-ignite. If the fuel has the same knocking 
behavior as the PRF, the fuel’s octane number corresponds to 
the composition of the PRF. The exact boundary conditions 

for the experiment are set in the ASTM D2699 [10] for the 
research octane number (RON) and in the ASTM D2700 [11] 
for the motor octane number (MON). 
Motivation for modelling the ON. The fuel quantities re-
quired for the experimental tests make preliminary para-
meter studies very cost-intensive, which is why numerical 
methods are being developed. In literature there are vari-
ous approaches specified. There are empirical models, like 
the one introduced by Morgan et al. [12], as well as machi-
ne learning models based on experimental data.
A different approach is to use chemical kinetic models 
to determine the octane number through the well-known 
correlation to ignition delay times. With this method, the-
re are different options for the spatial resolution of the 
combustion chamber or the cylinder, respectively. The 
easiest modelling-approach is to assume the cylinder 
as a zero-dimensional reactor with fixed motor related 
boundary conditions [13]. This simple approach supports 
the applications of detailed chemical kinetic mechanisms 
and a correlation between the simulated ignition delay 
times and the octane number can be evolved. Studies car-
ried out by Badra et al. [13] show promising results. 
Nevertheless, the zero-dimensional approach comes with 
some simplifications. One quite significant drawback is the 
absence of the burned gas, which takes a significant role 
during the compression of the unburned fuel-air mixture. 
Computational fluid dynamics (CFD) simulations pro-
vide a very good spatial resolutions of the cylinder and 
offer separate consideration of different gas states. The 
better physical modeling leads to higher computational 
costs and make the application of detailed chemical me-
chanisms unfeasible. 
To overcome this, within the project ”Solare Kraftstof-
fe” a quasi-dimensional approach is chosen, in which 
the cylinder is divided into two different zones, a bur-
ned and an unburned one. This separate reflection of the 
burned and unburned gas enables the model to replicate 
the impact of the burned gas on the compression with a 
moderate increase in computational cost compared to the 
zero-dimensional approach. 

Modelling approach 
The idea behind the 2-zone-cylinder model, is to repro-
duce the experimental procedure for deriving the octane 
number and provide engine related boundary conditions 
for chemical kinetic simulations. For the modelling of the 
combustion, the gasoline surrogate mechanism from the 
Lawrence Livermore National Laboratory [14] is used.
In the first step, the model searches in an iterative process 
for the compression ratio leading to self-ignition of the 
unburned fuel air mixture. Subsequently, the obtained 
critical compression ratio can be related to the octane 
number. Applying these two steps on a set of PRFs re-
sults in a clear correlation between the critical compres-
sion ratio and the octane number. During the simulation, 
an engine cycle is simulated from the time when the inlet 
valve closes on to the opening of the outlet valve. 

L
iz

en
zi

er
t f

ür
 T

ho
rs

te
n 

Jä
ni

sc
h 

am
 0

9.
06

.2
02

2 
um

 1
5:

10
 U

hr

Narr Francke Attempto Verlag GmbH + Co. KG



36  13th International Colloquium Fuels – September 2021

BMWi project „Solare Kraftstoffe“ – Technical Fuel Assessment

Figure 3 visualize the structure of the model. The burned 
and the unburned zone in the cylinder are each repre-
sented by homogeneous zero-dimensional reactor. The 
volumes are time depended functions and are defi ned 
by the CFR-engine’s piston stroke under RON conditi-
ons. Both reactors are linked through a pressure condi-
tions which ensures the same pressures in both zones. 
The fl ame front is modeled through mass transfer from 
the unburned to the burned zone. The actual mass fl ow, 
the burning rate, respectively, is calculated via Vibes 
Burning Law [15]. The heat fl ux into the reservoir with 
the burned gas, shown in Figure 3, equals the compres-
sion work of the piston into the system and is necessary 
to fulfi ll the energy conservation. Lacking a real radial 
spatial resolution of the combustion chamber, no direct 
possibility is given to model a temperature profi le with 
dropping temperatures near the wall. To overcome this 
issue, the adiabatic core hypothesis is applied and the 
wall heat losses are modeled through an isentropic ex-
pansion. This method is commonly used for the simula-
tion of rapid compression machines [16].

Validation and fi rst results
With the implemented model, the critical compression 
ratio of fuels can be derived, provided that all included 
species occur in the chemical-kinetic mechanism and are 
validated.
Table 3 lists already simulated fuel blends with known 
octane numbers from the literature. The octane number 
of the PRFs can be determined from their composition. 
If the simulated critical compression ratios of the fuels 
are linked to their octane numbers, a clear correlation 
of both quantities becomes visible as illustrated Figure 
4-left. The PRFs data set is used to derive a correlation 
visualized by the black line in Figure 4-left. 
The derived correlation between the critical compression 
ratio of the PRF blends and the octane number can now 
be used to calculate octane numbers for the other data-
sets.

 Figure 3: Schematic view of a cylinder during the com-
pression cycle with spreading fl ame front and the 2-Zo-
ne-Cylinder-Model visualizing the two homogeneous 
reactors for the burned and the unburned zone plus the 
reservoir for the unburned gas.

Table 3: Collection of relevant fuel-blends with 
known octane number from literature.

Fuel Composition Source ON
PRF 
(primary reference fuel)

iso-octane, n-
heptane

blending 
ratio

TRF 
(toluene reference fuel)

iso-octane, 
n-heptane and 
toluene

[12]

PRF + ethanol PRF91 + 
ethanol [17]

TRF91-15 + ethanol
TRF mit 15 
vol.% toluene + 
ethanol

[17]

TRF91-30 + ethanol
TRF mit 30 
vol.% toluene + 
ethanol

[17]

TRF91-45 + ethanol
TRF mit 45 
vol.% toluene + 
ethanol

[17]

 Figure 4: Modelling results of the 2-Zone-Cylinder-mo-
del. Left: comparison between the experimental derived 
octane number and the simulated critical compression 
ratio, the black line visualizes the derived correlation. 
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Right: experimental derived octane number vs. the octa-
ne number calculated using the correlation.

Figure 4-right shows the comparison between the experi-
mental derived octane numbers from the literature and the 
calculated ones. The results are found to deviate less than  5 
octane numbers compared to the actual values. The current 
results confirm the promising approach for deriving the oc-
tane number. For the application of the method to all relevant 
fuels listed in Table 1 within the project “Solare Kraftstof-
fe”, the chemical kinetic mechanism has to be extended to 
include the species ETBE, MTBE and isobutanol. Further, 
an optimization of the implementation of the combustion 
rate is considered. This will enable a better representation of 
the fuel-specific influence on the combustion process.

3.3 Flow reactor experiments

Approach
To study technical fuels’ combustion chemistry reactor-
experiments were performed at DLR’s atmospheric high-
temperature laminar flow reactor (ALFR) coupled with 
molecular-beam mass spectrometry (MBMS) detection. Inst-
rumentation and design as well as experimental methodology 
are described in high detail in Oßwald et al. [18]. Thus, the 
experimental approach is only briefly summarized below. 
In DLR’s ALFR fuel oxidation, from fuel consumption over 
intermediate species pool, to final combustion products can 
be examined in the homogeneous gas phase. The pre-evapo-
rated and premixed fuel is fed to the reactor in high argon dilu-
tion (Ar > 99%) including oxygen as oxidizer. Examinations 
where performed from intermediate to high temperature 
regime (8001200 K) for lean and slightly-rich equivalence 
ratios (ϕ = 0.8 and 1.2) and air-fuel ratios (λ = 1.25 and 0.83), 
respectively. Depending on the temperature, residence times 
are about 2 s. Flow rates are controlled by precise Coriolis 
mass flow controllers (MFC). In-situ sampling is performed 
by means of a quartz nozzle/skimmer differential pump-
ing system, where the gas probe is transferred to a molec-
ular-beam and further reactions are prevented. Finally, soft 
electron ionization (EI; actual energy 11.5 eV) is applied and 
the individual combustion species are detected in a time-of-
flight mass spectrometer (TOF-MS). Note that there is no 
isomer-specific differentiation here. Data evaluation and 
quantification is processed according to [18, 19].

Results
Figure 5 shows a general mass spectrum for mass to charge 
ratios (m/z) up to 200 u of the oxidation of the reference ga-
soline Bosch EU5 Cert under lean conditions (λ = 1.25) for 
highly reactive temperature (T = 1057 K). The temperature 
has been chosen in a way to ensure that most of the fuel 
molecules have already been consumed and a large num-
ber of important combustion intermediates have relatively 
high concentrations. Each mass peak corresponds to one 
or more partially oxygenated hydrocarbons. We observed 
intermediate species within a broad mass range from low 

molecular-weight aliphatic species up to high molecular-
weight species such as polycyclic aromatic hydrocarbons 
(PAHs). Based on the high mass resolution (R = 3000 [18]) 
separation of species with the same nominal mass is possi-
ble, which is shown in Figure 5insert for m/z = 42 u. Here, 
ketene (C2H2O) is properly separated from propene (C3H6).
Selected detailed speciation data of some major species, 
key intermediates, and aromatic soot precursors are pre-
sented and discussed below of fuel oxidation under lean 
conditions (λ = 1.25).
Major species. Oxidative reactivity of the fuels can be ex-
amined by following the species profiles of major species 
shown in Figure 6 where the mole fractions of O2 and H2O 
under lean air-fuel ratios (λ = 1.25) are plotted as a function 
of the gas temperature. Overall, the comparison of the gaso-
line blends compliant with standard EN 228 shows very sim-
ilar species profiles in quality and quantity and thus, similar 
combustion behavior within experimental uncertainty can 
be stated. Only the non-standard-compliant fuel candidate 
E30 shows a deviating behavior. With regard to the water 
profile (Figure 6bottom), H2O is already formed at lower 
temperature in higher amounts than for oxidation of the oth-
er blends. The higher reactivity of E30 can be attributed to 
a high volume fraction φi of ethanol (φEtOH =30 %v/v) and 
the associated higher oxygen content wO (wO = 10.9 %m/m) 
[20]. Thus, most small carbonyl compounds are also formed 
earlier and a broader species profile emerges, as shown in 
Figure 7top/left for formaldehyde (CH2O).
Key intermediate. We chose species with maximum mole 
fractions > 10 ppm as key intermediates. This includes small 
paraffins like methane (CH4), and ethane (C2H6), as well as 
small olefins like ethylene (C2H4), propene (C3H6), butadi-
ene (C4H6), and butene (C4H8), and small alkynes such as 
propyne/allene (C3H4), which are known to be part of the 
PAH building block. Furthermore, we observed oxygenat-
ed key intermediates like formaldehyde (CH2O) and ketene 
(C2H2O). Exemplary we discuss formaldehyde as a repre-
sentative for oxygenated key intermediates in the following. 
In Figure 7top the species profiles of formaldehyde and 
maximum mole fractions for fuel oxidation under lean con-
ditions (λ = 1.25) are presented and compared to the fuel’s 
oxygen content. It is known that a higher oxygen content 
in the system favors the formation of oxygenated combus-
tion intermediates [20, 21]. The reference gasoline Bosch 
EU5 Cert with the lowest oxygen content (wO = 1.8 %m/m) 
exhibits one of the lowest CH2O-concentrations and 
the gasoline blend E30 with the highest oxygen content 
(wO = 10.9 %m/m) has one of the highest concentrations 
in CH2O. Looking at the group of standard-compliant gas-
oline blends, with approximately the same oxygen content 
(wO ≈ 3.6 %m/m) it becomes clear, that not only the fuels’ 
oxygen content can be decisive for the formaldehyde forma-
tion. For example, MTBEmax (wO = 3.7 %m/m), in which 
the fuel oxygen is bound in methyl tert-butyl ether (MTBE; 
C5H12O) yields a higher formaldehyde concentration than 
the ETBEmax (wO = 3.6 %m/m), in which ethyl tert-butyl 
ether (ETBE; C6H14O) is the oxygenated fuel additive.
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Figure 5: Mass spectrum of Bosch EU5 Cert oxidation under lean condition (λ = 1.25) at highly reactive temperature 
(T = 1057 K), selected aromatic soot precursors are marked. Insert: Separation on nominal mass m/z = 42.

Figure 6: Mole fractions of selected major species 
(O2 and H2O) of fuel oxidation under lean condition 
(λ = 1.25) plotted as function of the gas temperature.

The highest CH2O amount within this fuel group is reached 
by the gasoline blend ReMax (wO = 3.7 %m/m), although 
also ETBE is the primary oxygen carrier as for the blend ET-
BEmax. This is where the different composition of each base 
gasoline used for fuel blending comes into play. In contrast to 
the other standard-compliant blends, ReMax has a relatively 
low aromatic volume fraction (φArom. = 11.3 %v/v) and also a 
decreased volumetric content of olefins (φOlefin = 4.0 %v/v). 
Overall, the maximum CH2O concentration increases as 
follows: Bosch EU5 Cert ≈ FT20-ETBE < ETBEmax < 
iBuOHmax < FT18-MTBE < MTBEmax < ReMax ≈ E30. 
It could be stated, that not only the fuels oxygen content 
but also the molecular structure of the oxygenated blending 
component and the fuel itself play an important role in for-
mation processes of oxygenated combustion intermediates.
Aromatic soot precursors. Benzene is considered a flagship 
aromatic soot precursor. The formation reaction of the first 
aromatic ring structure is strongly dependent on the fuel-spe-
cific intermediate pool, which result from fuel degradation 
[22]. In addition to mono-aromatics, PAHs play a crucial 
precursor role in soot formation  [23-25] . Generally, aromat-
ics are used as octane boosters and are therefore present in 
high proportions in standard-compliant gasolines, with up to 
35 %v/v permitted according to EN 228 [5]. Peak position 
of selected aromatic soot precursors and PAHs are marked 
in the mass spectrum of reference gasoline Bosch EU5 
Cert oxidation in Figure 7, namely benzene (C6H6), indane 
(C9H10), biphenyl/acenaphthene (C12H10), and phenanthrene/
anthracene (C14H10). These species occur almost exclusively 
as intermediates in the oxidization of the fuels under consid-
eration and are therefore particularly suitable for investigat-
ing the combustion reaction process. This does not apply to 
toluene and naphthalene, for example, as these are already 
contained in high percentages in the fuels themselves. In the 
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following we discuss the experimental data of benzene as 
typical representative of the aromatic soot precursors.
The benzene species profiles and maximum mole frac-
tions for fuel oxidation under lean conditions (λ = 1.25) 
are shown in Figure 7bottom in comparison to the hydro-
gen content of the fuels. For non-oxygenated technical 
fuels, like kerosene or diesel, the benzene concentration 
formed during fuel oxidation correlates well with fuels 
hydrogen content wH [26-28]. In H/C-fuel systems, a low 
hydrogen content promotes benzene formation. In ad-
dition, it is known that the aromatic content of the fuel 
has a major impact on the aromatic intermediate species 
pool, as fuel’s aromatics can skip decomposition and act 
directly as soot precursors [24, 25]. 
As expected, the standard-compliant gasoline 
blend ReMax with the highest hydrogen content 
(wH = 14.4 %m/m) and the lowest aromatics volume 
fraction (φArom. = 11.3 %v/v) shows the lowest benzene 
concentration within the fuel series studied. The second 
lowest C6H6 maximum mole fraction is reached by the 
non-standard-compliant blend E30 with reduced volume 
fraction of aromatics (φArom. = 19.2 %v/v). The hydrogen 
content of E30 (wH = 13.5 %m/m), on the other hand, 

is nearly as high as that of the reference gasoline Bosch 
EU5 Cert (wH = 13.4 %m/m), which has one of the high-
est benzene concentrations. Consequently, the correlation 
between fuels hydrogen content and benzene formation 
seems to fail for C/H/O-fuel-systems. Moreover, it seems 
to be not sufficient to consider only the aromatic concen-
tration in the fuel. Thus, the gasoline blend FT18-MTBE 
with the highest aromatics content (φArom. = 33.2 %v/v) 
and the lowest hydrogen content (wH = 12.9 %m/m) is 
only in the middle range of the high-aromatic fuel blends 
in terms of maximum mole fraction of benzene. There-
fore, the fuels molecular structure also be considered for 
the soot precursor chemistry, including the oxygen in the 
fuel.
Overall, based on the flow reactor study, it can be as-
sumed that the standard-compliant fuel candidate ReMax 
and the near drop-in gasoline blend E30 have a lower 
tendency to form soot in the engine operation, than the 
other investigated fuels. Note, that the observed benzene 
reduction for these fuels cannot be transferred directly 
into real engine emissions, thus other fuel properties like 
vaporization behavior matter too. However, a relative 
soot reduction should be visible.

Figure 7: Left: Mole fractions of formaldehyde (CH2O) as representative for oxygenated key intermediates and benzene 
(C6H6) as representative for aromatic soot precursors of fuel oxidation under lean condition (λ = 1.25) plotted as func-
tion of the gas temperature. Right: Measured peak mole fraction of the respective combustion intermediate (lines, left 
axis) compared to the fuel’s oxygen content or hydrogen content (bars, right axis).
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3.4 Engine test

The renewable fuel candidates were evaluated using a 
production calibrated turbo charged gasoline direct injec-
tion engine with 4 cylinders (in-line), a displacement vo-
lume of 2 liters and a central mounted Bosch high-pres-
sure-injector (Bosch Hochdruckeinspritzventil, HDEV 
6). The system fuel pressure is 350 bar. Fuel effects were 
evaluated on calibration robustness, combustion charac-
teristics and criteria pollutant emissions.
Engine test bench includes an engine dynamometer with 
external controllable coolant, fuel, air and intercooler 
temperatures. Engine oil temperature is not controlled. 
This temperature results from constant coolant tem-
perature and specific load. In-cylinder pressures were 
measured by piezoelectric pressure transducers (Kistler 
6041B). Gaseous and particulate emissions were measu-
red using a Horiba Mexxa 7100 and a Horiba SPSC 2100 
respectively.

Measurement program
The Bosch renewable fuel evaluation program includes 
mixture formation measurements in a spray test chamber 
as well engine measurements. For the engine fuel investi-
gation, a special test approach was developed containing 
engine map evaluation at cold and warm conditions, an 
injector coking drift run, fuel knocking behavior at full 
load conditions, transient operation as well as special 
engine operation modes e.g. catalyst heating and EGR 
variation. In order to evaluate the calibration neutrality 
of the fuel candidates, for all operating points mainly the 
series calibration data was used. However, in some pro-
gram points, the calibration robustness was tested e.g. by 
SOI sweeps at different engine loads. Also, an engine oil 
dilution test is assessed at cold start conditions. In Table 
4 the fuel evaluation program is listed including engine 
operating points and measurement conditions.

Table 4: Spray and engine evaluation program

Program Details and Conditions
Spray measurements
Evaluation of mixture formation behavior @ spray
chamber test bench under engine relevant conditions
Endurance run:
PN drift of injec-
tor/engine

2000 rpm / medium load for 14h 
at 200 bar and 4h at 350 bar @
warm engine

Engine out 
emissions, fuel 
consumption, 
combustion para-
meters

Engine map at
1000/2000/4000/6000 rpm, idle 
full load @warm engine
Engine map at
1000/2000/4000/6000 rpm, Idle 
full load @cold engine

Calibration
robustness

Start of injection (SOI) sweeps,
1500 rpm, low medium and full
load @warm engine

Engine
knocking

1500/2000/3000/4000/5000/6000
rpm, full load, ignition angle 
sweep @warm engine

Transient
operation

Load step at 1500 rpm, low load 
 full load @cold engine

Catalyst heating Catalyst heating operating point
incl. ignition angle sweep @cold
engine

Internal EGR
variation

1500 rpm, low load, variation of
exhaust valve timing @cold 
engine

Oil dilution 1500rpm medium load, medium
engine coolant temperature

Figure 8: 14 hours PN endurance run results for 200 bar 
rail pressure and all tested renewable fuel candidates.

Results engine measurement program
For this paper, only the results of the particle number 
(PN) drift run at 2000 rpm and warm engine are exem-
plary presented and discussed. The main operating para-
meters of the engine map are listed in Table 5. The aim of 
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the drift endurance run is, to see if a fuel candidate tends 
to injector coking and subsequent temporal PN drift. 
In order to provoke this behavior, the system pressure 
is reduced from 350 bar to 200 bar. Before start of the 
drift run, the injector tips were cleaned. Thereafter, the 
engine was stationary operated at 2000 rpm and 10 bar 
Break mean effective pressure (BMEP) for 14 h. If a fuel 
tends to injector drift the PN concentration will increase 
and stabilize at high PN emission level during the drift 
run time. In Figure 8 the results of the 14 h drift run are 
shown for all tested fuel candidates.
It can be seen that all fuels except of ReMax and E30 
show significant PN drift after minimum of 6 hours. 
At this point in time a similar high steady level of PN 
concentration is reached. After the drift run the injectors 
were removed and the injector tips were imaged. The re-
sults are shown in Figure 9. 

Table 5: Endurance run operating conditions

Parameter Unit Value

Speed rpm 2000
Load BMEP 
(Break mean ef-
fective pressure)

bar 10

Rail pressure bar 200 / 350

Runtime h 14 / 4
Temperature 
Coolant °C 90

Temperature 
engine oil °C 95

SOI °CA Fuel specific opti-
mization for low PN 
emission:
Bosch EU5 Cert: 320 
/ 320
ETBEmax: 320 / 310
MTBEmax: 320 / 310
iBuOHmax: 300 / 310
ReMax: 310 / 300
FT20-ETBE: 300 / 
300
FT18-MTBE: 320 / 
310
E30: 300 / 290

Ignition angle °CA
Optimized for MFB50 
(50% mass fraction 
burned) at 8°CA

Figure 9: Images of injector tip after 14 h endurance 
run for all tested fuels including an example image of 
a clean injector tip at the top row before the endurance 
run.

L
iz

en
zi

er
t f

ür
 T

ho
rs

te
n 

Jä
ni

sc
h 

am
 0

9.
06

.2
02

2 
um

 1
5:

10
 U

hr

Narr Francke Attempto Verlag GmbH + Co. KG



42 13th International Colloquium Fuels – September 2021 

BMWi project „Solare Kraftstoffe“ – Technical Fuel Assessment

Figure 10: 2 hours PN stabilization run results for 350 
bar rail pressure and all tested renewable fuel candidates

The reason for this fuel drift behavior may be ascribed 
to the volumetric concentration of heavy aromatics with 
carbon chain lengths equal and greater than 9 atoms (C9/
C9+ aromatics). E30 and ReMax exhibit lowest C9/C9+ 
aromatic content in comparison to the other fuel candi-
dates. The mechanisms and the effect of gasoline fuel 
properties on emission behavior for the injector drift run 
where investigated in Wiese et al. [1] and Fatouraie et 
al. [29]. 
All fuel candidates except of ReMax and E30 show sig-
nificant injector deposits at the injector tip (see Figure 9). 
ReMax and E30 are free of deposits. The images prove 
the emission test results of the PN concentration drift in 
Figure 8. 
After the 14 hours drift run the injectors were rebuild and 
a stabilization run for 2 hours at system pressure (350 
bar) followed. The purpose of this measurement was to 
see how the fuels behave at series calibration and if the 
fuels may show a cleaning behavior by decreasing PN 
concentration.
For the coked and drifted injectors, a slight decrease in 
PN concentration can be measured. After 1 h the PN 
emission level slightly decreases. The injectors which 
did not show coking (E30 and ReMax) have a lower sta-
ble PN concentration level.
It can be concluded that, although the fuel candidates 
ETBEmax, MTBEmax, IBuOHmax, FT18-MTBE and 
FT20-ETBE show significant injector drift, the PN emis-
sion behavior is in the same order of magnitude as for 
the reference fuel Bosch EU5 Cert, which can be seen as 
a bad case market fuel. Moreover, the content of heavy 
aromatics of the fuel is connected to the fossil base fuel 
and not to the renewable fuel component. So, the behavi-
or of PN drift is not directly influenced by the renewable 
blend component. As seen in the homogeneous gas phase 
experiments (Chapter 3.3) the ReMax fuel exhibits the 
lowest amount of soot precursor intermediates. For Re-
Max with high renewable share (e.g. isooctane, ETBE 
and FT surrogate) the fossil fuel components are diluted 
enough to reduce C9/C9+ aromatics. A similar reason 

could be quoted for E30 where Ethanol states the dilution 
blend component.
Moreover, from the study of Wiese et al. [1], it is known, 
that by additivities of detergents, the PN drift of the fuel 
can be reduced. This could be possible measure for such 
fuel candidates, which show high coking tendency. 
Conclusions 
This paper provides an overview of the status of the work 
being done as part of the BMWi-funded project “Solare 
Kraftstoffe” to evaluate synthetic fuels that can be produ-
ced sustainably via a solar powered, thermal conversion 
route. All the fuels considered, with the exception of the 
E30 blend, are compatible with the EN 228 standard and 
can be quickly established on the market with the exis-
ting fleet of vehicles. 
In order to evaluate the synthetic fuels and to identify 
particularly suitable fuel components for improving the 
fuel properties in terms of combustion and emission be-
havior, model-based methods were used as well as ana-
lytical tests and experiments on the engine were carried 
out.
DLR’s SimFuel platform, originally developed for avia-
tion fuels, was extended to the application of transpor-
tation fuels. Based on the detailed fuel’s composition 
further properties of the fuel could be predicted. New 
machine learning models are currently being developed, 
which are trained on single components and fuels. The-
se models then can also predict unknown complex fuels 
(e.g. renewable gasoline), for which not yet enough trai-
ning data exists. 
Provided that the detailed composition of the fuel can-
didates in “Solare Kraftstoffe” is available, as it can be 
analysed e.g. by two-dimensional gas chromatography 
(GCxGC), properties of these real fuels can be predicted 
and then visualized and assessed in context to the range 
of experience using the SimFuel platform. 
To evaluate the octane number of the fuels as well as to 
identify especially suitable fuel compositions the 2-Zo-
ne-Cylinder-Model was developed. The model provi-
des engine related boundary conditions combined with 
reaction models for the numerical estimation of octane 
numbers. First numerical predictions of the research oc-
tane numbers by the model are in good agreement with 
experimental data. In the next step, the chemical kinetic 
mechanism has to be extended and validated, in order to 
be able to simulate all fuel components, which are im-
portant within the project.
The analytical research in the flow reactor shows that the 
standard-compliant fuel candidate ReMax and the clo-
se drop-in gasoline blend E30 have a lower tendency to 
form soot during engine operation than the other fuels.
It must be noted, however, that the observed benzene re-
duction for these fuels cannot be directly extrapolated to 
real engine emissions, as other physical fuel properties 
such as evaporation behavior also influence emissions.
Despite the highly idealized boundary conditions of the 
analytical study, they confirm the particle number tests 
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carried out on a turbo charged gasoline direct injection 
engine. The evaluations of the PN concentration in an 
endurance run where injector drift was provoked at me-
dium load condition show that both the E30 and the Re-
Max exhibit significantly reduced particulate number 
emissions and no injector coking in comparison to the ot-
her fuel candidates. Both results can mainly be attributed 
to the reduced amount of heavy aromatic components in 
the fossil base fuel because of the high share of renewa-
ble components with low sooting tendency.
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Latest developments in modular Power-to-X technologies in 
INERATEC´s micro-structured reactor technology

Dr. Tim Böltken
INERATEC

1. Introduction

The European Union has not only been striving to re-
duce their carbon footprint since the Paris Agreement 
in 2015, but ever since the efforts have been intensified 
significantly. Amongst others, this led to the European 
Green Deal, which had been announced in 2019 by the 
European Commission and is currently being implement-
ed1. Strong efforts have been taken, especially in the last 
years, to overcome the dependency from fossil resources 
in all sectors. While the energy sector has made signif-
icant advances in the installation of renewable sources 
and minimizing the CO2 emission, the transportation 
sector still has a long way to go. Currently, there is an 
intense and in parts very lobby-driven political discus-
sion on the right direction for the transport sector to turn 
to in order to minimize CO2 emissions in the upcoming 
years and to reach the climate goals set on an interna-
tional and also a national level in various countries. At 
a first glance, battery-driven cars might seem to be the 
preferred solution for urban traffic due to their superior 
efficiency in utilization of the renewable electricity. On 
the other hand, there are still unanswered questions like 
the availability of suitable charging infrastructure or the 
environmental footprint of the battery production. One 
aspect further ignored in this discussion is also that re-
newable energy sources, such as wind or solar, are highly 
volatile not only on minute or hour scale but also on a 
daily and seasonal scale. Downturns of wind on weekly 
basis can occur several times throughout a year.
Renewable carbon-based fuels produced from renewable 
energy, so called e-Fuels, on the other hand could be uti-
lized instantly in the available infrastructure for distribu-
tion and also in the current car fleets. They could help to 
overcome these power fluctuations while being produced 
only in times of energy availability. Despite lower well-
to-wheel efficiency, e-Fuels have significant advantages 
when it comes to accessing renewable energy in remote 
locations, so called Power-to-X sweet spots2. Even if 
the above-described challenges of electric mobility can 

1  Communication from the Commission to the European Parliament, 
the European Council, the Council, the European Economic and So-
cial Committee and the Committee of the Regions — The European 
Green Deal (COM(2019) 640 final, 11.12.2019)

2 THE CONCEPT OF EFFICIENCY IN THE GERMAN CLIMATE 
POLICY DEBATE ON ROAD TRANSPORT, Frontier Economics, 
November 2020

be solved, there are still important sectors that will most 
presumably rely on carbon-based fuels also on the mid- 
and long-term. These sectors are aviation, long distance 
heavy-duty and maritime transport. Carbon based fuels, 
like Diesel or kerosene outmatch solid-state batteries or 
hydrogen fuel cell technology in terms of available en-
ergy density of the fuel by orders of magnitude3. That is 
why carbon-based fuels will play an important role also 
in the long-term future in the named sectors. 
There are various candidates for the described e-Fuels, 
like Methanol (MeOH), Dimethylether (DME), Oxymeth-
ylene ethers (OME), Synthetic natural gas (SNG) or 
Fischer-Tropsch-based (FT) hydrocarbons4. Of course, in 
the production of all of these e-Fuels, one needs to make 
sure that the carbon feed is originating from an unavoid-
able CO2 or renewable source (originating from biomass 
or air). Power to produce these e-Fuels via power-to-x 
technologies (PtX) should as well come from renewable 
sources to generate the hydrogen via electrolysis. There-
fore, the costs for these e-Fuels currently cannot be con-
sidered equal or even lower than their fossil-based coun-
terparts. Probably the most interesting e-Fuels, especially 
in short-term, are FT-based fuels. Those are chemically 
similar to current fuels like Diesel or kerosene but con-
tain no hetero-atoms which generate poisonous emission 
and can additionally be tuned to combust even cleaner 
than fossil fuels. Therefore, these e-fuels could directly 
be handled in the existing infrastructure and used in the 
available engines and turbines. Of course, this might re-
quire adaptions in the legal framework but in contrary to 
other e-Fuels it does not require to install a completely 
new infrastructure-network.
INERATEC GmbH, a spin-off from the Karlsruhe Insti-
tute for Technology, has developed an innovative Pow-
er-to-X (PtX) technology that can produce FT-based fu-
els and MeOH efficiently and load-flexible. The modular 
approach renders INERATEC´s application an ideal fit 
for the upcoming challenges of future energy systems, 
like volatile energy availability or decentralized produc-
tion of electricity. 

3  STATUS UND PERSPEKTIVENFLÜSSIGER ENERGIETRÄ-
GER INDER ENERGIEWENDE, Prognos, May 2018

4  P. D. Lund et al., Review of energy system flexibility measures to 
enable high levels of variable renewable electricity, Renewable and 
Sustainable Energy Reviews 45 (2015), 785–807
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2. Innovative chemical Reactor technology and 
scale-up

The above-mentioned Fischer-Tropsch synthesis is the 
conversion of syngas, a mixture of CO and H2, into long-
chain hydrocarbons, usually facilitated by a heteroge-
neous catalyst. The technology has been available since 
the fi rst half of the 20th century and is widely applied in 
large scale production plants all over the world. Up to 
date, the technology is mainly used to produce liquid hy-
drocarbons from coal or methane via the so-called Gas-
to-liquid process and is conducted in large scale fi xed 
bed or bubble column reactors. These reactors follow the 
classical economy of scale, with improved effi ciencies 
at very large scales. However, these reactor concepts are 
dependent on a continuous and large stream of gas supply 
and therefore hardly fi t the above-described volatility of 
a renewable energy system.  
One possible solution for the integration of the FT-pro-
cess into a renewable energy system is the application of 
novel reactor concepts5. Based on research work at the 
Institute for Micro Process Engineering (IMVT) at KIT, 
INERATEC has developed a reactor technology that is 
easily scalable and suitable for the described fl exible ap-
plications. The technology is based on microstructured 
reactors. The reactors are equipped with an innovative 
evaporation cooling in intermediate inside layers, which 
enables the plants to operate exothermic reactions under 
stable conditions6,7. The current commercially available 
generation of such reactors can be seen in Figure 1. 

F igure 1: Rendering of INERATEC´s current commerci-
ally available reactor generation

5  Leviness, Steve & Tonkovich, A & Jarosch, Kai & Fitzgerald, Sean 
& Yang, Bin & Mcdaniel, Jeff. (2011). Improved Fischer-Tropsch 
Economics Enabled by Microchannel Technology.

6  M. Belimov, D. Metzger, P. Pfeifer, On the temperature control in 
a microstructured packed bed reactor for methanation of CO/CO2 
mixtures, AIChE J. 63(2017) 120-129

7 P. Piermartini, T. Boeltken, M. Selinsek, P. Pfeifer, Infl uence of chan-
nel geometry on Fischer-Tropsch synthesis in microstructured reac-
tors, Chemical Engineering Journal 313 (2017) 328-335

Over the last decade, the reactor technology has been 
scaled up from laboratory scale to a size of 6 barrels 
per day per reactors of production capacity by KIT and 
INERATEC. This equals a scaling factor of more than 
30.000, as can be seen from Figure 2. 

Figure 2: Reactor upscaling timeline

Together with the available advances in automation, 
which the whole process industry has made over the last 
couple of years, this opens the possibility to modularize 
the FT-process. This means that a number of individual 
FT-modules, that contain all necessary process units, like 
gas conditioning, one or multiple serial or parallel reac-
tors and product handling, can be produced and combi-
ned again on next higher level of modularization in serial 
or parallel. This allows to establish FT processes that are 
customized towards the individual customer´s require-
ments. For example, in biomass-derived syngas (from 
gasifi cation processes), inert gases like nitrogen might be 
contained in the feed-gas stream. In such a case it might 
be of interest to implement a 2-stage process rather than a 
1-stage process to obtain near full conversion without in-
ert accumulation while recycling unconverted feed. Both 
stages could be set up from a multitude of FT-modules 
with numerous FT-reactors each. 
Several reactors in each stage or multiple modules offer 
another dimension of load fl exibility as it is possible to 
operate the synthesis in only a reduced number of reac-
tors or modules and leave the others in standby. Beyond 
load fl exibility the modularization on reactor or module 
scale might be very useful for maintenance or other ser-
vices, for which in other cases a complete plant would 
need to be shut down. On the contrast, the modular plant 
could then be operated at least in parts while other sec-
tions are in refurbishment. Furthermore, it is possible to 
foster ramp up of production capacity on availability of 
the renewable source, installing one plant unit at a time 
and therefore increasing production capacity. Schemati-
cally, one can see such the different operational modes 
in Figure 3. 
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Fig ure 3: Operational modes of the modular concept

Going from bottom to top, the production capacity starts 
off very low at approx. 5 % of the maximum capacity. 
This can be realized by only one reactor module, which 
not even needs to be operated at full load. Increasing the 
production capacity to 50% would then require 2 mo-
dules fully operated. Increasing capacity 100% would 
in this case require two more modules to be operated at 
full load. The above-described reactor and core process 
development has been achieved in the two EU-funded 
research project COMSYN8 and FLEXCHX9. Both pro-
jects focused on the utilization of biomass for sector cou-
pling and the fl exible (day-wise and seasonal) application 
of FT synthesis for the chemical storage of energy. 

3. Plant scale-up and numbering-up

This modular approach will be basis for the plant sca-
le-up of the company in the near- and mid-term future 
following a 3-dimensional numbering-up strategy. In the 
fi rst dimension, the number of reaction plates per reactors 
are multiplied by increasing the reactor volume. Second-
ly, the number of reactors per module will be increased, 
which leads to an increase of the overall production capa-
city per module. And thirdly the number of modules can 
be multiplied to match the requirements of the customer 
site and the available feed streams, without signifi cant 
re-engineering to be necessary. This way, plant volumes 
between 50 t/a and 35.000 t/a will be reachable by 2025 
(see Figure 4)

8https://www.comsynproject.eu/

9  http://www.fl exchx.eu/

Figu re 4: Plant Scale-Up concept

4. Feedstocks and FT-Products

One feature that makes the FT synthesis so extraordinari-
ly interesting, especially for sector coupling, is the large 
adaptability towards feedstock. As an example, the syn-
gas used in FT can be biomass-derived, in which case one 
would speak of biomass-to-liquid (BtL) process. Another 
possibility is to employ hydrogen, which has been gene-
rated via electrolysis together with CO2. In addition, the 
source for CO2 is neither pre-defi ned. This means it could 
be provided from a biogas-source or from an industrial 
exhaust but also from ambient air. Together with partners 
in various research project, national and international, 
INERATEC has developed and applied various BtL and 
PtL value chains. 
In the REDIFUEL project, just like in the forementioned 
projects COMSYN and FLEXCHX, biomass is used as 
feedstock but this time the process is designed to produ-
ce high-performance fuels10. For this purpose, INERA-
TEC´s FT-reactor is equipped with a specially designed 
catalyst and produces crude which can be converted to 
the desired fuels via hydroformylation. Another example 
for BtL is currently under investigation in the EU-funded 
project GLAMOUR. Here glycerol, which currently is 
a mostly unused by-product from the biodiesel produc-
tion, is used as very cheap feedstock for the production 
of renewable maritime and aviation fuels. INERATEC is 
evaluating novel 3D-printed reactor designs against their 
established technology and will elaborate in the course 
of the project a possible upscaling route for the process11. 
A completely different use case is the integration of the 
FT synthesis into industrial waste gas streams, and the 
direct utilization of CO2 to produce chemicals. This pro-
cess has been investigated and technically proven in the 
ICO2CHEM project, together with international part-
ners12. During the project, a demonstration plant has been 
engineered and implemented at the industrial site of the 
partner InfraServ Höchst. It was shown that it is possi-
ble to produce high quality waxes from the utilized ex-
haust gases. Consequently, this project laid the basis for 
the upcoming integration of PtL-technologies at various 
industrial sites. This includes chemical plants but also 
production sites for cement or steel. The latter two in-

10  https://redifuel.eu/
11  https://www.glamour-project.eu/
12  https://www.spire2030.eu/ICO2CHEM
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dustries intrinsically produce CO2 as part of their process 
and have an accordingly high urge to find solutions for 
the utilization of their waste streams. As shown, modular 
PtL-technologies can provide such solutions. 
In a future energy system, point sources of CO2, like the 
beforementioned steel and cement plants, will be very 
scarce and therefore not sufficient to satisfy the demand 
for carbon sources. Hence, the capture of CO2 from am-
bient air will become more and more important for future 
applications. The integration of such a direct air capture 
together with an innovative co-electrolysis has already 
been shown in a world-first demonstration plant back in 
2019 in the German Kopernikus project P2X. A picture 
of the plant can be found in Figure 5. 

Figure 5: World-first demonstration plant for the integ-
ration of direct air capture, co-electrolysis and Fischer-
Tropsch-synthesis

All these project results show how flexible INERATEC´s 
FT reactors are in the various PtL and BtL processes 
and that many feedstocks can be used for the process. 
Interestingly, the FT synthesis in microstructured reac-
tors is at least as flexible with respect to the downstream 
side. With the process being an a-priori undirected chain 
growth mechanism, which is dependent on the process 
conditions, it is relatively simple to adapt the product 
spectrum to the customers´ requirements. Very short 
chain products, like gasoline or even gaseous hydrocar-
bons can, in principle, be as well produced as long chain 
waxes for fine chemical applications. The product distri-
bution usually follows the Anderson-Schulz-Flory (ASF) 
distribution, given by the equation 

,where wn is the mass content of the product, α is the chain 
growth probability and n is the specific chain length. With 
α being a constant that is (given a fixed catalyst) directly 
dependent on the process conditions – mainly space ve-
locity, temperature and pressure – the ASF distribution is 
easily adaptable by these parameters. It needs to be point-
ed out here, while there are limits to the product distribu-
tion selection and side products cannot be excluded com-

pletely, it is still possible to adapt the process in a wide 
range. This has been proven for INERATECs microstruc-
tured FT-reactor technology in a number of projects. As 
mentioned before, in the ICO2CHEM project, long chain 
waxes, that could be introduced into chemical production 
lines, were produced. Simultaneously, INERATEC is 
working together with partners in the EU-funded project 
KEROGREEN13 and the project by the German Federal 
Ministry of Economic Affairs and Energy PowerFuel14 
on the development of drop-in renewable jet-fuel alter-
natives. Results indicated that the FT-products can come 
close to the relevant ASTM-norms and suitable refining 
procedures can be implemented also on a modular level. 
Depending on the future regulatory framework, product 
upgrading might even be possible without the need for 
a complex infrastructure of a large-scale refinery. An-
other product, INERATEC has successfully developed 
is drop-in ready Diesel. Alongside gasoline pre-cursors 
this is under investigation in the reFuels project together 
with a number of car manufacturers. Finally, it needs to 
be stated that the microstructured reactor technology of 
course can also be used for other exothermic reactions, 
like MeOH-synthesis – which is, as stated above, another 
path for PtX. This reaction pathway is investigated in the 
German national research project E4MeWi15. 

5. Summary and Outlook

Modular FT-technology has made significant advances 
over the last couple of years. The technology is ready 
to be spread out on an industrial level and INERATEC 
is taking steps towards this roll-out. An important step 
on this path will be the realization of the newly acqui-
red EIC Accelerator project IMPOWER2X. INERATEC 
will use this project to prepare a serial production for the 
reactor modules and chemical plant units. Such a serial 
production can reduce the CAPEX for new plants sig-
nificantly, as it reduces the individualizing efforts for 
the PtX-plants. The individual process units of the plant 
will be re-engineered and standardized to suit the modu-
lar concept and to be producible in a serial production 
line. Furthermore, the complete company will undergo 
a re-structurization procedure with the overarching goal 
to effectively implement the serial production on al or-
ganizational levels. Finally, INERATEC will be able to 
“produce chemical plants like cars”: modular products 
manufactured on a serial production line with the possi-
bility to individualise them with very little effort towards 
the needs of the customers. 
This enables INERATEC not only to be supplier of plants 
for customers but will render the company towards a pro-
vider of fuel. For this case INERATEC implements an 
offtake business model in which the company identifies 

13  https://www.kerogreen.eu/
14  https://www.elab2.kit.edu/powerfuel.php
15  https://www.e4mewi.de/
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interesting locations for PtX plants and sells the pro-
duced fuels to customers directly, opening novel custo-
mer groups who would not consider operating chemical 
plants themselves. 
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Summary

To mitigate climate change there is a strong need to reduce CO2 emissions in the transport sector. Synthetic fuels from  
power-to-Liquid (PtL) pathways are a promising strategy, especially for sectors that are challenging to electrify. In this 
contribution, the outline of a 10.000 t/a PtL plant is presented. Therefore, the needed technology steps - H2 and CO2 
supply, synthesis gas formation, fuel synthesis, and downstream/refining - were identified and different options were 
evaluated. With regard to the technology selection, certain general assumptions were taken into consideration, such as 
the TRL, the robustness of the technologies and their commercial availability. Amine scrubbing from biogenic sources 
was chosen for CO2 capture. For H2 production PEM and alkali electrolysis were assessed as best options. For synthesis 
gas production the reverse water gas shift (RWGS) reaction is the most promising technology, while for fuel synthesis, 
a Co-catalyzed low temperature Fischer-Tropsch reaction was selected. For refining of the FT-crude to fuels compliant 
with the given standards, hydrocracking, hydrogenation, isomerization and distillation were identified as necessary steps. 

1. Introduction

Due to the progressing climate change, mankind has to 
solve the great challenge of transforming its industrial 
processes as well as the transport, heat, and energy sector 
towards climate neutrality. Among others, the goal for 
the German transport sector is a complete defossiliza-
tion, ergo a transformation away from crude oil towards 
renewable sources and CO2 neutrality. While in Germany 
the industry could already reduce their greenhouse gas 
(GHG) emissions by 31 - 33 % compared to 1990, there 
is no noteworthy GHG emission reduction in the German 
transport sector (i.e. road traffic, aviation, and shipping) 
[1]. To reach the climate goals of the German govern-
ment, a fast action is necessary to reduce the CO2 emis-

sions in short-time. Especially, as the German govern-
ment is even encouraging their aims for GHG emission 
reduction in this sector from 42 % [2] to 48 % [3] until 
2030, compared to 1990. The replacement of fossil-based 
gasoline, diesel, and kerosene by PtL fuels is a good op-
tion to achieve this fast GHG emission reduction. If PtL 
fuels are produced from green hydrogen and CO2 from 
the atmosphere or from point or biogenic sources, such 
as biogas or bioethanol plants, they combust CO2 neutral. 
Even if the Well-to-Wheel efficiency with 13 % is low 
(69 % e-mobility) [4], PtL fuels have the great advan-
tage that they can be used as direct replacement in the 
existing car, truck, aircraft or ship fleet (drop-in fuels) or 
with minor reconstructions (near-drop-in fuels), as they 
are chemically identical or similar to fossil-based fuels. 
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As such they can be used in the existing fuelling infra-
structure [5]. Because of their good gravimetric and high 
volumetric energy density [6], PtL fuels are a promising 
strategy, especially for sectors that are challenging to 
electrify, like long-haul air transport, marine applications 
or long-distance haulage. As a sufficient replacement of 
the existing car fleet to fuel cell or electric vehicles until 
2030 is not to expect, PtL fuels could also play a key 
role in road transport as an intermediate solution for CO2 
emission reduction.
Currently several research projects are conducted, ad-
dressing the production of PtL fuels, e.g. the Kopernikus 
project P2X [7], the PtM Miniplant in Freiburg (Germa-
ny) [8] and the C3-Mobility project [9]. But the scales are 
still quite far off from industrial scale. In some cases, like 
in P2X, decentralized production approaches are investi-
gated. Larger PtL plants for centralized production are in 
planning at the moment, e.g. in Frankfurt-Höchst (Ger-
many) with a capacity of 3,500 t/a e-fuel [10] or the Haru 
Oni project in Chile with about 130,000 l/a e-gasoline at 
the beginning [11].
This contribution presents the conceptual outline of a 
first of its kind 10,000 t/a demonstration PtL plant, based 
on a study conducted for the German Federal Ministry 
for Transport and Digital Infrastructure (BMVI). If built, 
the main goal is to gain experience with regard to process 
integration and optimization as well as to lay the foun-
dation for a potential later scale up to commercial plant 
size, which would be in the order of at least 100,000 t/a. 
The PtL plant features a modular design, allowing single 
components of the process chain to be exchanged with 
other technologies at a later stage. Water electrolysis is 
used to produce H2 from renewable energy, while CO2 
can stem from point sources or direct air capture. Syn-
gas is generated via a reverse water gas shift reaction 
(RWGS) or a Co-Electrolysis. For the synthesis step a 
Fischer-Tropsch process and the methanol/DME based 
route are considered. The upgrading of the received in-
termediate (i.e. syncrude or methanol/DME) to standard 
conform fuels is achieved via a varying combination of 
refining steps, e. g. hydrocracking, hydrogenation, isom-
erization, and distillation. In the following sections the 
different technology options for each process step are re-
ferred to as “technology blocks”.
A technical evaluation of the different technologies for 
each block, based on literature review and in-house ex-
pert judgement, was performed with respect to the tech-
nological readiness level (TRL), the scalability, con-
formity, integrability into the PtL plant, specific energy 
demand and costs, as well as accruing waste streams and 
byproducts. Based on this technology screening, the most 
promising technologies for the 10,000 t/a PtL plant were 
selected. Special focus is dedicated to the connection of 
the different technology components. Based on these 
results a selection of mature and robust technologies 
for this first of its kind plant is presented. Furthermore, 
highly innovative but yet not sufficiently developed com-

ponents for the 10,000 t/a PtL plant were identified and 
will be further investigated in a parallel construction of a 
smaller research plant (scale: <1 % of demo plant).

2. Evaluation method

In the following section the evaluation method for the 
different technologies is described. Six criteria were de-
fined. As first criterion the “accordance with the goal of 
the PtL concept”, ergo the feasibility for a discontinuous 
operation with renewable (fluctuating) electrical energy 
was assessed. Second, the technical readiness of the tech-
nology for its application in a 10,000 t/a PtL plant was 
evaluated, based on the investigated TRL of the desired 
technology as well as on the availability of the techno-
logy in the desired scale and potential scaling problems. 
The third criterion was the specific energy (electric and 
thermal energy) and reactant demand, based per kg pro-
duct. The fourth criterion was the possibility of integ-
rating the desired technology into the PtL plant energy 
management and the possibility of connecting the tech-
nology to upstream, reaction, and downstream steps for 
the production of a fuel compliant with given standards 
(i.e. process integration). The fifth point was the forma-
tion of by- and waste products, and the last point the spe-
cific costs per kg product for the specific technology.
The needed information for evaluating the different tech-
nology blocks related to these criteria were obtained from 
literature research and in-house expert judgement. If one 
or more of these points were not applicable for a techno-
logy block, they were excluded from the evaluation. 
An evaluation system from 0 points “unsuitable” to 5 
points “very good” was defined and each technology was 
rated quantitatively, based on the results of the literatu-
re research and in-house expert knowledge, per criterion 
and then compared to competing technologies within a 
technology block (cf. Fig. 1). Finally, the average points 
of the technologies were compared. Thereby, the selec-
tion of mature and robust technologies for each process 
step, resp. technology block, for the initial equipment of 
the 10,000 t/a PtL plant was performed. 

Fig. 1: Evaluation system for the different technology 
blocks

Afterwards a first interconnected process layout based on 
the selected technologies including all utility units, mate-
rial flows and peripheral systems was developed. 
Technologies that were not chosen for the initial equip-
ment but have a high innovation potential were consid-
ered for a smaller research plant (scale: <1% of demo 
plant). The layout of the research plant was conceived in 
parallel but is not within the scope of this contribution. 
Main goal of the research plant is to further investigate 
these high potential technologies separately as well as in 
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line with other technology steps in terms of an optimized 
process integration to develop them for later use in the 
10,000 t/a plant.

3. Results and discussion

3.1 H2 production 

For H2 production five different technologies were identi-
fied as potentially interesting for the 10,000 t/a PtL plant. 
The alkaline electrolysis (AEL), the proton exchange 
membrane electrolysis (PEMEL), the high temperature 
electrolysis (SOEL), methane pyrolysis, and steam re-
forming in combination with carbon dioxide capture 
and storage (CCS). Through literature research results, 
in-house expert knowledge and physical-chemical calcu-
lations, the electric and thermal energy demand, the TRL 
level, operation temperature, further reactant and product 
streams as well as the ramp-up time from standby, the H2 
purity and the specific H2 costs per kg were investigated. 
The results are shown in Table 1.
Based on these values the evaluation shown in Table 2 
was performed. Steam reforming with CCS is not in ac-
cordance with the PtL concept, as it cannot directly im-
plement renewable electricity as main source of energy. 
Additionally, steam reforming is available on industrial 
scale, but the necessary CCS infrastructure does not yet 
exist in Germany. Thus, steam reforming with CCS is 
not a suitable option for the 10,000 t/a PtL plant, even 

if the specific energy demand is low (no electric and low 
thermal energy demand), the only used additional re-
actant besides methane is water and the H2 production 
costs are low. Also, methane pyrolysis is no option for 
the PtL plant, due to its low technological readiness and 
its specific energy demand. As byproduct carbon black is 
formed that has to be separated and used, except by total 
oxidation, which would again result in significant CO2 
emissions. The specific H2 costs would be in the same 
region as for steam reforming, but additional gas clean-
ing would be necessary. During methane pyrolysis, there 
would be an option for the direct formation of synthesis 
gas (CO, H2) by partial oxidation of the carbon black. 
Thereby, and by the low H2 costs, methane pyrolysis can 
become an interesting technology after further investiga-
tion, using biogas as green methane source. 
Thus, the remaining technology is the water electrol-
ysis, for which the before mentioned three options 
were evaluated. The AEL is the highest developed 
technology, followed by the PEMEL. SOEL is still at 
demonstration level. Even if the SOEL has a higher 
thermal energy demand, due to the reaction tempera-
ture of 550 to 850 °C, its electric energy demand is 
lower. While heat can be provided from the exother-
mic Fischer-Tropsch reaction, for example, electrici-
ty has to be produced in a renewable manner. This is 
a great advantage, leading to a better ranking of the 
SOEL compared to AEL and PEMEL, for the criterion 
of “Integration in the PtL system”, where 

Table 1: Process data for H2 production [Investigated using in-house expert knowledge and literature]; LHV:  
Lower heating value; CCS: Carbon dioxide capture and storage; *Calculated with an electricity rate of 7 ct/
kWh, 7000 Full load hour/a and literature values for CAPEX & OPEX; References: [12-19].
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Table 2: Evaluation of the different H2 production technologies; CCS: Carbon dioxide capture and storage.

PEMEL and AEL are evaluated equally, and for the cri-
terion “specific energy and reactant demand”. Regarding 
PEMEL and AEL, the AEL was ranked higher according 
to the latter criterion. As reactant for all three electroly-
sis technologies, only water is needed, while oxygen is 
formed as byproduct. The latter can be sold to improve 
the business plan of the plant. The H2 is gained in very 
high purity >99.8 %, but the H2 price with 4.5 (AEL) to 
6.3 €/kg (PEMEL) is comparatively high. For the 10.000 
t/a plant, the AEL needs to be upscaled to about 30 MW. 
Thanks to its high TRL, this upscaling is not critical. For 
PEMEL a numbering up of smaller modules would lead to 
the 30 MW requirement. For PEMEL Iridium (Ir) is needed 
as raw material for the electrodes, which might be critical 
for a state-of-the-art use of PEMEL, especially for its use in 
various industrial PtL plants. Even if a numbering up to 30 
MW for SOEL would be possible, the complex technology, 
a challenging heat management as well as occurring degra-
dation make the SOEL not suitable for the initial equipment 
for the first of its kind 10,000 t/a PtL plant. However, it is an 
interesting technology for the future and the research plant. 
Thus, for H2 production in the 10,000 t/a PtL plant, the best 
options are AEL and PEMEL, which are ranked nearly 
equally to one another and show low upscale and operatio-
nal problems. Therefore, both technologies shall be used in 
the PtL plant.

3.2 CO2 capture

For CO2 separation, seven technology options were investiga-
ted for CO2 exploitation from two different sources. First, the 
membrane separation, water washing, amine scrubbing, and 
pressure swing adsorption for CO2 separation form biogenic 
point sources, such as digester gases (e.g. biogas plant or bio-
ethanol plant). Second, the high temperature aqueous solu-
tion DAC (direct air capture), the low temperature DAC with 
temperature swing adsorption, and the low temperature DAC 
with moisture swing adsorption for CO2 separation from the 
atmosphere. Via in-house expert knowledge, physical-chemi-
cal calculations, and literature research the energy demands, 
the TRL levels, the CO2 purity, the specific CO2 costs, the re-
quisite auxiliary materials, as well as waste/byproducts were 
investigated (cf. Table 3). The evaluation of the technologies 
according to the defined criteria (cf. Chapter 2) is shown in 
Table 4. The three direct air capture (DAC) methods fit opti-

mal to the PtL concept, as CO2 from the atmosphere is used, 
thus being more flexible than biogenic CO2 capture which 
has to rely on the operation of a biogas or bioethanol plant. 
But the DAC methods are of much lower technical readiness 
than the methods for separation from biogenic digester gases. 
The highest TRL has the low temperature DAC with tempe-
rature swing adsorption (TRL 8) and would be thereby the 
only possible DAC option for a 10,000 t/a PtL plant. But the 
CO2 costs are very high (155 €/tCO2 compared to 50 - 100 €/ 
tCO2) as well as the energy demand, that is much higher than 
for the CO2 separation from biogenic sources. Therefore, the 
low temperature DAC with temperature swing adsorption is 
a promising option for CO2 exploitation from air, but it has 
to be further investigated (lower energy demand, lower price, 
higher TRL, etc.) before it is applicable for large PtL plants 
and will only be considered for the research plant.
Thus, for the 10.000 t/a PtL plant a biogenic CO2 source, e.g. 
a biogas or bioethanol plant, must be chosen. The technologi-
cal readiness is fairly developed for all methods shown (TRL 
9), except the membrane separation (TRL 6-8), which makes 
scaling up difficult and eliminates this technology as an op-
tion for the 10.000 t/a PtL plant. Water washing, amine scrub-
bing, and pressure swing adsorption can be scaled without 
problems to 10.000 t/a fuel scale, but with water washing a 
very impure CO2 is obtained (14 - 22 vol%), which makes 
this technology not applicable. Pressure swing adsorption 
and amine scrubbing can both be used for the 10.000 t/a PtL 
plant. In the end, amine scrubbing was chosen, as higher CO2 
purities are obtained along with the lowest CO2 costs.

3.3 Synthesis gas formation

The next step in the PtL process is the formation of syn-
thesis gas (CO, H2) (syngas) from H2 and CO2. For this 
process, four technologies were considered: water elec-
trolysis, e.g. AEL, in combination with a reverse water 
gas shift reaction (RWGS), co-electrolysis, dry biogas 
reforming and autothermal reforming of FT-tail gas. The 
investigated data, based on literature research, in-house 
expert knowledge, and physical-chemical calculations, 
includes the necessary reactants, the energy demand, the 
TRL, and the residue/waste products (cf. Table 5). The 
evaluation according to Chapter 2 is shown in Table 6. 
The co-electrolysis is suitable for the Fischer-Tropsch 
(FT) route, as it directly converts CO2 and H2O to syn-
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thesis gas; however, it does not fit for methanol synthesis 
from CO2 and H2. The “AEL plus RWGS” process fit for 
both cases: for FT-synthesis, AEL and RWGS are put in 
line; for methanol synthesis, the RWGS is bypassed. 
Co-electrolysis could possibly be scaled up to the desired 
scale by numbering up, but with a low TRL of 4, many diffi-
culties must still be faced (e.g. membrane stability or degra-
dation), while for RWGS, with a TRL of 6 the technology is 
more mature. Scaling up to the 10,000 t/a scale should, the-
refore, be possible. The biggest problem appears to be a CO2 
neutral heat supply, as the energy demand is quite high, even 
a bit higher than for co-electrolysis. As compared to co-elec-
trolysis for syngas formation with AEL + RWGS, two re-
action steps are needed instead of one. The “integration into 
the PtL system” is thereby ranked higher for co-electrolysis. 

Waste products of AEL + RWGS are O2 and H2O. The first 
can be sold and the latter used in the AEL again. Also, for 
the co-electrolysis, the byproduct is O2. 
The “autothermal reforming of FT-tail gas” is a commer-
cially available option, but for its application a tail gas 
must already exist. Thus, this reaction is an option for 
tail gas recycling and thereby for process optimization, 
but not for main synthesis gas production. Also, the dry 
reforming of methane and CO2 is an interesting option 
for synthesis gas production, but, since the methane from 
biogas plants is mostly used in other ways (e.g. power 
generation), the methane from the biogas plant is limited. 
Thus, grey methane from natural gas would be 
needed, making it incompatible with a green PtL plant. 
Additionally, no renewable electricity would be intro-

Table 3: Process data for CO2 capture [Investigated using in-house expert knowledge and literature]; DAC: Di-
rect air capture; References: [ 20-30 ]. 

Table 4: Evaluation of the different CO2 capture technologies; DAC: Direct air capture; *No data available.
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duced into the system. Thus, as the most suitable option 
for synthesis gas generation, a coupling of water electroly-
sis (e.g. AEL) and RWGS was chosen for the initial equip-
ment of the 10,000 t/a PtL plant. The co-electrolysis will 
be closer investigated at the research plant.

3.4 Fischer-Tropsch synthesis

After synthesis gas formation comes the synthesis step. 
One very promising option for producing PtL fuels is the 
Fischer-Tropsch synthesis (FTS). 
Three different process ways were examined: the low 
temperature FTS with Fe-catalyst, the low temperature 
FTS with Co-catalyst, and the high temperature FTS with 
Fe-catalyst. The investigated process data are shown in 
Table 7: CO and H2 demand, investment (invest) costs, 
TRL, reaction temperature, residue/waste products and 
syncrude composition. Table 8 shows the evaluation of 
these values. Easy to see is that the high temperature FTS 
is not suitable for a PtL plant, as the main products are 
short chain hydrocarbons with a chain length from C1 - 
C4 (57 %), which is even too small for gasoline. With the 
low temperature FTS, the formed chain length is longer: 
45 % waxes (>C22) and 42 % hydrocarbons with a chain 
length between C5-C22 are obtained by Co-catalyzed 
FTS; 50 % waxes (>C22) and 32 % hydrocarbons bet-
ween C5 and C22 are obtained for the Fe-catalyzed FTS, 
depending on the chosen process conditions. 
In both cases, scaling up is not the problem to solve, 
but rather the scaling down to 10,000 t/a fuel scale, as 
FTS is used in the industry in large scales for years, 

like the Sasol process [31] or the Pearl GTL process 
from Shell [32]. The core challenge is to run the FTS 
with acceptable costs in this small scale. The needed 
scale for the 10,000 t/a PtL plant is not available on 
the market and must, therefore, be developed. One 
core challenge of the FTS is its bad performance to 
load flexible operation. This problem has to be solved 
for the desired PtL plant either by optimizing the FTS 
synthesis to work with fluctuating reactant input, or 
by installing a synthesis gas buffer to compensate the 
fluctuation. As reactor, a tube bundle reactor or mi-
crostructure reactors with fixed catalyst beds can be 
used. Microstructure reactors have the benefit of well 
controlled heat development, but for a 10,000 t/a fuel 
scale, a huge number of reactors would be needed. 
Therefore, for the 10,000 t/a plant, a tube bundle reac-
tor shall be used.
For low temperature FTS, the Co-catalyzed route was 
chosen, as it has a slightly lower reactant (CO, H2) de-
mand and has a slightly higher yield in hydrocarbons 
with chain lengths ≥C5 (87 % to 82 %).

3.5 Downstream/ Refining of FT syncrude   

After the FTS, a crude mixture of alkanes, alkenes, alco-
hols, and other organic compounds with different chain 
lengths are obtained, denoted as FT-crude or syncrude. 
This syncrude cannot be used as fuel immediately, but 
must be processed in several downstream/refining pro-
cess steps (cf. Table 9). As those processes are mandatory 
to fulfill the given fuel specifications, no eva-

Table 5: Process data for synthesis gas (syngas) formation [Investigated via in-house expert knowledge and literatu-
re]; LT: Low temperature; *Assumed syngas composition: H2/CO = 2/1; **Assumed syngas composition: H2/CO 
= 1/1; References: [33-44]. 
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Table 6: Evaluation of the different synthesis gas formation technologies; LT: Low temperature; †Data availabili-
ty not sufficient for qualitative comparison.

Table 7: Process data for Fischer-Tropsch synthesis (FTS) [Investigated using in-house expert knowledge and 
literature]; HC: Hydrocarbons, References: [12; 33; 45-47]. 

Table 8: Evaluation of the different Fischer-Tropsch synthesis (FTS) technologies; *Criterion not evaluated, as 
not meaningful for this process step.
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luation of the specific technologies was carried out.
Essential for the refining of the FT-crude is the hydro-
cracking that cleaves long chain hydrocarbons (e.g. wa-
xes (>C22)) to the desired chain length. For kerosene the 
range of C9 - C17 and for diesel the range of C9 - C22 
is desired. Nevertheless, it is not possible to crack the 
crude to only one fraction, so that always several fracti-
ons are obtained, e.g. gasoline (C5 - C11) and kerosene. 
Furthermore, through the addition of hydrogen, double 
bonds can be hydrogenated and alkenes are converted 
to alkanes. Organic acids, aldehydes and alcohols in the 
crude are also reduced to alkanes. If after hydrocracking 
alkenes or alcohols remain in the cracked crude, or if the 
original FT-crude should not be cracked, an (additional) 
hydrogenation is necessary to reduce all oxygen com-
pounds and unsaturated compounds to alkanes. After-
wards an isomerization is needed to branch the alkanes 
and to adjust the desired i-alkane/n-alkane ratio. Hydro-
genation and isomerization can be performed in parallel 
in one process step.

Afterwards several distillations are necessary to obtain 
the desired fuel fractions, which must be compliant with 
the given standards. For synthetic kerosene, the ASTM 
7566 is applicable, for Diesel the DIN EN 590 and for 
gasoline the DIN EN 228.   

3.6 Methanol (MeOH) synthesis and further processing 
to fuels

Methanol can be produced via two processes. Directly 
from CO2 and H2 or from synthesis gas (CO, H2). The first 
process has the benefit, that CO2 must not be converted 
to CO by means of co-electrolysis or RWGS. Thus, ener-
gy could be saved by avoiding the high temperatures for 
these applications (550 - 1000 °C). 
The investigated data for these two methods are shown 
in Table 10 and the evaluation according to Chapter 2 is 
shown in Table 11. 
For the second process, in this study an RWGS was com-
bined with the methanol synthesis from synthesis

Table 9: Downstream methods for FT-crude (syncrude) refining to fuels [Investigated via in-house expert know-
ledge and literature]; References: [48-57]. 

gas. In this case, the technological readiness of the direct 
methanol synthesis from CO2 is a bit higher (TRL 6 - 8) 
than for the synthesis gas synthesis (TRL 6), due to the 
required RWGS. Both processes have similar reactant 
(CO2, H2) as well as similar energy demands (electric and 
thermal), as long as for the synthesis gas based process 
the waste heat and heat demand are optimally integrated. 
In both cases, due to the exothermic methanol synthesis, 
waste heat is produced, which can be used in an integrat-
ed manner in the PtL plant to cover other heat demands. 
In both cases, the specific investment costs are very high 
(5500 and 6300 - 6670 €/(kg MeOH/h)). For both pro-
cesses waste water is produced, which can be reused in 
the electrolysis after purification. For the direct metha-
nol synthesis, exhaust gases like methane and CO are 
formed. Regarding these arguments, the direct methanol 
synthesis from CO2 and H2 is the more promising option. 
However, the further processing of the methanol to fuels 
is challenging (cf. Table 12). While Methanol-to-Gaso-
line (MtG) is well known, and scaling up to the 10,000 t/a 

scale would be possible by numbering up, this technol-
ogy is not conducive if kerosene is the target product. 
Therefore, the Methanol-to-Jet (MtJ) process must be ap-
plied, which is still being researched on lab scale (TRL 4 
- 5). According to the alcohol-to-jet process, also for MtJ 
the three reaction steps dehydration (Methanol-to-olefins 
(MtO)), oligomerization and hydrogenation are under 
investigation [58], but problems occur producing suffi-
ciently long enough chain length (>C6), even if the in-
dividual process steps are well understood. As the main 
focus of this PtL plant is kerosene production, the metha-
nol route (methanol synthesis + MtJ) will be further con-
sidered at the smaller research plant. However, it is not 
a suitable option for the 10,000 t/a PtL plant. Thus, the 
FT-route was selected for the demonstration plant.

3.7 DME synthesis

A third alternative to FTS and the methanol route is the 
dimethyl ether (DME) synthesis. DME can be produced 
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via three ways. By dehydration of methanol, from syn-
thesis gas or directly from CO2 and H2. The investigated 
process parameters are shown in Table 13, and the eva-
luation in Table 14. For DME synthesis from methanol, 
the methanol must first be formed from CO2 and H2. This 
reaction also limits the TRL of this process to 6 to 8. TRL 
6 is reached for the synthesis gas DME synthesis, as the 
synthesis gas has to be formed before by a co-electrolysis 
or, as in this study, with a RWGS limiting the TRL. On 
the other side, the direct synthesis of DME from CO2 and 
H2 has an even lower TRL of 4 - 5. The reactant demand 
(CO2, H2) is quite similar for direct and syngas synthesis 
and higher for synthesis based on methanol. The excess 
heat is nearly equal for all three methods, if the heat in-
tegration is optimum for DME from synthesis gas (-0.6 
- -0.8 kWh/kg DME). The excess heat can be used as heat 
source for other process steps. For the DME from metha-
nol route, additional electric energy is needed (methanol 
synthesis). However, the specific DME investment costs 
are, as for methanol synthesis, very high (7900 - 9460 €/
(kg DME/h)). As a residue, waste water is formed for all 
DME synthesis routes, which can be reused in the elec-
trolysis. For synthesis via methanol additional exhaust 

gas is produced during methanol synthesis (CO, CH4) 
and for syngas-DME synthesis additional CO2. 
The workup to fuels would be identical to the me-
thanol route, MtG or MtJ, and would face the same 
problems.
Thus, no reaction route is particularly promising for the 
10,000 t/a PtL plant. Furthermore, DME is an interme-
diate product of the MtG and MtJ process [59] and is 
produced during the methanol route. While the methanol 
route will become part of the research plant, the DME 
route will not be considered at all.

3.8 Initial equipment of the 10,000 t/a PtL plant

After the evaluation of the single technology steps for 
the 10,000 t/a PtL plant, the best technologies steps were 
combined within a PtL process. 
For water electrolysis two technologies were chosen, 
AEL and PEMEL, which will produce H2 in equal 
amounts (50 % each). CO2 will be obtained from bioge-
nic digestor gases (biogas plants or bioethanol plants) 
via amine scrubbing, while the synthesis gas formation 
will be performed by RWGS. As fuel synthesis step, the 

Table 10: Process data for methanol synthesis [Investigated via in-house expert knowledge and literature]; 
MeOH: Methanol; References: [26; 45; 60-67]. 

Table 11: Evaluation of the different methanol synthesis technologies.
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Table 12: Evaluation of the different methanol to fuel technologies; *Criterion not evaluated, as not meaningful 
for this process step; †Data availability not sufficient for qualitative comparison.

Table 13: Process data for dimethyl ether (DME) synthesis [Investigated via in-house expert knowledge and lite-
rature]; References: [45; 62; 65-70]. 

Table 14: Evaluation of the different dimethyl ether (DME) synthesis technologies; *No data available

Co-catalyzed low temperature FT-synthesis was chosen. 
As refining steps, to obtain the desired fuel (gasoline, 
diesel and especially kerosene), a hydrocracker, a hydro-
genation and an isomerization unit, as well as distillation 
units were integrated. 

Fig. 2 shows the resulting flow sheet and the detailed cou-
pling of the single technologies selected for the 10,000 t/a 
PtL plant. The 10,000 t/a fuels are divided into a kerosene 
fraction (C9 - C16; target product), a diesel fraction (C17 - 
C25), and a naphtha fraction (C6 - C8; usable for gasoline 
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after further processing). For hydrogen production, the two 
electrolysis units were coupled in parallel. The produced 
H2 and captured CO2 are fed into the RWGS. The synthe-
sis gas is then led into the FT reactor. The formed FT-crude 
(syncrude) is fed to a hot separator, where the waxes are 
separated from the remaining crude. The waxes are then 
hydrocracked and afterwards fed to a Middle distillate(M)-
rectification unit. The remaining FT-crude is fed into a cold 
separator. The light products are fed back to the RWGS, and 
the heavier products are fed to the M-rectification. The head 
product of M-rectification runs to a Naphtha(N)-rectifica-
tion, where the head product is fed back to the RWGS, the 
bottom product is the naphtha fraction. The bottom product 
of the M-rectification is fed to a hydrogenation unit, whe-
re the isomerization takes place in parallel, followed by a 
kerosene(K)-rectification. The head product is the kerosene 
fraction, and the bottom product is fed to a Diesel(D)-rectifi-
cation. Here, the head product builds the diesel fraction. The 
bottom product is fed back to the hydrocracker.

4. Conclusion

The conceptual outline of a 10,000 t/a PtL plant is presen-
ted. The needed technology steps were identified, and the 

different technological options were evaluated. With re-
gard to the technology selection, certain general assump-
tions were taken into consideration, such as the TRL, 
the robustness of the technologies, and their commercial 
availability. As result the initial equipment consists of an 
AEL and PEMEL for water electrolysis (H2 production) 
and an amine scrubbing for CO2 capture from biogenic 
sources (biogas plant, bioethanol plant).
Via a RWGS, the CO2 and H2 is converted to synthesis 
gas (CO, H2), followed by a Co-catalyzed low tempera-
ture Fischer-Tropsch synthesis. The crude is then refined 
by hydrocracking, hydrogenation, isomerization, and 
distillation to achieve the three fuel fractions: kerosene, 
diesel, and naphtha. Furthermore, the coupling of these 
technologies was investigated and an integrated process 
flowsheet was developed. 
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Fig. 2: Process scheme of a 10,000 t/a PtL plant; BGP: Biogas plant; BEP: Bioethanol plant; AEL: Alkaline electrolysis; PEMEL: 
Proton exchange membrane electrolysis, RWGS: Reverse water gas shift reaction, Syngas: Synthesis gas (CO, H2); Co-LTFT: Cobalt 
catalyzed low temperature Fischer-Tropsch synthesis; Syncrude: Fischer-Tropsch (FT)-crude; M-Rectification: Middle-distillate recti-
fication; HC: Hydrocarbons; Hyd.: hydrogenated; K-Rectification: Kerosene rectification; D-Rectification: Diesel rectification.
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Scale-up of batch esterification of pyrolysis oils with higher 
alcohols from 250-ml-scale to 20-l-scale

Tim Schulzke
Fraunhofer UMSICHT, Institut für Umwelt-, Sicherheits- und Energietechnik, Oberhausen, Germany

Summary

Within the framework of the PyroMar collaborative project about the production of low-sulphur bio-based blendstocks for 
marine fuels, the esterification of condensates resulting from ablative fast pyrolysis of 2nd generation biomass with hig-
her alcohols derived from lignocellulosic ethanol is investigated. To examine the scale-up of the chemical process three 
different experimental setups are used: a 3-neck-flask of 250 ml nominal volume, a 3-neck-flask of 2 l and a stirred tank 
reactor of 20 l. In all setups identical reaction mixtures (relative amounts of pyrolysis oil, butanol and solid acid catalyst) 
under the same conditions (external heating, operation under reflux, reaction end point indication) were converted and the 
product mixtures were analyzed. While the smallest setup needed only about 6 hours of operation to reach the end point, 
the two larger setups required 20 hours. The remaining water mass fraction in all experiments regardless of size and origi-
nal water content was around 1 wt.-% and the acetic acid mass fraction could be reduced to half the value of the reaction 
mixture. Further scale-up to cubic metre scale for industrial production seems easily achievable.

1. Introduction

The marine sector contributes significantly to global 
greenhouse gas emissions by burning fossil based residu-
al oil from refineries with low potential for electrification. 
In addition, these marine fuels traditionally contained 
high amounts of sulphur resulting in SOx emissions. In 
recent years, the sulphur content in fuels is increasingly 
strictly regulated – starting in emission control areas and 
being extended to the high sea outside.
The existing Emission Control Areas (ECA) are the Bal-
tic Sea, the English Channel, the North Sea and coastal 
areas of United States of America and Canada except for 
Alaska, Yukon, Northwest Territories, Nunavut and the 
north-eastern coast of Quebec. Enlargement of ECAs 
is in discussion for Mexican, Japanese, Norwegian and 
(southern parts of) Malaysian coast as well as the Med-
iterranean Sea. The fuel sulphur limit within ECAs is 
0.1 wt.-% since 2015 and outside ECAs 0.5 wt.-% since 
2020 for vessels without exhaust gas cleaning systems 
(“scrubbers”) [1].
This leads to the idea to apply biomass-based fuels to 
reduce the emission of greenhouse gases by a renewable 
liquid energy carrier that is inherently low in sulphur. A 
promising candidate for that purpose is fast pyrolysis oil, 
a liquid that is obtained from condensation of vapours re-
sulting from thermal degradation of solid biomass apply-
ing high heating rates at around 550 °C and short vapour 
residence times in the hot area [2]. The advantages of 
fast pyrolysis are the relatively simple process and the 

comparatively high liquid yield of up to even 70 wt.-%. 
Another important point is the possibility to process 2nd 
generation biomass with no food or fodder competition.
On the other hand there are some drawbacks: as the in-
put material is composed of oxygen-containing natural 
polymers such as cellulose, hemicellulose (both hydro-
carbons) and lignin, also the products from thermal deg-
radation still include many oxygen-containing functional 
groups and water is formed, resulting in an overall low 
heating value [3]. Some of the oxygen-containing com-
pounds are organic acids, aldehydes and ketones. While 
the acids lead to high Carbon Acid Numbers (CAN) and 
hence cause severe corrosion on standard material applied 
in pumps, boilers and engines, the aldehydes and ketones 
are very reactive, especially under acidic conditions, and 
result in products with increasing molecular weight even 
at room temperature over extended storage time, thus 
leading to increased viscosity. High water concentrations 
in the condensates, typical for herbaceous biomass like 
cereal straw, lead to spontaneous phase separation into 
an aqueous phase with high organic contamination and a 
very viscous, tarry phase, which still dissolves noticeable 
amount of water.
Due to the oxygen-containing functional groups in the or-
ganic molecules forming the liquid product it is quite polar 
and therefore not miscible with hydrocarbons. In particu-
lar in the beginning of an application of such pyrolysis oils 
as fuels in shipping, its availability would be scarce and 
restricted to a small number of harbours worldwide, why a 
separate tank system would be non-economical.
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One possible way to overcome these undesirable pro-
perties would be the chemical removal of the oxygen by 
hydrogenation. This would result in pure hydrocarbons, 
which are indistinguishable from petroleum-based ones 
and fully miscible on one hand and on the other hand 
water forms a second phase that can easily be separated. 
Such approach is investigated by several groups, e.g. by 
the BioMates consortium [4]. Unfortunately, this process 
requires a large amount of renewable hydrogen to remo-
ve the oxygen in form of water and quite sophisticated 
catalysts.
An alternative is to chemically mask the compounds that 
mainly provoke the undesired properties [5]. Luckily all 
three group of compounds – carboxylic acids, aldehydes 
and ketones – react with alcohols following the reaction 
schemes shown in Fig. 1 for acids and in Fig. 2 for alde-
hydes and ketones.

Figure 1: Reaction scheme of esterifi cation

Figure 2: Reaction scheme of acetalization

The reactions are executed with an acidic catalyst un-
der boiling conditions. The evolving vapour consists of 
an azeotrope made of water and the alcohol. To avoid 
the reaction mixture to deplete in alcohol, the vapour is 
condensed and returned to the reactor. Both reactions, 
esterifi cation as well as acetalization, are equilibrium 
reactions. The formed reaction water together with the 
already present water in the pyrolysis oil prevent the 
reactions to fully proceed to the product side. To push 
the reaction towards the products, a very large overspill 
of alcohol would be necessary, which is expensive and 
could not be recovered after fi nishing the reaction, as dis-
tillation in presence of water would lead to signifi cant 
rate of backwards reaction, thus cleaving the esters, ace-
tals and ketals.
A better way to shift the equilibrium towards the pro-
ducts would be the continuous removal of water from the 
reaction mixture. This can be achieved by the application 

of alcohols with a longer carbon chain. Methanol, etha-
nol and propanols are all fully miscible with water, but 
beginning with butanols, higher alcohols exhibit a misci-
bility gap in the liquid phase and the azeotropic compo-
sition always fall into it. By that means the evaporating 
water can easily be separated from the higher alcohol in a 
Dean-Stark-Apparatus (Fig. 4 in the middle): the denser 
water is collected in the lower part of the burette and re-
moved periodically while the lighter alcohol fl ows back 
to the reactor. Butanol typically is a product of petroleum 
refi ning, but it can be effi ciently produced by catalytic 
condensation from ethanol as developed by Fraunhofer 
UMSICHT [6]. And if cellulosic ethanol is used for this 
catalytic condensation instead of starch- or sugar-based 
ethanol, the resulting butanol is as sustainable as the py-
rolysis oil.
Putting all this together leads to the overall process ap-
proach, which is investigated within the framework of 
the PyroMar collaborative project, which started January 
1st, 2020. The concept is given in Fig. 3.

Figure 3: PyroMar concept for low sulphur marine fuels

The fi rst line of action within the overall concept starts 
with cereal straw. After enzymatic decomposition it is 
fermented to ethanol, which serves as feedstock for the 
catalytic condensation at Fraunhofer UMSICHT to bu-
tanol. In the second line of action a wide variety of 2nd

generation biomass like straw, autumn leaves, landsca-
ping material, rice husk, decomposed and dried sewage 
sludge is converted to pyrolysis oils applying an ablative 
fast pyrolysis plant in laboratory scale with a capacity 
of about 5 kg/h biomass feed. The pyrolysis oil and the 
butanol are mixed and used as feedstock for the esteri-
fi cation and acetalization with a solid acid as catalyst. 
This catalyst is recovered by fi ltration after the reaction 
is completed. The project partner LKV (Chair of piston 
machines and combustion engines) at Rostock Univer-
sity than analyse the reaction products prior to do blend 
tests with conventional marine fuels. In the end engine 
tests are envisaged for a suitable blend. The project is 
round off by ecological and economic studies performed 
by ifeu (Institute for Energy and Environment Research) 
in Heidelberg.
In the following sections the process step of esterifi cation 
and acetalization is further described with a strong focus 
on scale-up based on initial results.
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2. Experimental Setups

Fraunhofer UMSICHT started its work on pyrolysis oil 
upgrading by catalytic treatment with higher alcohols 
in the framework of a collaborative project named “De-
velopment of a combined process for the upgrading of py-
rolysis oil with biogenic alcohols and hydrogen” together 
with Thuenen-Institute for Wood Research in Hamburg, 
funded by the German Federal Ministry for Food, Agri-
culture and Consumer Protection (grant nr. 22018811). 
The focus in this project lay on intensive catalyst scree-
ning and the identifi cation of favourable process conditi-
ons. First results were presented during ECI’s conference 
“Biorefi nery I: Chemicals and Materials from Thermo-
Chemical Biomass Conversion and Related Processes” 
in Crete 2015 [7]. Heterogeneous solid acid catalysts are 
easy to be removed after the reaction in contrast to ho-
mogeneous liquid acids like sulphuric acid or p-toluene-
sulfonic acid, which stay in the product mixture and need 
to be neutralized, e.g. with caustic soda, thus resulting in 
a salt residue not tolerable in engine application. From 
all the tested solid acids, Amberlyst70™, a polystyrene 
backbone with sulfonic acid functional groups, perfor-
med best with lowest water content and lowest TAN after 
reaction. As that catalyst was no longer available, it was 
decided to use a similar one from the same group Amber-
lyst36™ ever since.
All these experiments and the majority of the subsequent 
ones performed in the following years were conducted in 
a 250 ml 3-neck-fl ask immersed in a heated oil bath for 
temperature control shown in Fig. 4 (left photograph). 
For the engine tests of potential blend fuels at the partner 
LKV more than 100 l of PyroMar intermediates (este-
rifi ed pyrolysis oils) are necessary to prepare the blend 
fuels. Such an amount cannot be supplied from laborato-
ry setup with 250 ml fl ask and a typical batch amount of 
160 ml liquid feedstock. 

Figure 4: Small (250 ml, left) and medium scale (2 l, 
right) setup with Dean-Stark-Apparatus in the middle

Therefore one focus of the fi rst two years in the Pyro-
Mar project is the scale-up of the esterifi cation process 
to a batch reactor with reasonable size. As about 10 is a 

typical scale-up factor in chemical engineering, the next 
size of experimental setup is a 2 l 3-neck-fl ask (as 2.5 l 
fl asks are not available), also immersed in a heated oil 
bath for temperature control, shown in Fig. 4 (right pho-
tograph). The Dean-Stark-Apparatus for water separation 
is the same as for the 250 ml setup (Fig. 4, middle). In 
this larger setup a half-moon impeller is used for stirring, 
hence the magnetic stir bar can be used to agitate the oil 
bath. The oil bath temperature is measured via PT100 
temperature sensor and controlled by the heater below 
the oil bath. A small fl ow of nitrogen is passed through 
the reactors to inertize the atmosphere in the respective 
fl ask. A thermocouple is dunked in the reaction mixture 
to monitor the temperature progress over time.
From that size a real scale-up factor of 10 is achieved by 
using a 20 l stirred tank reactor with a heating jacket and 
two impellers stacked on a central shaft, shown in Fig. 5. 
The thermal oil fl owing through the heating jacket is con-
trolled by a thermostat and the reactor is inertized by a 
small fl ow of nitrogen as well. A PT100 temperature sen-
sor is also installed to monitor the liquid’s temperature 
over time. The condensate coming from the top cooler 
is caught in a Dean-Stark-Apparatus similar to that used 
in the smaller setups. Here, a capacitive level switch is 
installed to automatically detect the phase boundary be-
tween water and alcohol. Whenever this boundary rises 
to the switch position, it triggers a solenoid valve, which 
stays open for a fi xed time. The fl ow is regulated by a 
needle valve, so that a fi xed amount of about 21 ml of 
water is removed per opening period of the solenoid 
valve.

Figure 5: Large scale (20 l) setup

All experiments start with fi lling the reactors at room 
temperature with the respective amounts of pyrolysis oil, 
butanol and solid catalyst. Then the nitrogen fl ow is start-
ed as well as the fl ow of cooling water to the condenser 
and the oil bath or heating jacket is set to a temperature 
between 125 °C and 140 °C. The temperature of the 
reaction mixture rises fast until it reaches the boiling point 
at about 97 °C. Then the refl ux starts and water evolves 
in the Dean-Stark-Apparatus from which it is removed 
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periodically either manually for the smaller setups or 
automatically at large scale. With diminishing water 
fraction in the reaction mixture over time the temperature 
slowly increases. The reaction mixture is kept boiling un-
til no more water evolves in the Dean-Stark-Apparatus. 
While for the smallest setup this is achieved within about 
6 hours, the other setups need up to 20 hours. As the set-
ups arte not designed for unattended operation, they have 
to be shut down over night. For that, the heating plate in 
the medium sized setup is switched

Table 1: Communalities and differences of experi-
mental setups

250 ml 2 l 20 l
Reactor 3-neck flask 3-neck 

flask
stirred 
tank

Stirrer magnetic bar half-
moon 
impeller

2 im-
pellers 
stacked 
on shaft

Heating 
system

oil bath (unstir-
red)

oil bath 
(stirred)

heating 
jacket

Catalyst Am-
berlyst™36

5 g 40 g 400 g

Batch vol-
ume

160 ml 1,280 
ml

12,800 
ml

Pyrolysis oil 80 ml / 100 ml / 
120 ml

640 ml / 
800 ml / 
960 ml

6,400 ml 
/ 8,000 
ml / 
9,600 ml

1-Butanol 80 ml / 60 ml / 
40 ml

640 ml / 
480 ml / 
320 ml

6,400 ml 
/ 4,800 
ml / 
3,200 ml

Oil/Alco-
hol-ratio

1:1   /   5:3   /   
3:1

1:1   /   
5:3   /   
3:1

1:1   /   
5:3   /   
3:1

Water sepa-
ration

DSA ≈ 20 ml, 
manually

DSA ≈ 
20 ml, 
manu-
ally

DSA ≈ 
50 ml, 
automa-
tically

off and in the large scale setup the setpoint for the oil 
jacket is reduced to 50 °C. In the medium sized setup the 
stirrer is switched off as well, while in the large scale it 
stays on. The next day the  heating system is set back to 
the original setpoint and the reflux starts after heating up 
exactly at the same boiling temperature as the experiment 
was interrupted the day before.
Table 1 lists the characteristics of the three experimental 
setups for direct comparison.

3. Results

Fig. 6 shows the temperature profile for exemplary expe-
riments in small and medium scale while Fig. 7 depicts 
the temperature profile for the large scale setup. While 
in the smallest setup the boiling point of the reaction 
mixture is directly rising, the boiling temperature of in 
the medium sized setup stays longer around the boiling 
point of the water-butanol-azeotrope and rises slower. 
Although the batch volume increased by a factor of 8, the 
necessary reaction time increased by a factor of less than 
4 only (both experiments were performed with the same 
pyrolysis oil and the same oil/alcohol-ratio). The further 
magnification of batch volume by a factor of 10 to the lar-
gest setup does not make the necessary reaction time for 
full water removal increase any further (this experiment 
had to be performed with another pyrolysis oil of similar 
composition with the same oil/alcohol-ratio).

Figure 6: Reaction mixture temperature profile over 
time for small and medium scale setup

Fig. 7 additionally shows the profile of the removed wa-
ter over reaction time. It can be seen clearly that at the 
beginning the slope is nearly linear and quite steep and 
after approximately 300 min it flattens more and more. 
At the end of the experimental run the time between the 
last two opening periods of the solenoid valve accounted 
for exactly 4 hours.

Figure 7: Reaction mixture temperature and separated 
water over time for large scale setup
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At the submission deadline for this contribution to the 
conference proceedings not all results from laboratory 
analyses were at hand. Therefore, in the following only 
preliminary results obtained for the small and medium 
scale experimental setups are presented.

Figure 8: Water mass fraction for different experiments

Fig. 8 depicts the water mass fraction for several groups 
of experiments conducted with three different pyroly-
sis oils. All pyrolysis were based on a mixture of wheat 
and barley straw at equal share. For the experiment Py-
tec296-301 the pyrolysis temperature was set to 550 °C 
and the temperature of the first condenser and electrosta-
tic precipitator to 75 °C. The experiment Pytec302-305 
was done with a pyrolysis temperature of 500 °C and 
a condensation temperature of 70 °C. The last pyroly-
sis experiment Pytec307-308 was conducted at 450 °C 
and 70 °C, respectively. As a result of these differing 
operating conditions in pyrolysis and condensation, 
the water mass faction of the oils was 13 wt.-% for Py-
tec296-301, 22 wt.-% for Pytec302-305 and 31 wt.-% for 
Pytec307-308. After mixing with butanol, the water mass 
fraction of the reaction mixture is significantly lower due 
to physical dilution as can be seen clearly from Fig. 8. 
But regardless of original water mass fraction of the py-
rolysis oil and mixing ratio with butanol, after the end 
of the esterification reaction the remaining water mass 
fraction is around 1 wt.-% for each experiment. The ex-
periments in the medium sized setup are slightly below 
and the ones in the smallest equipment are consistently 
above that value. This could be a significant effect cau-
sed by different surface-to-volume ratio and subsequent 
different heat flux into the reaction mixture, but it could 
also be owing to the fact that with the very small total 
amounts of water in the small scale setup it is extremely 
difficult to decide, when there is no more water evolving 
in the Dean-Stark-Apparatus.

Figure 9: Acids mass fraction for different experiments

Another important quality indicator is the acetic acid 
mass fraction, which is presented in Fig. 9 for the same 
set of experiments. The acetic acid mass fraction is more 
or less not influenced by the pyrolysis and condensation 
conditions as the three pyrolysis oils exhibit very similar 
values of about 4.4 wt.-%. Again, the reaction mixture 
shows lower values due to physical dilution. After the 
reaction the remaining acetic acid mass fraction is ap-
proximately half of that of the reaction mixture. As for 
the water mass fraction the medium sized setup slightly 
performed better than the smallest equipment.

4. Conclusion

The preliminary results of the presented scale-up test 
campaign are quite promising. The remaining water mass 
fraction in all scales is around 1 wt.-% and the acetic acid 
concentration could be reduced to half the value of the 
reaction mixture. Further scale-up to cubic metre scale 
seems possible and the conversion might be performed 
within 20 hours, leaving 4 hours for filling, discharging 
and cleaning; so every day a batch can be treated to give 
an upgraded pyrolysis oil with only small amount of wa-
ter and reduced concentration of acids.
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Summary

GLAMOUR (Glycerol to Aviation and Marine prOducts with sUstainable recycling) is a H2020 research project looking 
to demonstrate the conversion of bio-waste feedstock such as glycerol into jetfuel and marine diesel oil by combining 
syngas generation with inherent CO2 removal using gas solid reactions. A special emphasis is put on the integration into 
existing biodiesel manufacturing facilities. For a reliable working process, the feedstock must be pre-treated and all in-
organic material must be removed in order to avoid poisoning of the catalyst. This manuscript concentrates on the most 
efficient removal of ashes in the crude glycerol of Argent Energy. Therefore, a simple splitting step was utilized in order 
to encourage a phase separation of the highly viscous, dark crude glycerol. The influence of water on this splitting step is 
presented. A reduction of the initial ash content by 50 wt.% could be achieved in preliminary experiments.

1. Introduction

Biofuels are pillars of a sustainable society and will 
play a significant relevant role in the coming decades 
and are superseding conventional fossil fuels increa-
singly. The EU set a target of 10 % for renewable ener-
gy use in transport for 2020 and increased this number 
to 14% for the year 2030 [1]. In particular, the aspect 
of increasing sustainability of biofuel production will 
play a more important role as the target increases. 
Advanced biofuels are considered the same product 
as first generation biofuels but utilizing waste-based, 
non-food feedstocks [2]. In the case of biodiesel this 
development has a significant impact due to the subs-
titution of using waste-feedstocks such as tallow or 
used cooking oil instead of palm oil. However, in both 
cases a transesterification reaction is applied which yi-
elds by-product glycerol which is more impure when 
waste-based feedstocks are used. Hence, a big problem 
with an excess supply of highly impure glycerol arose 
during the last years which has been incinerated, used 
for cattle feed [3-4], biogas [5-6] generation or even 
disposed.

Glycerol, also known as Propane-1,2,3-triol, is a relevant 
product in our daily lives. It is a major component in the 
personal care and pharmaceutical industry due to its an-
timicrobial and antiviral properties, used as a sweetener 
in the food industry and is in its crude form subject to re-
search for technical applications such as gasification for 
the production of hydrogen and others [7].
Early in the 20th century glycerol was produced pri-
marily as a by-product of the saponification of fats and 
was used as a raw material for the production of nitro-
glycerine. During the 1st world war glycerol became a 
strategic resource and therefore the demand exceeded 
the supply leading to the first synthetic plants for the 
production of glycerol by microbial sugar fermentation. 
Furthermore, the replacement of natural soaps with syn-
thetical washing detergents has led to an increase in gly-
cerol demand which accelerated the shift towards com-
petitive petrochemical (synthetic) production routes. 
German, I.G. Farben used the high-temperature chlo-
rination of propene to allyl chlore process to produce 
glycerol [8]. About 25% of the global glycerol demand 
was met by the petrochemical synthesis from propyle-
ne before the introduction of biodiesel into the market 
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in the early 2000s. The other 75% was obtained by the 
saponification of fats[9].
With the emergence of the biodiesel industry, the market 
changed significantly due to an excess supply of crude 
glycerol provided based on vegetable oils as well as was-
te feedstocks such as tallow, used cooking oil or even 
more impure feedstocks. During the transesterification 
reaction of triglycerides with methanol approximately 10 
wt.% of glycerol is produced as a by-product. Hence, the 
biodiesel industry became the main supplier of glycerol 
for the world market leading to a lack of interdependence 
between supply and demand of glycerol. 
Since most of the crude glycerol cannot be utilized due to 
major impurities, it is highly relevant to review conven-
tional and most importantly recent and novel purification 
methods to prevent further excess supply of impure crude 
glycerol to the market. 
This manuscript presents a simple method to reduce the 
amount of ashes significantly

2.  Materials 

2.1 Chemicals 

The feedstocks used for the experiments are provided by 
Argent Energy Ltd. Depending on the location where the 
crude glycerol is drawn off at the plant, it has an almost 
black colour (Fig. 1a), is highly viscous or is yellowish 
and less viscous. In both cases, the crude glycerol con-
tains about 35-75 wt.% glycerol. In table 1 the crude gly-
cerol composition which was used in these experiments 
can be found.

Table 1: Crude glycerol composititon.

Glycerol [% w/w] 57.8%

Water [% w/w] 11.5%

Ash [% w/w] 12.7%

MONG [% w/w] 18.0%

pH [-] 5.7

85% Phosphoric acid from Emsure was used as an acidi-
fication agent while for the neutralization reaction 12.5 
M potassium hydroxide from Sigma Aldrich was used. 
As a solvent 2-Propanol from Sigma Aldrich was used 
due to its high availability and high polarity. Activated 
carbon WP220-90 from Pulsorb was used for the finis-
hing step and VWR 303 filter paper.

2.2 Analysis

The analysis of the probes were conducted according to 
the British standards. Glycerol content was analysed ac-
cording to BS 5711-3-1979. Water content was measured 
according to BS 5711-8-1979. Ash content was measured 
according to BS 5711-6-1979. 

3.  Experimental

The first attempts to purify the glycerol were based on 
procedures in the literature, mainly based on Manosak et 
al. [10]derived from a waste used-oil utilizing biodiesel 
(methyl ester and Kongjao et al. [11]. These procedures 
did not work due to the highly viscous, dark organic con-
tent which was mixed with the glycerol, resulting in an 
emulsion. Acidification, neutralization and subsequent 
addition of alcohol did not show the expected results. 
Hence, in a first step the emulsion was stirred at 200-500 
rpm for 30 min and poured into a separatory funnel to 
encourage phase splitting. This was also done with the 
addition of some water. 

3.1 Addition of Water

To understand the effect of water, a serial experiment was 
set up. 100 g of crude glycerol was mixed with 200-5 g of 
water under stirring at 200-500 rpm for 30 min. The mix-
ture was subsequently poured into a separatory funnel for 
overnight separation. 

3.2 Acidification

After the phase separation, the mixture was acidified. 
During the acidification step, the pH was reduced to 2.5 
at 200-500 rpm for 60 minutes at ambient temperature. 
After the acidification, the mixture was poured into a se-
paratory funnel. 

3.3 Neutralization

For the neutralization potassium hydroxide was used. 
The neutralization reaction was conducted at ambient 
temperature a stirring speed of 200-500 rpm and a time of 
60 min. After the neutralization the mixture was poured 
into a separatory funnel to let the salts precipitate. 

3.4 Solvent extraction

For the solvent extraction, a ratio of 2:1 (v/v) of 2-pro-
panol was poured into the mixture and stirred for 20 min 
at 200-500 rpm. Due to the turbulence in the beaker, the 
mixture was again poured into a separatory funnel to en-
courage further precipitation of salts and overnight phase 
separation.
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3.5 Evaporation

The evaporation of the solvent was conducted at 85°C for 
20 min at a stirring rate of 200-500 rpm. Prior to the eva-
poration, the mixture was separated by vacuum filtration 
to remove any precipitated salts.

3.6 Adsorption

In the last step, activated carbon (PULSORB WPS230-
90) was used to remove any colour and residual organic 
contact with a smaller molecular size. Therefore, about 
100g/L were added to a beaker with the evaporated sol-
vent in it and stirred for two hours at 200-500 rpm. 

3.7 Vacuum filtration

The blackish mixture was subsequently vacuum filtrated 
with 303 filtrate paper.

4. Results

At this stage only for the first splitting step quantitative 
results are available. 

4.1 Splitting step

The first, simple splitting step had a significant effect on 
the crude glycerol (Fig. 1a). After a settling time of 24 h 
in a separatory funnel, the emulsion separated into two 
phases: a top organic layer which was entirely black and 
a bottom aqueous layer consisting most likely of glyce-
rol, water and some short-chain organics which are so-
luble in the aqueous layer (Fig.1c). The layers were de-
canted with an average ratio of 80 wt.% aqueous and 20 
wt.% organic layer.
The addition of water (Fig. 1b) led to reduced settling 
time, a brighter aqueous layer, less viscous aqueous and 
organic layer and a sharper interphase between both pha-
ses which improved the decanting. The more water ad-
ded, the brighter the aqueous phase which can also be 
seen in figure 2.
The analysis of the water splitting step yielded the results 
in table 2. By reducing the amount of water, the amount 
of ashes are reduced as well.

Table 2

Similar results are achieved by using no water for the 
splitting step. The ash content could be reduced to 7.68 
wt.% reducing it by approximately 40%.

After the solvent extraction, two phases were yielded 
(Fig. 1d). A top alcohol-glycerol phase and a bottom salt 
phase which was separated by vacuum filtration. After 
the addition of activated carbon, the mixture was vacu-
um filtrated again and a transparent mixture was yielded 
(Fig. 1e).

5. Conclusion and Outlook

The splitting step is a quick, simple and cheap way to 
separate crude glycerol in the first step and prepare it for 
subsequent steps. Adding some deionized water to this 
step will lead even to brighter colour of the aqueous pha-
se and less viscosity, making the handling of the material 
easier. Furthermore, with the splitting a reduction of ash 
content by approximately 40% was reached. 
In the future further experiments with deep refining tech-
nologies are expected to be conducted, namely ion-ex-
change chromatography, electrodialysis and adsorption 
with waste based materials.
Furthermore, additional efforts will be made to utilize the 
residual organic top layer in the future to avoid further 
waste and close the entire value chain.
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Figure 1: Different glycerol purification steps. (a) crude glycerol (b) glycerol after addition of 5g DI-water (c) glycerol 
after splitting step without water (d) glycerol after solvent addition and overnight separation (e) purified glycerol after 
adsorption

Figure 2: Water splitting step with increasing mass of 
water from left to right by constant crude glycerol mass.
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Summary

With respect to synthetic diesel fuels, so-called oxymethylene ethers (OMEs) are attracting considerable interest. This is 
mainly due to their diesel-like properties as well as a comparatively clean combustion with extremely low soot and NOx 
emissions. From a chemical point of view, OMEs are short-chain acetals of the type CH3O(CH2O)nCH3, and especially 
derivatives with n = 3-5 are predestined for fuel applications. As can be seen from the molecular structure, synthesis of 
OMEs is based on methanol and thus, OMEs can be produced in sustainable manner from renewable resources if meth-
anol is produced from renewables. Objective of the present study is a comprehensive description of the state of the art of 
OME fuels, regarding production, properties and evaluation. The work focusses on the synthesis of OMEs from dimethyl 
ether (DME), transacetalization reactions for the production of OMEs with variable end groups (R1O(CH2O)nR

2), physi-
co-chemical as well as fuel characteristics and evaluation of production processes.

1. Introduction

Regarding alternative diesel fuels, current research con-
centrates on so-called oxy methylene ethers (OMEs) [1]. 
From a chemical point of view, OMEs are oligomeric 
acetals with alternating carbon and oxygen atoms. Es-
pecially OMEs of the type CH3O(CH2O)nCH3 with n = 
3-5 (OME3-5) exhibit a diesel-like behavior [2,3]. De-
spite their favorable fuel characteristics, e.g. extreme-
ly low soot and NOx emissions, availability on a larger 
scale is still limited and an improved production is en-
visaged [4].
According to the molecular structure, production of 
OMEs is based on methanol and methanol derivatives 
[5]. Within this work, innovative strategies for OME 
production are presented concentrating on the starting 
materials, catalysts and the resulting product spectra. All 
synthesis procedures lead to characteristic OME mix-
tures and strategies to influence the compositions are 
discussed. As an example, reactions of dimethyl ether 
(DME) with formaldehyde sources have been investigat-
ed and recent developments in this field are presented [6]. 
Another promising option is the synthesis of OMEs with 
different end groups, e.g. by transacetalization reactions 
of OMEs in the presence of acidic catalysts [7]. Thus, 

properties of OMEs can be tuned to a large extent and 
adapted to the respective requirements.
In addition to OME production, recent progress regard-
ing analytics and physico-chemical as well as fuel char-
acteristics are discussed. In this context, the current sta-
tus regarding standardization is also addressed. From the 
perspective of users, practical criteria such as thermal, 
chemical and oxidation stability as well as compatibility 
of OMEs with materials and other fuel components are 
crucial and some aspects referring to this are considered. 
Furthermore, several studies on the evaluation of OME 
production are reviewed.

2. Synthesis of OMEs

Several synthesis strategies for OMEs have been descri-
bed and usually, reactions of methanol or methanol deri-
vatives with formaldehyde sources have been employed 
[1,4,5,8-12]. The classical pathway is based on the re-
action of dimethoxymethane (DMM, Methylal, OME1) 
with trioxane as the formaldehyde source [13]. The re-
action offers a high yield of the desired OME3-5 fraction 
and low amounts of by-products are formed. However, 
the starting materials are costly and affect efficiency of 
the overall process chain. Therefore, current work con-
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centrates on alternative procedures such as direct OME 
synthesis from methanol and formaldehyde sources [14]. 
This pathway is advantageous but also challenging since 
water is released during acetalization reactions which is 
associated with the formation of byproducts. After re-
action, water and the by-products have to be separated 
quantitatively from the product mixtures.
Regarding OME production on industrial scale, some 
plants are operating in China. Capacities around 40 kta-1 
have been reported and OME synthesis from DMM and 
dewatered formaldehyde is the preferred technology [4].

2.1 Synthesis of OMEs from DME

An option for the anhydrous synthesis of OMEs is the 
reaction of DME, which can be considered as OME0, 
with non-aqueous formaldehyde sources like trioxane 
(Figure 1) [6,15]. In own work, efficient catalysts for this 
reaction have been discovered and meanwhile, several 
studies on the reaction of DME with trioxane have been 
carried out. In early attempts, BEA zeolites have been 
employed as catalysts and exhibited remarkable activity 
in this reaction. Subsequently, a series of other zeolites 
has been tested and further promising catalysts, predom-
inantly zeolites, have been identified.

Figure 1: Synthesis of OMEs from DME and trioxane.

Compared to OME synthesis routes starting from DMM 
or methanol, the reaction is slow. This enables a kinetic 
control of product spectra, i.e. in the beginning of the re-
action higher OMEs, especially OME3, are dominating. 
These are degraded during the course of reaction and 
the product distribution is shifted towards short-chain 
OMEs. Such a behaviour is different from other synthesis 
procedures which usually proceed via chain growth, i.e. 
oligomerization reactions from short-chain OMEs to hig-
her OMEs. The resulting mixtures contain mainly OME1-

6 and concentrations of the OME components decrease 
with increasing chain length. Regarding by-products, 
methyl formate has been observed in many cases. Howe-
ver, the formation of methyl formate could be suppressed 
to a large extent by using improved catalysts.

2.2 Synthesis of (asymmetric) OMEs with higher end 
groups via transacetalization reactions

Very recently, modification of OMEs by transacetaliza-
tion reactions has been described as a versatile strategy 
for the preparation of OMEs with variable end groups 
[7]. By this, asymmetric OMEs with different end groups 
are also accessible (Scheme 1). Regarding catalysts for 
this reaction, zeolites exhibited most promising perfor-
mances.

Scheme 1: Synthesis of asymmetric OMEs by acid-ca-
talyzed transacetalization reactions.

Current work in this field concentrates on introducing 
ethyl, propyl, butyl and higher alkyl groups as well as 
functionalized groups, which enable further chemical 
modification. Properties of these new OMEs are deter-
mined and correlated with their molecular structures. 
Thus, structure-performance relationships can be deter-
mined, which support a rational fuel design according to 
the respective requirements.
Another useful application of transacetalization reac-
tions is the conversion of short-chain OMEs (OME1 and 
OME2) or long-chain OMEs (OME≥5) to OMEs with me-
dium chain length. Thus, unwanted OMEs can be reacted 
to OMEs with appropriate chain length, which meet the 
respective requirements [16].

3. Analysis of OMEs

All synthesis procedures for oligomeric OMEs usually 
yield mixtures which contain predominantly OME1-6. 
Since the properties of the individual OMEs vary wide-
ly, properties of different OME fractions largely depend 
on their compositions. Furthermore, impurities can re-
markably influence properties and thus, reliable analysis 
techniques are necessary to separate and characterize the 
mixtures. Gas chromatography proved to be a powerful 
tool for the separation of complex mixtures [17,18] and 
spectrometric as well as spectroscopic methods such as 
mass spectrometry, FTIR or NMR spectroscopy have 
been adapted for a detailed characterization [19]. Form-
aldehyde contents in the reaction and product mixtures 
are an important aspect in OME synthesis and handling. 
Usually titration with sodium sulfite is employed but 
the method fails at low formaldehyde concentrations. 
Voltammetric determination has been reported to be 
a suitable method without cross-sensitivity with other 
components in the mixtures [20].

4. Properties and standardization of OMEs

Within the last years, several studies on OME proper-
ties appeared and supplemented previous work [19,21-
23]. Various physico-chemical and fuel-related data are 
available now regarding single OMEs as well as mixtu-
res containing different OMEs and different quantities 
of the components. In this context, the synthesis of high 
purity OME2 was somewhat challenging since conven-
tional procedures lead to OME2 contaminated with the 
starting materials, especially trioxane. This problem 
could be solved by reacting trioxane with a large excess 
of OME1 followed by thorough distillation [23]. OMEs 
with ethyl end groups instead of the ubiquitous methyl 
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end groups have also been prepared and characterized 
in detail [19]. Altogether, properties of OMEs can be 
tuned to a large extent by tuning compositions or struc-
tures and based on comprehensive datasets generated 
within the last years an OME standard is elaborated cur-
rently [24].
Furthermore, the available datasets serve as a base for 
the development of models for the prediction of physi-
co-chemical as well as fuel properties which supports 
a rational fuel design. Current activities range from the 
prediction of simple physico-chemical data like densities 
to the description of OME properties on a highly sophis-
ticated theoretical level, e.g. by development of a force 
field for OMEs [25-27].
Regarding OME synthesis, data have been collected 
for modelling the reaction systems and to improve the 
procedures. This is particularly beneficial in the case of 
aqueous reaction mixtures which exhibit a complex pha-
se behavior [28-31].

5. Stability and compatibility of OMEs

From the perspective of the user, criteria such as stabili-
ty of OMEs and compatibility with materials, especially 
sealants, as well as other fuel components are crucial. 
Several studies on these topics have been published re-
cently and a comprehensive overview is given in [32]. 
To illustrate current challenges, three examples are gi-
ven in the following: (i) Regarding compatibility with 
other fuel components, interaction with lubricants is an 
important aspect, which has been addressed by several 
research groups, e.g. in a recent study on friction and 
wear [33]. (ii) In the case of oxygen-containing fuels 
like OMEs, oxidation stability needs to be investigated 
since oxygenates are known to be prone to further oxi-
dation initiated by the formation of peroxides. This has 
been investigated in detail and the use of small quanti-
ties of antioxidants has been recommended [34]. (iii) If 
blending with other diesel fuels is envisaged, miscibi-
lity and interaction of the components needs to be ad-
dressed and compatibility with current standards must 
be ensured. In the case of OMEs, blending with conven-
tional diesel fuel is possible up to an OME content of 
approximately 15%. Several attempts have been made 
to blend OMEs with HVO. In own work, OME/HVO 
blends could be prepared containing low amounts of 
OMEs (7 and 10%, respectively), but the cold behavior 
in terms of the CFPP value of such blends was affected 
[35]. A limited miscibility of OMEs and HVO was also 
reported by other groups and the preparation of such 
blends, e.g. by use of suitable additives, still remains a 
challenge [36-38].

6.  Evaluation of OMEs

Regarding the evaluation of OMEs, several compre-
hensive studies appeared which compare OMEs to va-

rious other alternative fuels (Table 1, Ref.s [39-45]). 
However, analyses have been carried out on a highly 
generalized level and in many cases recent progress 
in the field of OME syntheses is not considered ade-
quately.
A series of more specialized studies addressed the 
entire process chain from renewable raw materials 
to OMEs [46-49]. The process chain comprised pro-
duction of synthesis gas by gasification of woody 
biomass, methanol and formaldehyde synthesis and 
finally OME synthesis via established technologies. 
The underlying thermodynamics have been analyzed 
and life-cycle as well as techno-economic assess-
ments have been carried out. Production costs have 
been estimated for different biomass types. Produc-
tion costs have also been assessed starting from me-
thanol and considering the classical reaction of DMM 
with trioxane for OME production [50]. The costs 
largely depend on the methanol price and assuming 
a methanol price of 300 US$t-1 and a capacity of 1 
Mio. ta-1 results in total production costs of about 615 
US$t-1 for OME3-5.
In many studies, OME synthesis from CO2 and H2 has 
been analyzed [43,51-53]. Such power-to-X concepts, 
with methanol as the key intermediate, are feasible but 
the multi-step processes are energy-intensive and largely 
depend on the availability of CO2 and renewable energy. 
OME synthesis directly from CO2 has also been reported 
[51,54]. However, yields are low and mainly OME1 is 
formed in such highly integrated approaches.
Very recent studies focus on the role of hydrogen in the 
process chain [55]. This topic is crucial since hydrogen 
is needed for methanol synthesis. The required formalde-
hyde should be produced by a non-oxidative route, ideal-
ly by dehydrogenation of methanol, and thus, hydrogen 
could be recovered. Optimization of OME production by 
integration of process steps is also intensely investiga-
ted and considerable progress has been made in this field 
[56]. Currently, different OME synthesis procedures are 
compared taking also latest technical innovations into 
account [57]. Thus, identification of the most efficient 
pathway is envisaged.

Table 1: Selected studies on OME evaluation.

Study Ref.
FVV-Kraftstoffstudie I:
Zukünftige Kraftstoffe für Verbrennungsmoto-
ren und Gasturbinen; FVV, Heft 1031 – 2013

[39]

FVV-Kraftstoffstudie III, Kurzfassung:
Energiepfade für den Straßen verkehr der Zu-
kunft; FVV, Ausgabe R586, 2018

[40]

FVV-Kraftstoffstudie III:
Defossilisierung des Transportsektors; FVV, 
09/2018

[41]
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2. Roadmap des Kopernikus-Projektes „Pow-
er-to-X“:
Flexible Nutzung erneuerbarer Ressourcen 
(P2X), Optionen für ein nachhaltiges Energie-
system mit Power-to-X Technologien; DE-
CHEMA, 31.08.2019, Frankfurt am Main, 1. 
Auflage, ISBN: 978-3-89746-218-2

[42]

Power-to-fuel as a key to sustainable transport 
systems – An analysis of diesel fuels produced 
from CO2 and renewable electricity

[43]

Biogenous ethers: production and operation in 
a diesel engine [44]

IEA Bioenergy Task 39, Commercialization 
of conventional and advanced liquid biofuels 
from biomass: Survey on Advanced Fuels for 
Advanced Engines; IEA Bioenergy Task 39, 
October 2018

[45]

Biomass-derived oxymethylene ethers as die-
sel additives: A thermodynamic analysis [46]

An optimized process design for oxymethyle-
ne ether production from woody-biomass-de-
rived syngas

[47]

A life cycle assessment of oxymethylene ether 
synthesis from biomass-derived syngas as a 
diesel additive

[48]

The development of the production cost of 
oxymethylene ethers as diesel additives from 
biomass

[49]

From methanol to the oxygenated diesel fuel 
poly(oxymethylene) dimethyl ether: 
An assessment of the production costs

[50]

Cleaner production of cleaner fuels: wind-to-
wheel – environmental assessment of CO2-ba-
sed oxymethylene ether as a drop-in fuel

[51]

On the energetic efficiency of producing poly-
oxymethylene dimethyl ethers from CO2 using 
electrical energy

[52]

Comparative well-to-wheel life cycle assess-
ment of OME3–5 synfuel production via the 
power-to-liquid pathway

[53]

Power-to-OME - Processes for the Production 
of Oxymethylene Dimethyl Ether from Hydro-
gen and Carbon Dioxide

[54]

H2-based synthetic fuels: A techno-economic 
comparison of alcohol, ether and hydrocarbon 
production

[55]

Optimal Integrated Facility for Oxymethylene 
Ethers Production from Methanol [56]

Economic and life-cycle assessment of OME3–

5 as transport fuel: a comparison of production 
pathways

[57]

7. Conclusions

In recent years, remarkable progress has been made in 
the field of OMEs regarding production, characterization 
and application. Promising synthesis procedures have 
been further developed, e.g. syntheses from methanol 
and DME employing different formaldehyde sourc-
es. Another option are chemical modifications, e.g. by 
transacetalization reactions which lead to new OMEs 
with tunable properties.
Various properties of OMEs have been determined and 
an OME standard is currently elaborated. Correlations 
between molecular structures of OMEs and their perfor-
mances have been identified which are now implemented 
in models for the prediction of physico-chemical as well 
as fuel properties. This will support a rational fuel design 
according to the respective requirements as well as a tar-
geted optimization.
Regarding compatibility of OMEs with materials and 
other fuel components, new and valuable insights have 
been gained. These will facilitate the handling of OMEs 
and also help to develop blending strategies.
Several studies on the evaluation of OME fuels are avail-
able now, e.g. life-cycle as well as techno-economic as-
sessments. These indicate that sustainable production is 
possible in principle. One major challenge is certainly 
the availability of renewable starting materials as well as 
renewable energies. Ongoing work concentrates on these 
topics and a largely unexplored potential for further opti-
mization is apparent.
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Summary

Particle formation during engine combustion is favoured in the presence of aromatics. However they offer high octane 
ratings. Aromatic-free fuels consequently produce lower particulate emissions than currently used fuels made from crude 
oil. Such synthetic fuels may be produced by heterogeneously catalyzed oligomerization of olefins like ethene, propene 
and butenes. The oligomerization of higher olefins has so far been less in the focus of fuel synthesis, but is promising with 
respect to the degree of branching and the octane rating. 
In this paper the possibilities of producing fuels by oligomerization of C2-C4 olefins will be shown. Sources of sustainable 
olefins like the methanol-to-olefins process are presented, followed by the state of the art regarding the oligomerization.
Furthermore, the set-up of a lab-scale plant is introduced and recent results concerning the co-oligomerizations of propene 
and 1-butene are presented. It is visible that mixtures of these two components as feeds effect their conversions and the 
resulting product spectra due to varying reactivities.

1. Introduction

The main source of airborne contaminates in the cities 
are products from the combustion of organic substances. 
The combustion of fossil fuels will lead to increase the 
CO2 content of the air. Additionally, side products like 
soot, SO2, NOx etc. worsen the quality of air especially 
in large cities. 
Fuels currently used in combustion engines are main-
ly based on fossil raw materials, relatively easy to 
handle and are characterized by their high energy  
density [1]. For spark-ignition engines, currently aro-
matics are indispensable. They offer the advantage of 
high octane ratings [2], but are considered to be pre-
cursors of particle formation [3]. In aviation, kerose-

ne also consists of high proportions of aromatics up to  
xAromatics = 26,5 vol.% [4].
During combustion, aromatics-free may consequently 
reduce the particulate emissions compared to currently 
used fossil fuels. With regard to air pollution control,  
aromatics-free fuels based on sustainable sources  
represent a low-emission option for the continued use of 
internal combustion engines in urban areas [5, 6]. 
In addition, renewable fuels offer the possibility in all 
respects to operate vehicles with low emissions and 
also to be used in the existing fleets. A further advan-
tage of such synthetic fuels is the possibility of adjusting  
specific physico-chemical fuel properties through targe-
ted synthesis of individual components. However, to ba-
lance the octane rating in aromatics-free paraffinic fuels, 
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the degree of branching of the paraffin molecules must 
be increased.
Nowadays, the production of high quality, aromatic-free 
gasoline is still proving difficult. The heterogeneously 
catalyzed oligomerization of propene, as well as butenes 
in addition to ethene has so far been less investigated  
regarding the synthesis of fuels, but considering the  
molecule’s degree of branching and thus as well the  
octane rating, it is promising. There are  
already industrial-scale processes that convert these  
olefins into fuels, but these were invented several  
decades ago and have not been pursued and further  
developed since then for economic reasons [7–9].  
Furthermore the octane rating of the produced gasoline is 
not sufficient for today’s standards [7, 10]. 
The focus of own work is on the investigation of the  
heterogeneously catalyzed oligomerization of alkenes 
with carbon chain lengths between C2 and C4. The aim is 
to produce high-octane gasoline fuels that meet the EN 
228 standard from sustainable olefins. Yields of sidepro-
ducts like kerosene and diesel are to minimize. 
Subsequently, the current states of the art related to the 
production of sustainable olefins, followed by heteroge-
neous oligomerization are shown and completed by lab-
scale experiments of the latter process.

2. State of the art

2.1 Sources of sustainable olefins

Starting from sustainable methanol, olefins can be 
produced via the methanol-to-olefins (MtO) process. 
This conversion takes place according to the following  
simplified equation:
n CH3OH  [CH2]n + n H2O                          (1)

Figure 1: Double cycle reaction mechanism in the case 
of MtO catalysts [25]

From DME, via the DtO process, this is also viable 
[11]. At lower pressures (p = 1 - 30 bar) and higher  
temperatures (T = 450 - 600 °C) compared to the  
methanol-to-gasoline (MtG) process [12, 13], the  
synthesis of shorter hydrocarbons is favoured [14, 15]. 
Both methanol-based processes were developed in the 
1980s [15, 16]. In addition to Mobil, UOP and Norsk 
Hydro (now Ineos) brought the process to market  
readiness in the 1990s, using H-SAPO-34 as a catalyst 

in a low-pressure fluidised bed reactor. This concept  
enables efficient temperature control and continuous cat-
alyst regeneration [17]. 
ZSM-5 zeolites and SAPO zeotypes are  
commercially used for the MtO process. Both catalysts 
have Brønsted acid sites in structured micropores. The 
pore system of the aluminosilicate ZSM-5 is three- 
dimensional and has an average pore diameter of  
dPore = 5,5 Å. H-SAPO-34 is a silica aluminophos-
phate with a cage structure and pore sizes of only  
dPore = 3,8 Å. The small pore diameters favour the  
formation of small molecules and prevent the diffusion 
and formation of larger molecules. This explains the high 
selectivity to linear, light olefins. Aromatics and higher 
branched hydrocarbons are too large to diffuse out of the 
pore structure [18–20]. However, the smaller the pores 
of the catalysts, the faster this leads to their blockage and 
thus deactivation due to the deposition of coke.
For the MtO reactions, catalysts with moderate acid 
strength and density of the acid centres are required. A 
high acid strength has a beneficial effect on the activity 
of the catalyst, but it is also deactivated faster due to the 
likewise increased formation of coke [21–23].
The formation of the olefins takes place through the 
formation of alkyl residues on aromatics and their sub-
sequent spin-off. The aromatics are trapped in the ca-
talyst structure, cannot diffuse out due to their size and 
serve as a co-catalyst. Side chains are formed on the  
aromatics through the addition of methanol. The separa-
tion of these leads to the formation of ethene. Propene and 
butenes are formed by subsequent methylation of ethene 
[24]. This double-cycle mechanism was consolidated by 
Björgen et al. [25] and is shown in Figure 1.More in-
formation on the synthesis of olefins from methanol and 
the catalysts that can be used for this purpose, as well as 
other influencing parameters, can be found in the review 
articles [15, 16]. Process flow diagrams of various other 
MtO processes are also shown.
Alternatively, the dehydration of fermentative alcohols 
offers the possibility of producing their corresponding 
olefins on a regenerative basis. This is further explained 
below using iso-butanol as an example. The conversion 
of iso-butanol to iso-butene takes place by means of acid 
dehydration via an elimination mechanism, as shown in 
Figure 2 [26].

Figure 2: Elimination reaction of iso-butanol to iso- 
butene [26].

By protonation of the OH group and formation of a  
carbenium ion, water splits off and iso-butene is formed. 
The reaction preferably takes place at p < 7 bar via  
γ-Al2O3 catalysts [27]. SAPO, H-ZSM-5 or heteropolya-
cid catalysts can also be used. [28]. With alcohols such 
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as n-butanol, the elimination takes place at different  
positions, resulting in butene mixtures. With isobutanol, 
however, iso-butene is always formed due to symmetry. To 
overcome the activation energy of the reaction, tempera-
tures of T = 250 - 350 °C are advan-tageous [26, 29, 30]. 
Direct conversion of ethanol to butenes is also possib-
le. On a zinc-zirconium oxide catalyst at temperatures of  
T = 450 °C and p = 1 bar, selectivities S and yields Y of ab-
ove 80% are achieved with complete conversion X of etha-
nol to iso-butene. The reaction requires water as a co-feed so 
that it proceeds via intermediates such as acetaldehyde and 
acetone to iso-butene. The ZnO in the catalyst reduces the 
acidity of the Lewis and Brønsted acid sites of the ZrO2 and 
thus increases the basicity. This suppresses undesirable side 
reactions such as the dehydration of ethanol and the poly-
merisation of acetone. The dehydration of ethanol to acet-
aldehyde and its conversion to acetone via aldol condensati-
ons and dehydrations is promoted by the basic centres. The 
Brønsted sites are responsible for the final acid-catalysed 
conversion of acetone to iso-butene [31].
Furthermore, with Ag-ZrO2/SiO2 catalysts, the direct 
conversion of ethanol to a butene-rich (1-, 2-butenes and 
butadiene) olefin mixture is possible at conversions of  
X = 99% and a selectivity of S = 88%. By adjusting the 
co-feed to hydrogen, the ratio of butenes to butadiene can 
be regulated [32].
A direct fermentation of olefins from biomass is 
also possible. Global Bioenergies, for example, has  
developed a process for the fermentative production of iso-
butene and is currently operating a first pilot plant in Leuna.
The conversion takes place in stirred tank  
reactors at p = 4 bar and T = 32 °C using gene-modi-
fied E. coli bacteria, which produce iso-butene directly 
from sugars [33, 34]. The bacteria are currently specia-
lised in the conversion of glucose. However, the straw  
hydrolysate is largely composed of glucose and xylose, and 
also contains inhibiting substances from the biomass. The ad-
aptation of the bacteria to these conditions still needs further 
research, but the conversion of xylose to iso-butene is already 
possible. Lignin, on the other hand, cannot be converted [35].

2.2 Oligomerization

The produced olefins are then fed to the  
oligomerization process. There, the lower olefins are 
converted into higher olefins, only low contents of  
aromatics will be generated. As an example, this is 
shown below in a general formula for ethene, propene 
and butene. 
a C2H4 + b C3H6 + c C4H8  w C5H10 + x C6H12 +  
y C7H14 + z C8H16…                 (2)
For the conversion, acid sites especially Brønsted sites 
are important to achieve a first protonation to form carbe-
nium-ions [36]. The subsequent chain growth is the result 
from this initial step. Exemplary, Table 1 summarizes three 
oligomerization processes, which are industrially realised at 
scale and briefly described below.

In the 1980s, the Mobil Olefins to Gasoline and  
Distillate (MOGD) process was developed by Mobil 
Oil Corp. (now ExxonMobil). In this process, olefins 
from the methanol-to-olefins process are converted to  
gasoline, kerosene and diesel on an acidic ZSM-5  
catalyst (dPore = 5.5 Å) in several reactors connected in  
series. In the MOGD process, four fixed-bed reactors 
are operated simultaneously, one of which is regenerat-
ed due to coke formation while the other reactors are in  
operation (Figure 3). The process takes place at  
T = 150 - 200 °C and p = 7 - 12 bar [7]. By adjusting the 
process conditions, the ratio of gasoline to distillate can 
be varied between 0.2 and 100. 

Table 1: Overview of the MOGD, Polynaphtha and 
Catpoly processes with regard to reaction conditions 
and reaction control. 

MOGD 
(Exxon-
Mobil) 
[7]

Polynaphtha 
(Axens IFP)
[8]

Catpoly 
(UOP) [9]

Catalyst Zeolite 
ZSM-5

Silica-Alu-
mina

Solid phos-
phoric acid

T [°C] 150 - 200 150 - 200 180 - 200
p [bar] 7 - 12 30 - 50 30 - 40
LHSV
[m³/h /m³ 
Catalyst]

1 - 2 0,3 - 0,5 0,5 - 1

Conversion 
to fuels [%] > 90 95 - 98 90 - 95

Reactor 
type

Adiabatic 
fixed bed 
reactor

Fixed bed 
reactor

Hordes 
reactor

Table 2: Properties of fuels from MOGD process [7].
Gasoline Kerosene Diesel

Relative densi-
ty* [-] 0,73 0,78 0,78
Research octa-
ne number [-] 92
Motor octane 
number [-] 79
Cetane num-
ber [-] 52
Composition
Paraffin-
s[wt.%] 4 95
Olefins [wt.%] 94 1
Aromatics 
[wt.%] 2 4

*related to the density of water at T = 4 °C
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The advantage of this synthesis is the higher product 
quality of the gasoline compared to a methanol-to- 
gasoline process, since, for example, it does not or only 
contain minor quantities below 5 wt.% any particle- 
promoting aromatics. Also durol is not present, a quadru-
ple-methylated C10-aromatic with a high melting point 
(Tmelting,Durol = 78 - 81 °C) [37, 38].
To remove the heat of the exothermic reaction, intercoo-
lers are used after the reactors. Table 2 shows fuel-rele-
vant key properties as well as the composition according 
to substance groups of the gasoline, kerosene and diesel 
fractions. Kerosene and diesel were previously hydro-
treated with hydrogen.
The polynaphtha process developed by the Institute  
Français du Pétrol (now Axens IFP) uses C3-C5 olefins 
as reactants. These are converted to oligomeric gaso-
line and gas oil on a silica-alumina catalyst in the same  
temperature range, but at significantly higher pressures  
(p = 30 - 50 bar) than in the case of the MOGD process. 
In order to obtain higher yields of longer oligomers in 
the form of gas oil, parts of the LPG fraction, as well as 
the oligomeric gasoline, is recycled and oligomerized 
again. Accumulating deposits on the catalysts can be 
burnt off by adding an air/steam mixture and thus, the  
catalysts can be regenerated [8]. 
Honeywell UOP’s Catpoly process was already  
developed in the 1930s. It uses solid phosphoric acid 
(SPA) as a catalyst and is run with comparable opera-
ting windows to the Polynaphta process. However, the  
conversion of the C3 and C4 olefins takes place in a hor-
de reactor and not in several fixed-bed reactors connec-
ted in series. [9]. Light olefins are recycled for further  
oligomerization to higher oligomers. 
In addition to the processes of fuel synthesis from  
olefins, processes based on alcohols have been  
developed. These also use the principle of  
oligomerization and offer the advantage of  
sustainable production of the educts by fermenta-
tive processes based on sugar-containing biomass.  
Sustainable alcohols are dehydrated to olefins, which 
than undergo oligomerization primary to molecules 
in the kerosene range. These “Alcohol to Jet” proces-
ses (short AtJ) are continuously developed and optimi-
zed for example by Lanzatech/PNNL and Gevo [39].

Figure 3: Flow scheme of the MOGD process [7].

3. Experimental

3.1 Lab-scale plant

Experiments for the oligomerization of C2-C4 olefins 
are performed in a laboratory plant with a maximum  
production volume of 2.5 l/week. Ethene is supplied in 
gaseous form, propene and butenes are pumped into the  
reactor as liquids. Argon is also available as an in-
ert gas. The fixed-bed reactor has an inner diameter of  
di = 16 mm and is divided into 3 zones. The inlet and 
outlet bed only consist of silicon carbide of particle size  
d = 250 - 500 µm. Both areas are separated by the  
reaction zone, in which SiC is also present, but mixed 
with catalysts. In general, tests at up to T = 350 °C 
and p = 70 bar are possible. Liquid products are  
subsequently condensed out, collected and after the  
experiments analysed offline with a gas chromatograph  
(Agilent 6890 with DB-1 column). Gas is sent to an 
online gas chromatograph (HP 5890 with RT-Alumina 
BOND/Na2SO4 column) and analysed there.

3.2 Catalysts and catalyst support materials

Silica alumina support materials impregnated with  
transition metals like nickel are used as catalysts for the  
oligomerization. This combination has already proven 
to be very effective regarding ethene oligomerization 
 [40, 41]. Furthermore it enables high olefin conver-
sions at mild reaction conditions (T = 80 – 200 °C,  
pOlefins = 10 – 50 bar, WHSV = 2 – 10 h-1).
Boehmite SIRALOX® with varying Al2O3 / SiO2 ratios 
and thus also different strengths and numbers of Lew-
is and Brønsted acid sites are used as catalyst support.  
Table 3 shows exemplary some properties of  
SIRALOX® 20.

Table 3: Properties of SIRALOX® 20 catalyst sup-
port [42].

SIRALOX® 20

Al2O3 / SiO2 [%] 80 / 20
BET [m²/g] 420
Pore volume [ml/g] 0,8

The support material is doped with nickel up to a certain 
amount using the incipient wetness impregnation meth-
od, described below. First, the catalyst support is calcined 
at T = 550 °C for t = 8 h-1. Afterwards a nickel salt is 
dissolved in water and applied according to the desired 
mass fraction of nickel. Finally, the impregnated catalyst 
support is dried and calcined again and then brought to 
the same particle size as the SiC.
For the first experiments in the plant, m = 5 g of the  
SIRALOX® 20 loaded with 2 wt.% Ni are used each 
time. The reactor is heated to T = 120 °C and pressur-
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ized to ptotal = 20 bar. Always argon is used as inert gas 
with a molar fraction of xAr = 20 mol.% to control the 
thermal output of the exothermal reaction and maintain a  
constant bed temperature. The oligomerization of the 
pure olefins 1-butene and propene is performed with a 
catalyst loading of WHSV = 2 h-1

. Due to instabilities in 
the feed-dosing, evoked by too low mass flows for the 
pumping units, the co-oligomerization of butene and pro-
pene is held with doubled WHSV of 4 h-1 to prevent fluc-
tuation in the feeding system.

4. Results and discussion

4.1 1-Butene oligomerization

The first experiments were performed with 1-butene.  
Figure 4 shows the conversion X, the mass fractions of 
the produced liquids corresponding to their individual 
carbon lengths are presented in Figure 5.

Figure 4: 1-Butene conversion over time-on-stream 
(TOS) during oligomerization (T = 120 °C,  
pC4H8 = 16 bar, WHSV = 2 h-1).

Due to educt accumulation in the reactor during the  
initial period, no 1-butenes or isomers of it, formed 
by the thermal equilibrium, leave the reactor. There-
fore, the calculation of butene conversion, which is 
coupled to the inlet and outlet streams, provides a 
complete conversion of X = 100% at the start of the 
experiment (Figure 4). After around t = 2 h, the re-
action begins to enter a steady state, where the con-
version is stabilizing on an almost constant level (X 
~ 70%). After t = 6 h the experiment is finished, 
the olefin feeding is turned off, followed by a flush-
ing phase under Argon flow to rinse out remaining 
products from the reactor. 
The mass composition (Figure 5) shows a high  
selectivity in the liquid of around S = 60% to C8, the  

dimer of butenes. The rest of the converted butenes  
primarily form trimers or tetramers, represented by C12 
and C13+. In total, 118 different liquid components are  
generated with high selectivities about S > 85% to  
hydrocarbons in the gasoline and kerosene range.

Figure 5: Liquid mass fractions of the 1-butene  
oligomerization (T = 120 °C, pC4H8 = 16 bar,  
WHSV = 2 h-1).

4.2 Propene oligomerization

Afterwards, the propene oligomerization was held un-
der the same reaction conditions as before. In Figure 6 
the propene conversion is portrayed, Figure 7 illustrates 
the liquid mass fractions. In the gaseous phase, only  
propene is detected. 

Figure 6: Conversion of propene during  
oligomerization (T = 120 °C, pC3H6 = 16 bar,  
WHSV = 2 h-1).
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Immediately visible is the significantly lower conver-
sion of propene (X ~ 20%) in comparison to butene. 
Due to its molecular structure, propene is not as reacti-
ve as butene. Futhermore there are no isomers of prope-
ne like the 2-butenes or iso-buten in the case of butene. 
Those isomers may easier form higher, more reactive  
carbenium-ions. As conclusion, propene needs higher 
amounts of Brønsted acid sites, whereas butene oligome-
rization also takes place on surfaces with lower density 
and acidity of acid sites.

Figure 7: Liquid mass fractions of the propene  
oligomerization (T = 120 °C, pC3H6 = 16 bar,  
WHSV = 2 h-1).

In Figure 7 is shown, that dimerisation to C6 almost 
does not take place, respectively is only an intermedia-
te to higher olefins like the preferably formed trimer C9. 
The formation of hydrocarbons which are no integer  
multiples of propene is related to metathesis reactions. 
In contrast to the butene oligomerization, with 208  
liquid components, the propene coupling leads to al-
most twice as many different molecules. In the analyzed  
product range, due to its smaller carbon chain lenght  
higher degrees of oligomerization of propene are  
conceivable than of butene. For example to produce a C12 
olefin, 3 butene but 4 propene molecules are needed, The 
resulting increased coordination possibilities for oligo-
mers of the same carbon chain length may lead to a hig-
her quantity of different isomers. 

4.3 Co-oligomerization of propene and 1-butene

Figure 8: Olefin conversion during the co-
oligomerization of 1-butene (T = 120 °C, pC3H6 = 8 
bar, pC4H8 = 8 bar, WHSV = 4 h-1).

The Figures 8 and 9 illustrate the results of the co- 
oligomerization of propene and butene. The conversion 
of C3H6 is shown as yellow rhombs, C4H8 is marked with 
red circles. Both conversions drop down after the start 
quite significant and settle at around X = 25 – 30 mol.%. 
For propene this behaviour is already shown in the  
section before, but for butene the conversion is  
significantly lower than in the sole butene  
oligomerization. 
Due to the co-oligomerization of molecules with  
different carbon chain lenght and more possibilities for 
their coupling, a wider product range arises. This is also 
reflected in the once more increased quantity of 248  
liquid components. 
The products of di-, tri- and tetramerization reactions of 
propene and butenes (mainly C6, C8, C9 and C12) amount 
in total to 42,5 wt.%. Compounds of chain lenghts  
formed by both educts, propene and butene, like C7, C10 
or C11, amount to more than 50 wt.%. Concluded from 
this, oligomerization reactions of various olefins as feed 
are at least as, if not slightly, preferential to reactions of 
one sole sort of olefins.
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Figure 9: Liquid mass fractions of the co- 
oligomerization of propene and 1-butene (T = 120 °C, 
pC3H6 = 8 bar, pC4H8 = 8 bar, WHSV = 4 h-1).

Noteworthy, propene dimerization to C6 as pro-
duct is still not as present as butene dimerization. 
Apart from this, the trimer C9 is formed with about  
10 wt.%. Furthermore the C10-fraction has, with almost 
17 wt.%, a ten times higher mass fraction due to co- 
oligomerization of propene and butene. Consequent-
ly, C6 has to be an intermediate which then undergoes  
higher oligmerization processes. Even the synthesis of C7 
oligomers by coupling of one butene and one propene 
molecule is more favoured compared to the formation of 
C6. Thus, butenes promote the reaction of propene, but 
on the other hand, in presence of propene the conversion 
of butene is significantly reduced by more than 60%. 
This effect has to be investigated in future experiments 
and compared with results from feed-compositions  
provided by MtO processes.

5. Summary and Outlook

The heterogeneously catalyzed oligomerization  
represents great potential for renewable fuels with  
emission-reduced properties. A broad spectra of fuels 
(gasoline, kerosene or diesel) may be synthesized with 
high selectivities. In comparison to the Fischer-Tropsch  
process with low selectivities [43], this is benficial and  
favoured for industrial application. Employing a 
lab-scale plant, first results showed high gasoline  
selectivities. Even kerosene is producable with high  
selectivity. In general, the catalyst shows high activi-
ty and can be adapted to the production of desired fuel  
ranges. 
Recent results show, that compared with butenes,  
propene requires a higher density of acid sites as the  
carbenium-ion formed is not as reactive as the one  
formed by butenes.

In addition, the effects of the feed composition in re-
spect to liquid product fractions were shown. A higher  
quantity of components can be observed during propene  
oligomerization. Attributed to higher degrees of  
oligomerization and increased coordination  
possibilities, a broader spectra of olefins and a hig-
her quantity of different isomers is formed. For co- 
oligomerization with both molecules the same ef-
fect was shown since oligomers with chain lengths  
originated by coupling of propene and butenes are also 
formed. 
Next to the detemination of the degrees of branching 
in the liquid products, the effect of reduced butene  
conversion during co-oligomerization has to be  
investigated in future experiments.
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Improve by Ind 4.0 the Heterogeneous Catalysts for CO2 Hy-
drogenation to Liquid Fuels

Dr. rer. nat. Paul Olaru
AGIR-SETEC Head Lab.
IMNR-INCDMNR Bucharest, Romania

Summery

The process for methanol synthesis using captured CO2 was shown by a system engineering analysis based on planetary 
boundaries. Reverse water-gas shift reaction (RWGS: CO2 + H2 → CO + H2O) is mostly determined by the heterolytic 
splitting of H2 on the oxygen vacancies acting as catalytic center Its thermocatalytic production (CO2 + 3H2 → CH3OH 
+ H2O) from captured CO2 and renewable H2 or CO2-rich feeds obtained via technology gasification is an attractive 
approach to effectively combat global warming. Today, the large-scale commercial production of methanol is mainly from 
syngas (a CO and H2 mixture), which are generated by fossil resources (mainly coal and natural gas) via processes inclu-
ding the gasification of coal as well as the steam reforming of natural gas. Small amounts of CO2 (about 2–8%) are typi-
cally added to the CO/H2 stream to balance the H/C ratio to the desired stoichiometry and to accelerate the reaction rate. 
Methanol formation: (1) CO + 2H2 = CH3OH, ΔH298K =   ̶  90.6 kJ mol¯1; (2) CO2 + 3H2 = CH3OH + H2O, ΔH298K 
=  ̶  49.5 kJ mol¯1; Reverse water-gas-shift reaction (RWGS): (3) CO2 + H2 = CO + H2O,  ΔH298K =   ̶  41.2 kJ mol¯1.

1. Introduction  

Industry 4.0 - from talk to practice. Digital trust and data 
analyses are the foundation of Ind 4.0 Data fuels Industry 
4.0 and successful data analytics is the prerequisite for 
successful implementation of digital enterprise applica-
tions. It’s time to move from a phase of discovery and 
understanding what data is available and what it is worth 
to one of insights and action. ‘First movers’ are already 
making the shift and using data analytics to help drive de-
cision-making. As digital ecosystems expand, so does the 
importance of establishing strong levels of digital trust, 
backed up by transparency and non-repudiation that pro-
vides proof of the integrity and origin of one’s own and 
third party data. More than half of respondents expect 
( fig.1) their Industry 4.0 investments to yield a return 
within two years or less, given investment of around 5% 
p.a. of  annualrevenue. 

Fig. 1

2. Process 

In comparing the commercial production of methanol 
via syngas ( see eq. (1)), methanol formation from CO2 
hydrogenation requires an extra amount of hydrogen 
since extra H2 is necessary to remove one oxygen atom 
from CO2 through water formation as a by-product (see 
eq. (2)). Moreover, the thermodynamics for methanol 
production from CO2 are not as favorable as that from 
CO, thus the one-pass methanol yield of the CO2-based 
process is lower than that of the syngas-based process. 
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The equilibrium yield of methanol from CO at 200ºC is 
greater than 80%, while that from CO2 at 200ºC is less 
than 40%. In addition, several side reactions (e.g. the for-
mation ethers, ketones, higher alcohols or hydrocarbons). 
Methanol synthesis from CO2 and H2 is an exothermal 
reaction with a decrease in reaction molecule number, 
according to Le Chatelier’s principle, the optimization 
of the reaction conditions such as high pressure and low 
temperature thermodynamically favors CO2 conversion 
to methanol. However, taking the chemically inert nature 
of CO2 and the reaction rate into consideration, a reaction 
temperature higher than 242°C that favors the CO2 acti-
vation and methanol formation is usually adopted. In ad-
dition, under methanol synthesis conditions, the RWGS 
reaction becomes highly facile in thermodynamics. 

2.1 Hydrogenation CO2 to Methanol 

Recently, significant progress has been made indevelo-
ping more efficient catalysts for CO2 hydrogenation to 
CH3OH, including metal-supported catalysts,bimetallic 
systems, and reducible metal oxides. During CO2 hy-
drogenation, the formation of the undesired CO through 
RWGS is a competitive reaction to methanol synthesis. 
However, the low temperature and/or high space velocity 
usually result in low single pass CO2 conversion. Thus, it 
remains a great challenge to simultaneously obtain high 
CO2 conversion and high methanol selectivity. Indust-
rial methanol production from CO2-containing syngas 
uses the well-known Cu-ZnO-Al2O3 catalysts. Current-
ly, CH3OH synthesis from catalytic CO2 hydrogenation 
has been implemented at the pilot-plant level. In Euro-
pe, power-to-liquid (PTL) fuels obtained from surplus 
renewable electricity via water electrolysis-derived H2 
and CO2 have received much attention, and a number of 
PTL-related studies were recently reported. Liquid hyd-
rocarbon (C5+) fuels including gasoline (C5-11), jet fuel 
(C8-16), and diesel (C10-20) play an instrumental role 
in the global energy supply chain and are wildly used 
as transportation fuels around the world. Besides, alco-
hols such as methanol, ethanol, and other higher alco-
hols (C2+OH) are clean and multipurpose fuels.In both 
academic researchand industrial practices, (fig.2), great 
progress has been made in the synthesis of C1 molecules 
such as methanol (CH3OH) from CO2 hydrogenation. 
Currently, the largest plant, Carbon Recycling Interna-
tional (CRI)’s CO2-to-renewable-methanol plant in Ice-
land, is capable of producing 4000 t/year of methanol by 
converting about 5500 t/year of CO2.However, direct re-
duction of CO2 to C2+ products is still a grand challenge 
due to the lack of efficient catalysts with high stability, as 
the activity of C-C coupling is low and the formation of 
byproduct water can easily deactivatethevarious catalysts 
for CO2 conversion. Syngas (CO/H2) and CH3OH are 
the most important C1 platform molecules, and their con-
versions to value-added products via the Fischer-Tropsch 
synthesis (FTS) and methanol to hydrocarbons (MTH) 

processes, respectively, were extensively applied in in-
dustry.Therefore, combining the reverse water-gas shift 
(RWGS) with FTS and combining high-temperature me-
thanol synthesis with MTH over bifunctional/multifunc-
tional catalysts are two efficient strategies for direct CO2 
hydrogenation to C2+ hydrocarbons including liquid hy-
drocarbons. Moreover, the synthesis of C2+ alcohols is 
even more 
challenging than C2+ hydrocarbons either in CO2 or CO 
hydrogenation, which requires more precise control of 
the C-C coupling.

Fig. 2

The supported copper materials have attracted much at-
tention and have been extensively investigated for CO2 
hydrogenation to CH3OH. The methanol synthesis re-
action is known to show strong support effects. Using 
a suitable support material can enhance CH3OH selec-
tivity, attributed to structural, electronic, and chemical 
promotional effects. For example, CH3OH selectivity is 
usually high (>70%) at 200-260 °C when ZrO2 is used 
as the support.[30,32]. Recently, several works have cla-
rified the origin of the promotional effect of the ZrO2 
support that is unknown before. Larmier et al. confirmed 
that the Cu/ZrO2 interface can promote the conversion of 
the formate intermediates to methanol by combined ex-
perimental and computational investigations.[30]. Tada 
et al. found that the interfacial sites on Cu/a-ZrO2 (a-: 
amorphous) are favored for methanol production com-
pared to those on tetragonal and monoclinic ZrO2 sup-
ported Cu.[33]. Additionally, the oxygen vacancies on 
tetragonal ZrO2 were proposed to play a crucial role in 
enhancing the activity of methanol formation by stabili-
zing the Cu+ active sites adjacent to them.[32]. Lam et 
al. suggested that the surface Lewis acid Zr(IV) sites with 
Cu particles in the vicinity are responsible for improving 
CH3OH activity and selectivity on the Cu/ZrO2-based 
catalysts.[31]. Apart from conventional metal oxides, 
researchers recently also explored other supports such 
as TiO2 nanotubes [34]  and Mg-Al layered double hy-
droxide (LDH) [35] to promote methanol formation. To 
simultaneously improve the intrinsic activity and catalyst 
stability, researchers directly used Cu-Zn-based LDH as 
the precursor to synthesize an efficient methanol synthe-
sis catalyst with a confined structure, in which the ac-
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tive metallic Cu phase is highly dispersed and partially 
embedded in the remaining oxide matrix.[36,29]  Li et 
al. prepared ultrathin Cu-Zn-Ga LDH nanosheets by the 
aqueous miscible organic solvent treatment method and 
further increased Cu surface areas and dispersion of the 
resulting Cu-based catalysts (fig. 1A).[37].The CH3OH 
space time yield (STY) is 0.59 gMeOH gcat

-1 h-1with selecti-
vity of ~49% at CO2 conversion of ~20%. On the other 
hand, scientists also tried to use silica and metal-orga-
nic frameworks to confine small Cu nanoparticles and 
developed highly efficient Cu-based catalysts for CO2 
hydrogenation.[40-44].Example, Liu et al. synthesized 
three-dimensional porous Cu@ZrO2 framework cata-
lysts using the Cu@UiO-66 precursor, which displays 
CH3OH STY of 0.796 gMeOH gcat

-1 h-1 and a long-term 
stability for 105 h with a selectivity of 78.8% and con-
version of 13.1% at 258°C, 4.5 MPa, 21 600 mL g-1 h-1 
and H2/CO2 = 3 [43].Recently, several groups have de-
veloped novel cobalt (Co)- based catalytic systems that 
display a promising performance for methanol synthesis 
from CO2 hydrogenation.[45-48].  Co catalysts are wi-
dely used and extensively studied for FTS and can easily 
catalyze the CO2 methanation reaction.[2,17,46,49-52]. 
The high performance for CH3OH synthesis over Co-
based catalysts was attributed to the formation of a new 
active phase, rather than the conventional metallic Co 
phase. Our works [7],were conducted to predict theeffect 
of operating conditions on syngas conversionand tempe-
rature profiles of the cobalt-based FTSreaction in the FT 
reactor. The kinetic modelproposed in the present study 
was shown to beeffective for application to a commer-
cial softwarepackage (Multiphysics). Li et al. Reported 
MnOx nanoparticles supported on a mesoporous Co3O4 
for methanol production at low pressure (0.1-0.6 MPa).
[45].They showed the importance of the CoO phase and 
revealed the strong interaction between MnOx nanopar-
ticles and Co@CoO core-shell grains, which enhances 
the performance of CO2 hydrogenation to CH3OH. Lian 
et al. ascribed the increased CH3OH selectivity to the 
oxygen defects on the surface of Co@Co3O4 core-shell 
active species supported on the nitrogen-doped carbon 
material, which is derived from zeolitic imidazolate fra-
mework precursors.[47].Wang et al. Also inferred that 
the cobalt oxide phase on silica supported Co catalyst 
with Co-O-SiOn linkages via Co phyllosilicates could 
suppress the CO and CH4 formation and promote me-
thanol production (fig.3B) [48]. This novel Co catalyst 
shows CH3OH STY of 0.096 gMeOH gcat

-1 h-1 (3.0 mmol 
gcat

-1 h-1) with a selectivity of 70.5% at 8.6% conversion 
at 320 °C. Because the H2 splitting ability of cobalt oxide 
is lower than the metallic Co phase, the activities of these 
Co-based methanol synthesis catalysts are to be further 
enhanced. Moreover, the mechanism of this new active 
site inhibiting the CO2 methanation and RWGS reactions 
needs to be further clarified. Various bimetallic materials 
including: Pd-Cu,[3,5], Pd- Ga,[6,17], Pd-In,[6,8], Pd-
Zn,[9], Ni-Ga,[2.6], In-Rh,[17], In-Cu,[8,9], In-Co,[7], 

In Ni,[11,12] and Ni-Cu [15-17],  have also been exami-
ned for methanol production from CO2 hydrogenation. 
Among these catalysts, some non-noble metal-based bi-
metallics were designed for efficient CO2 hydrogenation 
to CH3OH at low pressure. In recent years, reducible 
oxides have received considerable attention due to their 
excellent performance with high CH3OH selectivity in a 
wide range of temperatures (210-310 °C). Nearly 100% 
selectivity can be attained over cubic In2O3 nanomate-
rial and In2O3 supported on monoclinic ZrO2 at CO2 
conversions of less 5.5% under 300 °C, 5.0 MPa, 20 000 
mL g-1 h-1 and H2/CO2 = 4,[4]. Researchers have clearly 
demonstrated the structure sensitivity of the In2O3 cata-
lyst in terms of both the phase and the exposed facet by 
combined computational and experimental studies.[7,8], 
Danget al. reported a successful work of computer-aided 
rational design of more efficient In2O3 catalysts for CO2 
hydrogenation to CH3OH.[8].

Fig. 3: (A) TEM images of Cu-Zn-Ga catalysts deri-
ved from conventional hydroxyl-carbonate phases and 
ultrathin LDH (left) as well as their performance (right).
[37]. Reaction conditions: 270 °C, 4.5 MPa, 18 000 mL 
g-1 h-1, and H2/CO2 = 3. (B) Synthesis and catalysis 
strategies (left) as well as CO2 hydrogenation perfor-
mance (right) of Co@Six catalysts.[48]. Reaction con-
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ditions: 260-380 °C, 2.0 MPa, 6000 mL g-1 h-1 and H2/
CO2 = 3. (C) HAADF-STEM images and correspon-
ding EDX maps (top) of indium (blue) and palladium 
(green) for the spent coprecipitated (CP, left) and dry 
impregnated (DI, right) Pd-In2O3 catalysts with 0.75 wt 
% Pd as well as illustration for the distinct role of Pd in 
equilibrated S1  and S2 catalysts with pure In2O3 as a 
reference.[24].The thickness of the arrows qualitatively 
suggests the methanol and CO formation rates. Reprin-
ted with permission from refs [37,48] Copyright 2020  
American Chemical Society

The In2O3/ZrO2 catalyst system, the ZrO2 support re-
markably boosted the activity of the In2O3 catalyst and 
prevented its sintering.[24.29]. It was suggested that 
synergic effects between In2O3 and ZrO2 carriers favor-
ably tuned CH3OH selectivity by changing thereaction 
pathway.[8], Frei et al. also investigated the electronic, 
geometric, and interfacial phenomena related to the pe-
culiar promotional effects of the monoclinic ZrO2 car-
rier on In2O3.[31] Less-pronounced lattice mismatching 
between In2O3 and ZrO2 favors the formation of more 
surface oxygen vacancies on In2O3, which is beneficial 
for methanol synthesis. The lower H2 splitting ability of 
In2O3 compared with metal catalyst, palladium (Pd) was 
introduced to enhance H2 activation and facilitate oxygen 
vacancy formation and thereby substantially promote the 
activity of In2O3.[12,13], CO2 conversion over In2O3 
supported highly dispersed Pd nanocatalyst reached ab-
ove 20% with CH3OH selectivity of ~70%and STY up to 
0.89 gMeOH gcat

-1 h-1,[13] which is about 2-5 times higher 
than pure In2O3 under similar reaction conditions. Mo-
reover, the incorporation of Pd atoms in the In2O3 matrix 
forming low-nuclearity Pd clusters can simultaneously 
increase the activity, selectivity and long-term stability 
(fig.3C),[14]. Different from dry impregnated Pd-In2O3, 
this nanostructure can effectively avoid Pd clustering and 
minimize In2O3 sintering; thus, CH3OH STY dropped 
slightly from 1.01 to 0.96  gMeOH gcat

-1 h-1 after time-on-
stream of 500 h at 280 °C, 5.0 MPa, 48 000 mL g-1 h-1, 
and H2/CO2 = 4. The addition of Pt, Au, Cu, Co, or Ni 
can also benefit the generation of active hydrogen spe-
cies.[19,25-29].

3. Ind 4.0 –possible new solutions

Palladium atoms replacing indium atoms in the active 
In3O5 ensemble attract additional palladium atoms de-
posited onto the surface forming low-nuclearity clusters, 
which foster H2 activation and remain unaltered, ena-
bling record productivities for 500 h.
In2O3, recently discovered for CO2 hydrogenation to-
methanol [17,18]. Indeed, although this reducible oxide 
is very selective and durable, especially when supported 
on ZrO2, owing to the presence of frustrated Lewis pairs 
[19,20], and single ensembles [21,22], its H2-splitting 
ability is limited [23] Palladium was shown to genera-

te bulk intermetallic compounds with indium [24,25], 
which were superior to In2O3 in liquid-phase CO2 hy-
drogenation [26], but were exclusively active for the 
competitive reverse water–gas shift (RWGS) reaction 
when applied in the gas phase as nanoparticles supported 
on silica [27]. A synthetic method devised to deposit pal-
ladium nanoparticles on In2O3 minimizing alloy forma-
tion [28], led to a system displaying enhanced methanol 
formation, which was ascribed to the higher availability 
of activated hydrogen, fostering the desired hydrogena-
tion reaction and vacancy formation on the oxide surface. 
These contrasting findings highlight that the true relevant 
speciation and action mechanism of palladium are poorly 
understood. More importantly, to maximize the promo-
ting effect and thus process-leveladvantages, the H2-
splitting ability of palladium should be exploited while 
minimizing its high efficacy for the RWGS reaction as a 
stand-alone metallic phase [29,31] As single palladium 
atoms supported on carbon nitride are active in alkyne 
semihydrogenation and photocatalytic CO2 reduction 
[32-34], and possess distinct electronic properties com-
pared to agglomeratedpalladium, calculations indicate 
that the (R)WGS reaction on Pd(111) requires at least 
three palladium atoms [35] , and the selectivity of pla-
tinum on MoS2 in CO2 hydrogenation was dictated by 
the cluster mono-/binuclearity [36], we conceived atomic 
dispersion as a strategy to curtail detrimental effects whi-
le preserving beneficial attributes. This approach would 
simultaneously grant improved metal utilization and 
robustness, if palladium atoms are well anchored to the 
In2O3 structure. Aiming at deriving synthesis–structu-
re–performance relations, we emphasized experimental 
methods as well as theoretical means, which comprise a 
prominent tool to uncover the impact of structure on acti-
vity and selectivity [37-39]  but have rarely been applied 
to link preparation to structure

3.1 Solution of the palladium application

The samples co-precipitated catalyst (CP)=S1 and dry 
impregnation (DI)=S2  were studied through a battery 
of characterization techniques to elucidate the palladium 
speciation. X-ray diffraction (XRD)confirmed the bix-
byite (i.e., a defective fluorite-type) structure of In2O3 
in both systems ( Fig. 4), the lowest-energy surface of 
which presents a protruding In3O5(O) substructure, 
which generates the active site in acetylene and CO2 
hydrogenation after removal of the (O) atom [21], and 
an adjacent sunken region. The average particle size of 
In2O3 was calculated at 9 nmfor the fresh materials and 
increased to 15 and 25 nm for used S1and S2  catalysts, 
respectively. Moderate sintering was also observed ear-
lier for unpromoted In2O3 [17,22]. A weak reflection at 
39.5° 2θ specific to Pd0 was detected only for the used 
S2  material. High angle annular dark-field scanning 
transmissionelectron microscopy (H-STEM) images and 
indium and palladium maps acquired by energy-disper-
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sive X-ray spectroscopy (EDX) indicate that palladium 
is extremely well dispersed in the fresh samples (fig.4) 
). The S1 material used in the reaction for 93 h appeared 
virtually unaltered. In contrast, In2O3 particles increased 
their size to ca. 30 nm and palladium nanoparticles for-
med using the S2 catalyst for 74 h (fig.4) the latter having 
an average size of 2.8 nm based on high resolution trans-
mission electron microscopy (HRTEM, (figs.4).

Fig. 4: Microscopy analysis of palladium-promoted 
In2O3 catalysts. H-STEM images and corresponding 
EDX maps of indium (blue) and palladium (green) for 
the catalysts produced by a-S1 and b-S2 with 0.75 wt.% 
Pd in fresh form and after the tests depicted in Fig. 4b. 
The scale bar in all panels is 50 nm

4. Experimental nuclearity correlation.

Intrigued by the selectivity-nuclearity correlation unco-
vered by the theoretical studies for S1 catalysts, we con-
ducted a complementary experiment to link palladium 
agglomeration and its impact on methanol selectivity. 
When the S2 catalyst was tested keeping the CO2 con-
version at 2–3%,  the methanol selectivity remained at 
ca. 83% for 6 h, followed by a linear decline owing to a 
progressively greater impact of the RWGS reaction till 
a value of 58% after 9 h on stream. Characterization of 
the specimen retrieved at the end of the test confirmed 
severe sintering of palladium and In2O3 (particle sizes 
of 12 and 28 nm, respectively). A sample generated by a 
repeated experiment ending before the onset of the selec-
tivity change still showed an extremely high-palladium 
dispersion based on STEM-EDX, as expected. This sup-
ports that agglomerates of only few Pd atoms are requi-
red to start favoring the RWGS reaction and highlights 
the importance of controlling the promoter nanostructure 
upon synthesis and preserving it upon .reaction. (figs.5). 
Figure 5 presents the most significant S1 and S2  cata-
lysts’ models and their features, highlighting the remar-
kable matching of information derived from experiments 
and from theory. Gibbs energy profiles for methanol and 
CO formation from CO2 were calculated based on the 
elementary steps found optimal for In2O3. The activa-
tion of the S1 catalyst starts with H2 dissociation onto 
two O atoms located nearby the lattice palladium species, 

followed by transfer of one H atom to form water, which 
desorbs creating a vacancy. It was  introduced as a novel 
technique to elucidate vacancy formation and short-ran-
ge crystallinity in (palladium-promoted) In2O3 catalysts, 
and theoretical modeling provided sound understanding 
of the structure and functioning of the active sites in the 
two systems. In the S1  catalyst, embedding one Pd atom 
in the In2O3 matrix enables a  controlled growth of extra-
lattice atoms, leading to the stabilization of low-nucleari-
ty palladium clusters. The number of vacancies does not 
increase but their electronic properties are strongly modi-
fied, permitting improved H2 dissociation. The small size 
of the palladium cluster is crucial to curtail the RWGS 
reaction on palladium sites, which is relevant already for 
clusters of 3 extra-lattice promoter atoms. In the S2 cata-
lyst, palladium steadily agglomerates with time on stre-
am forming particles. These aid methanol production by 
supplying activated hydrogen that fosters the formation 
of surface vacancies on In2O3 and the hydrogenation of 
the CO2 therein adsorbed. Still, they consume a signifi-
cant part of the H2 split by converting CO2 into CO on 
their own surface (fig. 6). 

Fig. 5: Experimental and theoretical description of 
palladium sites. Most relevant surface models represen-
ting the S1  and S2  catalyst in fresh, activated, and used 
forms and their main features derived from experiments 
and theory.
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Fig. 6: Schematic representation of the distinct role of 
palladium in equilibrated S1 and S2 systems with In2O3 
and Pd-TiO2 as references. The thickness of the arrows 
qualitatively indicates the products formation rates. Re-
action conditions: P = 5 MPa, H2:CO2 = 4, and WHSV 
= 48,000 cm3STP h

-1 gcat 
-1

5. Results and Discussion

Our fixed bed reactor model for FTS using a cobalt ca-
talyst was developed. This kinetic model has twoseries 
of multi-tubular FT reactors over a cobalt catalyst, and 
the Multiphysics was applied to simulate and predict the 
profiles of syngas conversion, feed concentration, oil se-
lectivity, and temperature in the reactor under a variety of 
conditions including: feed temperature, syngas space ve-
locity, and coolant temperature. Results show overall CO 
conversion of 50% and controlled temperature applied in 
operatingtemperatures of 215 °C to 235 °C in the first step 
ofthe multi tubular reactor. Moreover, the effect of coolant 
temperature was evaluated to determine optimum ope-
rating conditions to achieve more conversion and higher 
heat flux to keep the FT tubes near isothermal conditions. 
Non-isothermal reactor was investigated in this study for 
different feed temperature to get higher selectivity of jet 
fuel (this sentence does not make sense. Further simula-
tion shows higher productivity and selectivity to control 
the catalytic Fischer-Tropsch (FT) packed bed rector near 
isothermal conditions, which started at a temperature of 
235 °C. One of these problems is that this type of kinetic 
model cannot estimate the exact amount of heat released 
by exothermic reactions through the FT reactor. It is well 
known that the heat released from producing one mole of 
decane is different from the heat released by producing 
ten moles of methane. 154 kJ and 207 kJ of heat are re-
leased per CO moleconsumed in each case. The syngas 
molar ratio of H2/CO=4 was fed through the top of the 
first stage with a temperature of 235 °C, was kept at the 
operating conditions of 300 psig, and was finally passed 
through the packed bed. The FT product from the first 
stage (unconverted syngas) was removed from the end of 
the reactor tube and fed to the top of the second stage of 
the reactor. The synthesis temperature was maintained by 
circulation of pressurized water in the shell. To control the 
inside temperature of the reactor according to theexother-
mic reactions therein, saturated water wasused to adjust 
the profile temperature inside the reactor to prevent coking 
of the catalysts. Water was heated to create saturated liquid 
water and was then pumped into the reactor. The average 
particle size of In2O3 increased by only 2 nm compared 
with S2-92 h (14 and 18 nm, respectively). Owing to the 
addition of TiO2 as a diluent in this test, which could not 

be separated from the used catalyst, changes in porous 
properties and vacancy density could not be investiga-
ted. The methanol STY was 0.92 gMeOH h-1 gcat

-1, which 
is, to our knowledge, the highest sustained productivity 
reported for CO2-based methanol synthesis over a he-
terogeneous catalyst. Specifically, our catalyst reaches a 
16%-higher methanol STY than the best performer re-
ported and at a cca. 62% shorter residence time. The lat-
ter enables a reduction in reactor size by 62%, which is a 
strong gain for a prospective industrial process. Moreo-
ver, S1  is a synthesis method that has been successfully 
implemented for catalyst manufacture at the large scale 
for numerous applications, whereas the polymer-assisted 
route used for the benchmark appears of limited industri-
al amenability. Controlled growth of extra-lattice atoms, 
leading to the stabilization of low-nuclearity palladium 
clusters. The number of vacancies does not increase but 
their electronic properties are strongly modified, permit-
ting improved H2 dissociation. The small size of the pal-
ladium cluster is crucial to curtail the RWGS reaction on 
palladium sites, which is relevant already for clusters of 
3 extra-lattice promoter atoms. In the S2  catalyst, palla-
dium steadily agglomerates with time on stream forming 
particles. These aid methanol production by supplying 
activated hydrogen that fosters the formation of surface 
vacancies on In2O3 and the hydrogenation of the CO2 
therein adsorbed. Still, they consume a significant part 
of the H2 split by converting CO2 into CO on their own 
surface (Fig. 6). These contrasting palladium speciations 
also explain the profoundly diverse time-on-stream be-
haviors of the two catalysts. Palladium embedded into 
indium oxide attracts the scarce palladium in pockets, 
avoiding its clustering, and facilitates water desorption 
minimizing In2O3 sintering, whereas palladium deposi-
ted onto In2O3 easily agglomerates and leads to catalyst 
sintering by spilling too much activated H2 to the oxide, 
causing over-reduction, and by excessively retaining wa-
ter, provoking crystals coalescence. Hence, anchoring of 
palladium clusters to the In2O3 lattice is an unpreceden-
ted approach to effectively enhance activity and selecti-
vity, and more importantly, to maintain the promotional 
effect in the long term, an aspect fully disregarded in 
previous studies on palladium-promoted In2O3 systems. 
In addition, low-nuclearity palladium clusters grant the 
possibility to operate the catalyst at reduced temperature, 
with hydrogen-lean feeds, and in the presence of greater 
amounts of water, altogether implying strong economic 
and ecologic benefits at a process level. So, propose our 
strategy to engineer promotion at the atomic scale marks 
a step ahead toward green methanol production and holds 
great general potential for tailoring new or existing pro-
moted systems in current and emerging applications of 
heterogeneous catalysis. Most companies believe they 
will see a return on investment (ROI) within two years 
or less (fig. 7) for their Industry 4.0 projects. Just over a 
third of companies anticipate a longer timescale of three to 
five years, for Industry 4.0 investments to pay for themselves.
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Summary

The Pilot-SBG project (SBG = synthetic biogas) is a research and demonstration project for the production of biomethane, 
which is to be used as a climate-friendly and renewable fuel in the transport sector. Therefore, the DBFZ is planing and 
implementing the construction and operation of a pilot plant on a technical scale. In the pilot plant previously unused 
biogenic residues, by-products, and wastes are to be converted to biomethane. The plant concept combines anaerobic 
digestion with innovative pre- and post-treatment processes such as hydrothermal processes, digestate processing, and 
catalytic methanation. The main objectives are to increase the biomethane yield using the carbon dioxide from the biogas 
process and externally supplied hydrogen as well as to enhance the product portfolio of the whole plant by separating 
valuable by-products. The project is completed by accompanying investigations, including feedstock potential analysis, 
assessments as well as a comprehensive feasibility study for a plant on a commercial scale.
This paper addresses the overall research and demonstration project, plant specifications, and challenges.

1. Introduction

In 2018, the Greenhouse gas (GHG) emissions in the 
transport sector in Germany were higher than in 1990 
(164 versus 162 Mio. t carbon dioxide (CO2) equivalent 
[1]). The target set by the former climate protection law 
required a reduction of 52 to 55 Mio. t CO2 equivalents 
and climate neutrality until 2050. In the new climate pro-
tection law an additional reduction of 10 Mio. t CO2 equi-
valents until 2030. Climate neutrality is to be achieved 
in 2045.
Concerning different scenarios [2-5], these targets for the 
contribution of the transport sector are very ambitious and 
will not be achieved by substituting fossil fuels solely. 
In summary, the transport sector is faced with enormous 
challenges in enabling sustainable and climate-friendly 
mobility. In addition to reducing final energy consump-
tion by avoiding and shifting traffic and increasing the 
efficiency of drives used in the modes of transport, the 
use of renewable energy sources is of great importance.
Biomethane may be a climate-friendly solution as an ad-
vanced fuel for the transport sector, especially. The requi-
rement for advanced biomethane is that the raw materials 

have to comply with RED II [6], annex IX Part A, for the 
production of biogas/biomethane from raw materials that 
often can only be processed with advanced technologies.

2. Research and demonstration project Pilot-SBG

In the Pilot-SBG project previously unused biogenic resi-
dues, by-products, and wastes, that are listed in the RED 
II, are to be converted to biomethane used as compressed 
natural gas (CNG). The DBFZ is therefore planing and 
implementing the construction and operation of a pilot 
plant on a technical scale, in which technologies establis-
hed at the DBFZ will be used in one process chain. 
The activities concerning the pilot plant (preliminary 
tests, commissioning, operation) are flanked by accom-
panying investigations and assessments as well as a 
comprehensive feasibility studies for a commercial-scale 
plant.

2.1 Plant concept

For such a complex pilot plant, extensive planning was 
necessary. A central process of the pilot plant is the anae-
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robic digestion to biogas. To improve the digestibility, the 
organic waste and residues are first pretreated depending 
on their composition, e.g. shredded, mixed, and hydro-
thermal processed (HTP) (see figure 1). Biogas consists 
primarily of methane and carbon dioxide (CO2). With the 
aim to increase the overall methane yield, the biogenic 
CO2 is converted to methane This is done via catalytic 
methanation of the biogas with externally supplied hy-
drogen (H2) (in a conventional process, CO2 is separated 
from biogas and fed to the methanation reactor - this sep-
aration does not take place here). After the catalytic met-
hanation step, the product gas is expected to contain only 
traces of CO2 and H2. The aim is to separate residual CO2 
with a downstream sodium hydroxide scrubber to get al-
most pure methane with a hydrogen content within the 
legal requirements for use as a fuel in the transport sector.
After anaerobic digestion, the digestate is further trea-
ted in different processes depending on the feedstock and 
desired product. The solid/liquid separation is realised 
with a screw press separator, a decanter centrifuge resp. 
a chamber filter press. Liquid phase filtrations are done 

with ultrafiltration and reverse osmosis modules. For so-
lid product generation hydrothermal carbonization and 
thermal drying steps may be applied. The liquid phase is 
used to recycle process water into upstream process steps 
for adjusting the dry matter (dm) content and separating 
valuable by-products. These products expand the plant’s 
product portfolio may include HTC char from waste-ba-
sed feedstocks, solid and liquid fertilisers, as well as di-
gestate that can be returned to the field. 
The concept will also consider the extent to which a de-
mand side management can be applied to the correspon-
ding processes. Therefore, data for a plant in a commer-
cial scale will be generated on a pilot scale basis.
The pilot plant is followed by a tank facility so that the 
produced methane can be used as CNG in a company-
own vehicle.
A scheme of the process chain respectively a three-di-
mensional model of the plant can be found in fig. 1 re-
spectively fig. 2.

Fig.1: Process steps of the Pilot-SBG plant, exemplary for the rural scenario.

2.2 Operating scenarios of the pilot plant

Biogenic residues and waste materials are used in the pi-
lot plant, for which two scenarios were defined. One is a 
rural scenario with straw and cattle manure as feedstocks, 
and the other is an urban scenario with organic waste and 
green cuttings as raw materials.
The scale of the pilot plant was selected with the back-
ground of being able to present the complex process 
chain, to demonstrate the feasibility of the implementa-
tion in principle and to apply scalable equipment as well 
as industrial standard equipment.
As an example, the approximate mass balance for the ru-
ral scenario is given here: 7.3 t a-1 of cattle manure with 
8% dry matter (%dm) are fermented with 2.0 t a-1 of cereal 
straw with 85%dm. With the addition of 0.1 t a-1 (under 
standard conditions) hydrogen, 0.6 t a-1 (under standard 
conditions) methane is obtained. About 1.7 t a-1 of solid 
fertiliser and minerals with 65%dm and 3.2 t a-1 liquid fer-
tiliser with 4%dm can be separated as by-products.

2.3 Scale-Up and technical challenges

Feedstock. The scope of the anaerobic digestion is an 
optimised biogas yield. By using optimal aligned feed-
stocks as mixtures the anaerobic digestion process is ex-
pected to be stabilised. Lignocellulosic feedstocks such 
as straw and green cuttings are challenging materials for 
this conversion step. Therefore, the influence of hydro-
thermal pre-treatment of the lignocellulosic substrates on 
the anaerobic digestion is investigated. From a technical 
point of view, the hydrothermal pre-treatment of straw 
could also lead to a prevention of floating layers, which 
has to be verified in practice.
Straw is a very challenging feedstock. It has a very low 
bulk density when loosened, which leads to difficulties 
in efficient processing. Other challenges include the high 
viscosity of the straw-manure feedstock mixture and the 
habit of straws to wrap around agitators, which may lead 
to poor agitatability or the tendency of this mixture to 
block the outlet of the reactor. Therefore, it was neces-
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sary to adapt espescially the design and confi guration of 
the HTP reactor. The developed HTP reactor has a vo-
lume of 750 l, which is unique in the German research 
community. It is fi lled via a screw conveyor and emptied 
via a bottom outlet. An acceptable heating rate is reali-
sed via direct steam insertion and heat transfer through 
the reactor shell using a thermostate operating with heat 
transfer oil. This measures considerably shorten the du-
ration of the complete hydrothermal process (from fi lling 
to emptying). Suffi cient mixing of this diffi cult feedstock 
is realised via an adjustment of the agitator design. The 
new design ensures that the complex reactor content is 
permanently lifted, so that compaction on the reactor 
bottom and walls is avoided. High viscosities are tackled 
with a very high agitator torque. In addition, the rotati-
onal direction of the agitator can be reversed. In that case 
the agitator works as a conveyer which supports the full 
depletion of the reactor.
Another point for ensuring routine operation is the avai-
lability of feedstocks in the required quantity. The DBFZ 
is not a bulk buyer, so sometimes it is not even worth 
setting up a contract, but continuous production depends 
on regular deliveries of the feedstocks.
Plant dimensions and scale-up. The pilot plant will 
be built on a technical scale. Due to the relatively low 
throughput, it was necessary to make compromises in 
some parts, e.g. with regard to 

– upscaling strategies from laboratory to pilot scale: 
Which degree of effort is reasonable? 

– technical options available on the market: What is 
possible in this scale?

– the degree of automation required for parts of such a 
complex plant: What is necessary with regard to plant 
safety and ensuring weekend operation?

For example, in a commercial scale it would not be effi -
cient to shred straw to such a degree as in the laboratory 
scale. This will always be a decision between optimisa-
tion of digestibility and therefore increase of the biogas 
yield on the one hand and time and costs for shredding 
on the other hand.But at pilot scale and even more on a 
laboratory scale, shredding and representative sampling 
of the feedstock material is much more important. Since 
anaerobic digestion also depends, among other things, on 
the available surface area of the feedstock materials, the 
use of larger straw particles at pilot scale (compared to 
laboratory scale) may have an impact on microbial con-
version. That needs to be observed in the routine opera-
tion of the pilot plant. 
For ensuring routine operation it is necessary to feed the 
system also on weekends from automated supply tanks. 
Furthermore, storage facilities must be created and it 
must be ensured that the feedstocks do not degrade du-
ring storage (in the refridgeration unit and in the supply 
tank) or change in such a way that the organic compo-

nents, which are necessary for the anaerobic process, 
have already degraded by the time they are used. This 
anaerobic degradation during storage had to be included 
in safety considerations – therefore all storage vessels are 
equipped with safety valves and the storage unit is moni-
tored with gas quality sensors.
After the plant has been commissioned and completion of 
the test phase, it is to go into continuous operation. The 
entire process chain is to be represented over planned 
campaigns, each with a duration of about six months. For 
smooth continuous operation, plant parameters should 
not be altered frequently. This requires preliminary tests 
for the individual modules.
One example is the composition of the biogas from the 
anaerobic digestion step, which depends on the used 
feedstock. In the case of methanation, this has an impact 
on the upstream biogas purifi cation, the selection of the 
catalyst, the operating points, the stability of the who-
le synthesis process, and the conversion rates. Therefo-
re, suitable biogas plants had to be found, possible gas 
sampling points identifi ed, and gas sampling carried out. 
After these analyses, it was technically possible to mix 
a model biogas with the most important corresponding 
trace gases (hydrogen sulphide, siloxanes) for further ex-
periments concerning the methanation step.
For the investigation of separation processes, digestate 
is needed in an appropriate quantity and quality, which 
is based on similar feedstocks as those to be used in the 
scenarios. Unfortunately, digestate is a very complex 
mixture containing e.g. extracellular polymeric substan-
ces and a wide mixture of organic substances which is 
not easy to reproduce. For solid-liquid separation, for 
example, effective fl occulants and fl occulation aids need 
to be identifi ed and the challenges of that are not to be 
underestimated.

Fig. 2: Three-dimensional model of the pilot plant with 
(1) possibilities for storage and cooling, (2) equipment 
for shredding and mixing, (3) hydrothermal treatment, 
(4) anaerobic digestion in two reactor lines (continuous 
stirred tank reactor line and plug fl ow reactor line), (5) 
biogas purifi cation and methanation, (6) process water 
recycling and separation of valuable by-products, (7) 
biomethane storage tanks, and (8) a CNG tank facility 
(not visible).
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Coupling of technologies. In the pilot plant, the inter-
faces between individual process steps must also be coor-
dinated with regard to the composition of the substances, 
so that the required quality is ensured for the subsequent 
process step. Therefore, gases are monitored and measu-
res for the separation of disturbing components are inple-
mented: Adding oxygen to the biogas after the anaerobic 
digestion to separate hydrogen sulphide as well as water 
removal are both measures with the aim to protect the 
downstream methanation process. It is also important to 
coordinate the material flow quantities from the indivi-
dual modules. Therefore, buffer vessels are planned at 
some interfaces.
In addition, coupling this number of processes each with 
specific safety needs demands a superior safety concept. 
Now small malfunctions in one process can have an im-
pact throughout the entire pilot plant. A comprehensive 
hazard and operability analysis (HAZOP) had to be per-
formed in order to adress and counteract safety issues. As 
a result, a combination of technological measures (gas 
detection, air ventilation, flair system etc.) and organisa-
tional measures (personal protection equipment, standard 
operating procedures etc.) were incorporated in the engi-
neering documentation. 
Quality management of the product also plays a major 
role since it will be used to safely fuel a CNG vehicle 
of the DBFZ car pool. One parameter in the present fuel 
standard is the hydrogen content with a maximum of 2% 
(based on the volume). Therefore, technological adapti-
ons had to be made after methanation, e.g. water separa-
tion or hydrogen detection, which ensure to generate a 
product that can be refuelled. In the case of inadequate 
product mixtures, these gas flow is lead to the flair sys-
tem for safe combustion.
Last but not least, it was necessary to construct a new 
building, due to the fact, that there was no suitable avai-
lable fulfilling the requirements. The new facility is adap-
ted to the safety requirements, the scale of the pilot plant 
and the used materials flows. It has an own wastewater 
system, so that process water can be treated and recycled 
if required.

3. Accompanying investigations

3.1 Feedstock potentials

The suitable raw materials were identified in a feeds-
tock potential analysis and evaluated with their available 
quantities. The theoretical biomass potential of digestible 
biomasses in Germany amounted to 145.2 Mio. tonnes of 
dry matter (tdm) in 2015. Of this, an amount of 38.5 Mio.  
tdm has already been used as technical potential - of which, 
in turn, almost the entire quantitiy can be optimised in its 
use. The amount of 22.9 Mio. tdm of digestible biomass 
was still mobilisable in Germany in 2015. [7]

The ranking of biomasses in terms of their mobilisability 
potential results in the largest quantities for cereal straw, 
cattle manure and green waste. The quantities of these 
three biomasses account for nearly 19 Mio. tdm (average 
value, annual fluctuations possible due to climatic con-
ditions), i.e. 80% of the considered digestible biomasses 
that can be mobilised [8]. All data can be accessed via the 
DBFZ resource database, a publicly available online tool 
for biomass monitoring [9].
The mentioned biomass quantities result in an energy 
quantity of 97 to 279 petajoules (PJ) of biomethane from 
mobilisable biogenic digestible residues. This amount 
of energy can be converted into the so-called substitu-
tion potential, which describes the proportion of energy 
currently supplied by fossil fuels that can be replaced by 
the product biomethane. Based on the energy demand of 
2015, this amount of energy corresponds to a total substi-
tution potential of 4% to 11% in the transport sector. The 
impact for individual transportation options that are dif-
ficult to electrify is, e.g., 13% to 40% for CNG and LNG 
trucks, respectively, and more than 87% for the bunker-
ing of seagoing vessels. [8].

3.2 Assessments and feasibility study

The entire project is accompanied by comprehensive 
assessments (technical, economic, and ecological) with 
the focus on a possible commercial scale.Therefore, a 
potential plant dimension had to be defined first. For this 
purpose, a SWOT analysis was carried out for three diffe-
rent possible plant dimensions. From the compilation and 
evaluation of the SWOT analysis, the consideration of a 
plant size/dimension of 1,300 m³ h-1 (under standard con-
ditions) methane in biogas (before the methanation step) 
appeared to be reasonable. After catalytic methanation, a 
biomethane output of almost 2,400 m³ h-1 (under standard 
conditions) can be achieved.
A feasibility study for the construction of a commercial 
plant is carried out in order to consider location issues, 
market conditions, and stakeholder interests.
With regard to the questions concerning the stakeholders, 
it is important to determine which conditions must be 
fulfilled, so that they are open to participate, especially 
the raw material suppliers must be willing to provide the 
substrates for a commercial plant concept. Conducting 
interviews in selected regions which are particularly im-
portant in terms of raw material availability is intended 
to identify factors that may be conducive or inhibiting 
with regard to implementation. Based on the analysis of 
the raw material availability and the visualisation of the 
spatial distribution, priority districts/regions will be iden-
tified using a geographic information system. Interviews 
are conducted to trace current raw material utilisation 
routes, among other things, in order to identify, where the 
Pilot-SBG concept can provide an advantage compared 
to the existing route.
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4. Concluding remarks

The Pilot-SBG project is aligned with current political and 
legal requirements and strategies. By using available bioge-
nic residues and waste materials and recycling nutrients as 
well as minerals, the link to a circular economy is establis-
hed. The German National Hydrogen Strategy is addressed 
by integrating green hydrogen to increase the methane yi-
eld through methanation of the CO2 contained in biogas. In 
the planned pilot plant hydrogen will be provided via gas 
cylinders for reasons of economic effi ciency. But in a later 
commercial scale a so called SynBioPTX approach is adop-
ted with hydrogen provided by renewable sources. During 
economic assessment this is one of the considered aspects. 
Furthermore, the objectives of the Climate Protection 
Plan are targeted, when biomethane is provided as a cli-
mate-friendly renewable fuel for non-electrifi able trans-
port sectors.
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Plasma cross-linked vegetable oil as fuels additives: effect of 
vegetable oil nature, viscosity and Functionalization.

Dr. Rémi Absil 
Green Frix, Blandain, Belgium

Frédéric Danneaux
Green Frix, Blandain, Belgium

Summary

Plasma reactors enable Green Frix to cross-link oils and substances to generate bio-based oils and additives for the in-
dustry with a large improvement of their oxidative stability, lubricity, friction modification, rheology behavior, ... The 
process developed and patented by Green Frix offers a large panel of non-Newtonian products with various viscosities 
and rheologies (, shear-thinning, thixotropy, adaptive relaxation time,…) and can offer tailor-made solution. Previous 
studies on the effects of vegetable oil methyl esters on diesel fuel lubricity have shown an increase in lubricity associated 
with the addition of these esters.[1] In this study, we examine the effect of various additives based on cross-linked vegeta-
ble oils. The effect of their nature, viscosity and functionalization are investigated. Additive levels of 0–0.1% of specific 
polymerized vegetable oils were added to diesel fuel and the resulting lubricity was measured using the High Frequency 
Reciprocating Rig method.

1. Introduction

Automotive Fuels are complex formulation of chemicals 
where compositions highly impact the lubricity of the 
diesel Fuels. In the 90s’, the concern of keeping the envi-
ronment green, regulations change to lower the value of 
sulfur content in diesel up to maximum 500 ppm. More 
recently, several countries are going further and limit the 
concentration of sulfur to a maximum of 50 ppm. As so, 
different processes have been applied to get rid off the 
sulfur. Unfortunately, during the process, several other 
components involved in the lubricity get also removed. 
Therefore, low sulfur diesel required higher concentra-
tions of additives or blending with other substances to 
achieve sufficient lubricity.[2] Biofuels gain increasing 
interest over the years. Underlying, there is a large trend 
to develop and promote sustainable, non-toxic and biode-
gradable additives. 
Plant-based oils such as canola, linseed, soy, sunflower and 
palm are common sources of sustainable feedstocks. The-
se oils present several advantages such as biodegradabili-
ty, lubricity, high flash point and good solvency (ability to 
dissolve additives and disperse contaminants). However, 
their poor oxidative and thermal stabilities, low viscosities 
are drawback limiting their application. Large number of 
papers have been published on vegetable oils and vegeta-
ble oil derivatives as additives or based fuels to substitute 
petroleum-based products by fixing their above-mentioned 

downsides.  It is known that poor oxidation stability and 
poor lubricity affecting bio-based products are challenges 
that need to be settled. Several studies demonstrates that 
the used of well know fatty acid methyl ester (FAME) in-
creased diesel fuel lubricity at concentration lower than 
1%.[3],[4] Moreover, fatty acid composition, presence of 
functional group, molecular weight of the FAME are factor 
impacting the lubricity of the respective diesel.[5],[6] Hydrox-
yl functionalized FAME based on castor oil present more 
lubricity compared to their respective counterpart without 
any hydroxyl function.[7] Later, investigation confirmed that 
the structure of fatty acid presents a high importance. In-
deed, it was showed that the lubricity respectively increased 
with the unsaturation of the FAME. Moreover, the paper 
suggests that vegetable oil based FAME mixtures consist-
ently perform better as lubricity additives than their respec-
tive single fatty acid counterpart making the fatty acid dis-
tribution an important key factor fort the efficiency of the 
lubricity additives.[1] Plasma techniques applied to oils is a 
century old story. With its fundamental research program, 
Green Frix investigated the link between plasma energy 
and non-newtonian behaviors. Plasma energy will impact 
the cross-linking resulting in different level of shear-thin-
ning. With low sulfur fuels, increasing admission pressure, 
risk of failure increases. Envision a fuel containing of a 
non-newtonian component will contribute to absorb the in-
crease of load related to this evolution. The process enables 
to create low molecular weight vegetable oil (oligomers). 

L
iz

en
zi

er
t f

ür
 T

ho
rs

te
n 

Jä
ni

sc
h 

am
 0

9.
06

.2
02

2 
um

 1
5:

10
 U

hr

Narr Francke Attempto Verlag GmbH + Co. KG



110 13th International Colloquium Fuels – September 2021 

Plasma cross-linked vegetable oil as fuels additives: effect of vegetable oil nature, viscosity and Functionalization.

The cross-linking process can be carried on; hence products 
will move from oligomers to polymers to achieve viscosity 
up to 6000mm²/s at 40°C. Herein, we describe for the first 
time the use of plasma technologies to promote vegetable 
oligomers and polymers. In the following section we will 
detail the effect of the plasma treatment on the properties of 
the additives used for the fuel lubricity. The new polymers 
additives will be examined by several techniques including 
surface tension measurements, thermo-gravimetric analysis 
to study their physicochemicals properties. Finally, we will 
discuss the rheological properties of the plasma polymer-
ized oils. Several oils will be tested in diesel fuels as addi-
tives. Effect of molecular weight, oil nature and functional 
group on lubricity of the diesel fuel will be highlighted by 
HFRR test following ISO 12156.   

2.  Materiel and method

2.1 Materials

Base oils were purchased at Aveno NV (Nieuwelanden-
weg 32 /1 2030 Antwerp Belgium. Oils present a yellow 
color and a specific gravity of 0.92-0.93 at 15°C. Col-
Fadol products used in this study were prepared using 
the Green Frix plasma process reported in the patent.[8] 
Un-additivated Diesel fuel was received from Total (Bel-
gium, Antwerpen) and used as received. 

2.2 Viscosity measurement

Viscosity measurement were realized using a Lauda vi-
scosimeter according to ASTM D 445-06 Method.

2.3 SEC

Size exclusion chromatography (SEC/GPC) was per-
formed in CHCl3 at 23°C using either a Polymer Labo-
ratories liquid chromatograph equipped with Rheodin 
manual injection (loop volume = 200 µl, solution conc. 
= 1 mg/ml), a Pl-DRI refractive index detector and two 
PLgel columns. 

2.4 FTIR analysis

The FTIR spectra were recorded on a Bruker IFS 66v/S 
spectrometer in Attenuated Total Reflectance (ATR) 
mode with 4 cm-1 resolution. The background and sample 
spectra were obtained in the 500-4000 cm-1 wave-num-
ber range.

2.5 Surface tension measurement

Surface tension measurements were realized at room 
temperature with a Krüss tensiometer K10ST Krüss 
using De Nouy Ring method. 

2.6 TGA analysis

The measurements were performed on a TA instrument Q 
500 Thermogravimatric analyser. A ramp of temperature 
of 10°C/per minutes was applied.

2.7 Rheological behavior

The measurements were performed on an Anton Paar 
MCR302 rheometer equipped with a plate/plate shear 
module. The gap used is one millimeter. Shear thinning 
ISO 2884-1were used as guideline fort the measurements. 

2.8 Lubricity determination

Lubricity determinations were performed at 60 °C (con-
trolled to 1 °C), according to the standard method ISO 
12156 with an HFRR lubricity tester from PCS Instru-
ments. 

3. Results 

3.1 Synthesis of polymer

Synthesis of the whole polymer of vegetable oil in this 
study have been synthesized by plasma cross-linking. 
Polymerisation take place in the plasma reactor has de-
scribed earlier in the patent. The oil present several inter-
esting properties like controlled viscosity, non-newtonien 
behavior (shear thinning, thixotropy,…) and controlled 
relaxation time depending on the parameters used in the 
plasma. Proof of polymerisation can be attested by size 
exclusion chromatography as depicted in Figure 1. 

Figure 1: Evolution of the molecular weight distribution 
of polymerized oil with time of treatment. 

As depicted in Figure 1, for a fixed level of Plasma energy, 
the highest the time of treatment, the highest the molecular 
weight will become and therefore it will be accompanied 
by an increase of viscosity. The plasma technologies allow 
good control over the broad viscosity and provide several 
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advantages. First, the process is metal-free, non-oxidative 
and provide a decreased of the iodine value of the oil offer-
ing better oxidation stability compared to pure vegetable oil. 
The decrease of iodine value is confirmed by FTIR. It can be 
noticed in Figure 2 the decrease of the signals corresponding 
to alkene stretch and alkene bend respectively around 3100 
cm-1 and 720 cm-1 in FTIR. Secondly, it does provide high 
molecular weight vegetable with viscosity index > 200 up to 
380 for the highest viscosity. Viscosity data can be found in 
the Table 1 below. Finally, plasma polymerisation technolo-
gies can offer non-newtonian biobased polymer depending 
on the viscosity and plasma parameters used. Moreover, 
functionalisation of the oil is possible as depicted in the Ta-
ble 1. ColFadol 700-P is a phosphate organic functionalized 
oil and SunFadol 800 OH is a hydroxyl functionalized oil. 
All these results indicates that vegetable oils can be func-
tionalized, and polymers of vegetable oil has been obtai-
ned by plasma polymerization. Good control of molecu-
lar weight and viscosity can be achieved depending on 
the plasma parameters and time of reaction. 

Figure 2:  FTIR comparison of pure vegetable oil and 
ColFadol 800D

Table 1: viscosity measurements of additives diluted 
in diesel for the HFRR test.
Product V40 

(mm²/s)
V100 
(mm²/s)

VI

ColFadol 68 S 73.35 14.40 206.0
ColFadol 700-P 705.91 116.30 266.2
SunFadol 800 OH 772.87 114.02 249.3
ColFadol 800 D 792.43 125.74 264.5
ColFadol 3000 D 3162.36 478.75 334.2

3.2 TGA analysis

TGA analysis demonstrate good thermal stability of the 
polymerized oil over the process from the low molecular 
weight oil to high molecular weight oil. The thermal sta-
bility of the product is > to 300°C as attested by Figure 3. 
Moreover, there is very limited amount of remaining sol-
id at the end of the analysis suggesting that the biobased 
additives will not form ash after its used in the fuels. 

Figure 3: TGA analysis of low to high polymerized 
vegetable oil.

3.3 Surface tension characterization 

Atomization of fuels is considered as the initial process 
in combustion. It has been studied for more than 40 years.
[9],[10],[11] These studies showed the importance of surface 
tension on fuels properties. Surface tension of additives 
for fuels is suggested to highly important role within the 
final fuels properties as surface tension impact drastical-
ly the atomization phenomena in the combustion of the 
fuels. Larges number of papers has been published on 
modification of vegetable oil with various chemistries to 
provide higher lubricity by introducing polar group like 
epoxide[12] or by varying the oil nature,…[13,14,15,16,1]

Therefore, as surface tension is a critical factor for fuels 
properties, we studied the effect of the plasma treatment 
on the surface tension as molecular weight change oc-
curs, the effect of the oil nature (unsaturation) and pres-
ence of functional group (hydroxyl) on the final surface 
tension. The surface tension of each compound was mea-
sured at 25°C and value are depicted in Figure 4. 
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Figure 4: Evolution of surface tension with oil nature 
and viscosity of the thickened oil. 

On Figure 4, several behaviours can be noticed for the 
plasma polymerized oils. First, the viscosity increased is 
accompanied with an increased-on surface tension. This 
increased of surface tension with viscosity (or molecu-
lar weight) has been already noticed for polymer.[17,18,19] 
Based on this data, we can say that the molecular weight 
dependence of plasma polymerized oils can be explained 
according to literature. It has been showed that surface 
tension for medium to high molecular weight polymer 
is proportional to Mn-1. The dependence is attributed to 
the fact that polymer can be seen as two different kind of 
building blocks: the repetitive units which represent the 
majority of the mass of the polymer and the end group. 
Since end group concentration is low for high molecular 
weight polymer, it is expected that bulk properties like 
surface tension followed the dependence of Mn-1.[20,21]

Interestingly, surface tension of plasma polymerized oils 
showed the same trend as cited in literature. Moreover, 
the presence of functional group (hydroxyl) increases 
surface tension of the oil for similar viscosity i.e. mo-
lecular weight. Interestingly, OH functionalized Plasma 
polymerized oils present higher surface tension com-
pared to their unfunctionalized polymer (same range of 
Mw). As surface tension is a bulk property and largely 
dominated following literature by the cohesive energy 
density[22], it does make sense that increases the content 
of hydrogen-bond increases this cohesive energy density 
and therefore the surface tension. Overall, the magnitude 
of the surface tension changes is small compared to their 
unpolymerized oil. The small surface tension increase is 
likely to cause little if any change in the atomization cha-
racteristics of a fuel. 

3.4 Rheological characterization

It is known that polymers can modify viscosity and rhe-
ological behavior of fluids.[23] Typical example are the 
multigrade oils where viscosity temperature improve-
ment has been made during the past years. Currently 
most polymers used in such application are petrobased 
polymers. [24,25] In this section, we are interested to 
demonstrate the possibility of using Biobased polymer-
ized oils as VI improver but also rheological modifier. 
In this section, we will study the effect of the addition of 
polymerized vegetable oil on the improvement of viscos-
ity for several oil. VI comparison and viscosity evolution 
will be compared to demonstrate the positive effect of the 
addition of the plasma biobased additive. In regards of 
fuel economy, there is a large trend to decrease the mo-
tor oil viscosity for both passage car motor oil (PCMO) 
and heavy-duty diesel engine oil (HDDEO). It is believed 
that additives will play an important role for the develop-
ment of new and better fluid with fuel economy charac-
teristic.[26]  
In this section, we look first at the effect of the addition 
of several plasma polymerized oil as additives on final 
viscosity and how it improves the viscosity. Results are 
showed in Figure 5. It can be noticed that the addition of 
5 to 10% of the additives can lead up to a viscosity in-
crease of 51 % compared to the reference oil. Interesting-
ly, the use of 5 % of high viscosity plasma polymerized 
oils lead to similar viscosity at 100°C but present differ-
ent viscosity temperature behavior as depicted in Figure 
6. This data demonstrated the effect of the polymer as 
effective VI improver. 

Figure 5: viscosity improvement of a PAO 2 fluid with 
addition of two different plasma polymerized oil.
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Figure 6: VI evolution with addition of ColFadol poly-
mer in PAO.

In the next paragraph, we will investigate the shear thin-
ning behavior of the plasma polymerized oil. Formulators 
favored multigrade oil for specific reason. As mentioned, 
they present better temperature response but also multi-
grade oil present lower viscosity compared to monograde 
oil under high shear rates encountered in most engine 
components. This can be explained by the shear thinning 
of the lubricants where the polymer align in the shear 
field. This fact also explains why multigrade lubricants 
produce lower fuel consumption than monograde lubri-
cants.[27] In this section, several plasma polymerized oils 
has been studied to investigate their shear-thinning beha-
vior. Oil viscosity, oil nature and plasma mode has been 
investigated. Results are respectively depicted in Figure 
8 and Figure 9. The shear thinning has been studied by 
applying low and high shear over time. Temporary vi-
scosity loss is recordded by following the evolution of 
viscosity over time taking into account the shear applied. 
In figure 7, it can be noticed that the higher the viscosi-
ty i.e. the higher the molecular weight, the higher is the 
shear thinning for a fixed shear. This observation is con-
sistant with litterature. Moreover, polymerized oils based 
on sunflower oil present higher shear thinning compared 
to rapeseed oils as depicted in Figure 8. 

 

Figure 7: shear thinning behavior evolution with viscos-
ity of the plasma polymerized oil oils additives

Figure 8: shear thinning behavior evolution with the oil 
nature within the plasma polymerized oil additives

Figure 9: shear thinning behavior evolution with the 
plasma parameters within the plasma polymerized oil 
additives

It has been showed that the oils nature (i.e. fatty acid dis-
tribution) impact the respective shear thinning behavior 
of the finals polymers produced by plasma. Finally, we 
investigated the plasma effect on the shear thinning be-
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havior. As depicted in Figure 9, shear thinning behavior 
can be tailored for a target viscosity from around 5-6 % 
to up to 39 % of shear thinning for a viscosity ranging 
from 750 to 900 Mpa.s. The plasma technologies offer 
new possibilities of the technique to promote new types 
of rheological modifiers with tailor made possibilities 
depending on the application and used of the final prod-
uct. The capability to choose the appropriate shear-thin-
ning level, relaxation time, … open new ways to address 
issues related to the increasing load in application like 
higher pressure in injectors, increased torque in shafts, 
axles, bearings, … because it enables the fluid (or grease) 
to absorb part of the load without being compressed 
(heated up).

3.5 HFRR Test: diesel lubricity

Due to the polar nature of the plasma polymerized oil oil, 
investigation of their lubricity properties as diesel addi-
tives is investigated. In this section several oil and their 
effect on lubricity will be discussed depending on their 
nature, concentration, and viscosity. The oils characteris-
tics used in this section are detailed in Table 1.  Lubricity 
was assessed using Iso 12156. Lubricity, as determined 
per HFRR test, can be evaluated using the lubricity spec-
ification in the petrodiesel standard EN 590. The refer-
ence diesel used here (ULSD) showed poor lubricity in 
the neat form (Table 2) with scar value around 580 µm.  

Table 2: results obtained by HFRR with petrobased 
diesel as reference fluid
Additives added Additive concen-

tration (ppm)
Wear scar 
(um)

Reference 0 580
ColFadol 68 S 1000 530
ColFadol 700-P 1000 400
SunFadol 800 OH 1000 430
ColFadol 800 D 1000 400
ColFadol 800 D 500 540
ColFadol 800 D 250 560
ColFadol 3000 D 1000 420

All sample additives with 1000 ppm showed good lubri-
city except for the low molecular weight additives (Col-
Fadol 68 S). Addition of Colfadol 800D and ColFadol 
700-P showed the best results in term of lubricity even 
though the difference is little compared with other sam-
ples. The additives reduced the wear scar value up to 31 
%. The results are in accordance with the previous artic-
les as polar ester groups in vegetable oils enable to adhere 
to metal surfaces and, therefore, possess good boundary 
lubrication properties. Addition of concentration below 
1000 ppm led to a decrease of lubricity. Interestingly, 
the functionalization of the oils does not seem change 
drastically the wear scar. This observation is surprising as 

it has been referred that castor oil FAME showed better 
lubricity compared to their counterparts FAME.[28] Two 
explanations are emphasized. The functionalization con-
tent is to low leading to insufficient functional group in 
contact with the surface or the functionalized of the side 
chain of the polymer does not play a role and adsorption 
of the surface is mainly done by the ester group present in 
the triglycerides. Viscosity range of the additives play an 
important role as to low does not offer good lubricity and 
to high does not improve more the wear scar as depicted 
by the results of ColFadol 68 (S) and ColFadol 3000 (D). 

4. Conclusions

 – Polymerization of vegetable oil can be achieved by 
plasma treatment leading to molecules of high visco-
sity, high molecular weight and high viscosity index.

 – Polymer produced are liquid polymers making them 
more easily manipulable. 

 – Plasma polymerized oil can be used as viscosity im-
prover and rheological modifiers increased viscosity 
at 100°C up to 51 %.

 – TGA analysis demonstrates that low residue offering 
potential ashless additives for fuel.  

 – Plasma polymerized oil at low additive level signifi-
cantly improved the lubricity of ULSD. Addition of 
1000 ppm decreased the wear scar of 31 %. The ad-
ditives concentrations are 10 times lower compared 
to additivation with FAME (1%) 

Our future work will be dedicated to improve the lu-
bricity by increasing the polar functionality within the 
additive and optimized the molecular weight range for 
optimum effect for the fuel lubricity. 
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Influence of variable oxygen concentration on the accelerated 
ageing of liquid fuels
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Tec4Fuels GmbH, Aachen, Germany

Simon Eiden
Tec4Fuels GmbH, Aachen, Germany

Klaus Lucka
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Summary

Temperature has always been the vital parameter in case of fuel ageing. In the accelerated ageing method, liquid fuels are 
subjected to higher temperatures with compressed gas as the atmosphere, to induce stress and accelerate the thermal or 
thermo-oxidative process leading to a fast-ageing process. In this method, the heating rate, cooling rate and the oxygen 
concentration (in the gas phase) have always been constant with variable temperature and ageing time; depending on the 
fuel quality. In the current topic, a middle distillate fuel will be subjected to accelerated ageing with variable oxygen con-
centration in the gas phase and keeping the temperature and ageing time constant. The impact of variable oxygen concen-
tration on the auto-oxidation will be discussed with the help of some initial observations. Furthermore, the impact of this 
oxygen variations on the physio-chemical properties of the fuel and therefore the fuel stability itself will also be discussed.

1. Introduction

Ageing of liquid fuel has always been of prime import-
ance in estimating their quality over extended periods of 
time. The degradation of liquid hydrocarbons due to oxi-
dation with the oxygen, from atmosphere or from the in-
teracted gas medium, is called as ageing. In general, these 
ageing reactions take places over the course of months to 
years depending on the fuel quality and the surrounding 
atmospheric or ambient conditions. The common oxida-
tion reactions are very well described by Biernat [1] with 
radical chain reactions. The critical part of this oxidation 
lies on the initiation step where the separation of the allyl 
radical starts [1, 2]. This required the longer time depen-
ding on different factors, where the following steps are 
in general very fast and self-accelerating chain reactions 
[1, 3]. So, the initiation step of the reaction is considered 
as the time taking step, also known as induction time, 
required to start the ageing and this in turn represented 
as the stability time for estimating the quality of the fuel 
over longer periods of time [2].
Accelerated ageing methods have helped in this regard, 
to analyze the ageing behavior of fuel over longer pe-
riods in short amount of time [2, 4]. The principal idea 
behind these methods is to induce stress on the fuel 
and force the oxidation reactions [1, 2, 5]. For this the 

medium is provided with abundant oxygen and heated 
to higher temperatures to provide the required activa-
tion energy for the reaction to start. After the initiation 
step the reaction flow is self-sustaining and fast chain 
reactions [2, 4]. Thus, the fuel can be aged in a short 
amount of time, which in turn takes months, to ana-
lyze the long-term behavior. The application of such 
methods for the novel fuels such as E-fuels could help 
in estimating their long-term behavior in the existing 
infrastructure and also implement necessary changes. 
They can be on the fuel side, by adding Additives or 
from the infrastructure side such as sealing materials, 
etc [1, 3]. 
Current paper discusses one of the typical accelerated 
ageing methods and its applications. This paper covers 
the unknown territories of the method such as 

1. The impact of variable heating and cooling rates on 
the ageing method and ageing phenomenon

2. The impact of variable oxygen content available for 
the ageing of liquid fuels.

The idea behind the current investigation is to understand 
the detailed impact of different parameters on the fuel 
ageing and also implying towards the criticalities of the 
method itself.
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2. Test setup

Current section explains the test setup that is developed 
at Tec4Fuels. Figure 1 shows the P&ID diagram of the 
test setup.

Figure 1: P&ID of the accelerated ageing test setup

The test setup consists of an oil bath, in which the reactors 
can be placed for heating. The bath can accommodate 8 
reactors simultaneously. The bath is equipped with a hea-
ting coil heater which is used to heat up the bath to the 
required temperature. The Stirrers at each end of the bath 
and the heating coil pump in the middle of the bath helps to 
maintain the bath temperature through out test period. The 
fuel sample will be placed in a clean reactor and placed in 
the bath. The reactor is a 1.5 litre steel vessel to which a 
thermocouple, pressure sensor and a magnetic valve are 
attached. The pressure inside the reactor is limited to 10 
bar due to the sensitivity of the pressure sensor. The reac-
tors are compatible with Diesel, Gasoline and similar type 
of fuels and further cooling fl uids were also tested. These 
reactors are fi lled with the required amount of fuel, 500 ml 
to 1 litre and then fi lled with required gas medium (Air, 
Nitrogen or Oxygen). The reactors can be placed inside 
the bath and the test times are fl exible depending upon the 
requirement or fl uid quality. The temperature settings are 
also fl exible from 60 °C to 150 °C, depending on the fl uid 
type. As the bath can accommodate 8 reactors, the fl uids 
that can be used are fl exible from 8 different type of fl uids 
to same fl uid for reproducibility tests. After the experi-
ment, the reactors are removed from the bath, cooled down 
and de-pressurised before opening the cap and collecting 
the sample. As the temperature conditions, reactor volu-
mes are the same, the experiments are highly reproducible. 
The pressure curve determines the stability of the fl uid 
sample. The consumption of oxygen by the fl uid for the 
oxidation reaction is reciprocated by a pressure drop due 
to the reduction of oxygen partial pressure. Thus, the time 
required for the pressure drop to occur indicate the stabi-
lity of the fl uid sample also known as the Induction time. 
The comparison between the induction times of different 
fl uid samples indicates the comparison of their stability. 
The fl uid samples are also analysed before and after the 
ageing experiment, in order to determine their degrada-
tion over time. Figure 2 indicate a sample pressure curve 
from the ageing of standard heating oil.

Figure 2: Sample pressure curve of a typical BigOxy test. 
The pressure drop is observed between phases 2 and 3.

3. Test Matrix

In the current investigation, a standard heating oil was 
used according to DIN 51603-1. The current test matrix 
consists of two different types of experiments a) with 
variable heat up rates and b) varying the oxygen concen-
tration available for the ageing method. In the fi rst case, 
the heating rate can be varied by placing the reactor in 
the bath at different times. In this case, one reactor was 
placed before the heat up of the oil bath and heated up 
together, while the second method is to place the reactor 
after the bath has arrive the required temperature. The 
former method is called as ramp heating while the sec-
ond method is known as fast heating. The pressure and 
temperature of both the reactors were kept constant at 
5 bar and 105 °C. 
Second type of experiments involves varying the oxy-
gen concentration. This was achieved by changing the 
gas pressure inside the reactor. The gaseous atmosphere 
in the current experiments was air. With varying the air 
pressure inside the reactor, the partial pressure of oxygen 
is also varied. Thus, different reactors are fi lled with dif-
ferent pressure from 1.2 bar, 2 bar, 3 bar and 5 bar. The 
temperature of the fuel is kemp content in both the test 
methods at 105 °C. this temperature was determined to 
be the idle temperature setting for Diesel like fuels by 
Koch, in his investigations.

4. Analysis

Figure 3 indicates the pressure curves of the variable hea-
ting rate experiment. The experiment was repeated seve-
ral times to observe the repeatability of the test. From the 
pressure curves it is evident that the change of heating 
rate has no impact on the induction time. This was also 
proved by comparing the analytical data of the fuel sam-
ple. This means that the fuel quality was the same in the 
heat up cases after the ageing for 72 hours. If the cur-
ves are observed closely the ramp heating suggests that 
it has observed the heat almost 30 minutes longer than 
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the fast-heating case. But it has no impact on the overall 
stability or the ageing of the fuel. This phenomenon can 
be explained by supporting the argument by Koch in his 
ageing method investigations. “The temperature has a 
big impact on the ageing of the fuels. Also, until a certain 
temperature limit, the ageing is, in general, slow due to 
the lack of required activation energy and the rate might 
increase rapidly after certain temperature limit”. Since in 
the ramp heating case, the fuel has observed lower tem-
perature for almost 15 minutes and only a few minutes of 
higher temperature relative to fast heating, the impact on 
the ageing is negligible. Thus, the heating rate in general 
can be neglected in the ageing method unless the heating 
rate is too slow and takes much longer time to reach the 
maximum temperature point. So, fast heating method is 
generally recommended to keep the method highly re-
peatable and avoid any additional impacts.

Figure 3: Pressure curves with different heat up rates

Figure 4 shows the pressure curves at different initial gas 
pressure in the atmosphere. The fi rst indication is that the 
induction times have been the same in all the cases. This can 
be explained by implying that the activation energy required 
in all the cases is similar irrespective of the oxygen concen-
tration. So, the initiation step has started at the same point in 
all the four cases. But a close observation has shown that the 
pressure drop is different in different cases. 

Figure 4: Pressure curves with variable oxygen concen-
tration

In case of 1.2 bar pressure reactor the pressure drop is 20 
% imply that all the oxygen from the reactor gas volume 
is absorbed, while in case of 5 bar the absorption is limi-
ted. In terms of quantity that has been absorbed, in 5 bar 
pressurised reactor, more oxygen is consumed compared 
to the 1.2 bar reactor. In the following table the absorbed 
oxygen quantities were mentioned. Thus, the variable 
oxygen consumption has shown a direct correlation with 
the acid content and water content of the fuel sample af-
ter ageing. The higher the amount of oxygen consumed 
the higher the water and acid contents. Thus, implies that 
by controlling oxygen content in the gas phase the ageing 
method can be controlled. Implying that the atmosphere 
where the fuel is stored in the real time is also very im-
portant along with the temperatures it is exposed to.

Table 1: Comparison of Acid content and water 
content with the rate of oxygen consumption (% of 
oxygen consumed from the available gas phase)

5. Conclusion and outlook

In the current paper two variable that impact the ageing 
methodology are briefl y discussed. The heating rate has 
low to no impact on the complete ageing method until 
the heating rate is not too slow. Also, the oxygen con-
centration available for the ageing method has a direct 
impact on the fuel quality after the ageing method. These 
analyses show a respectable argument on the above-men-
tioned statements, but a further investigation is still due 
considering different additional variable that may impact 
the degradation process. For example, the presence of 
different oxygen concentration in the gas phase but with 
similar gas pressure inside the reactor. This could lead 
to different diffusion rates and can lead to more oxygen 
consumption and different ageing products. These cases 
are still under investigation. Similarly, the variable co-
oling method, and the impact of thermal ageing alone af-
ter the pressure drop are also few important variables that 
must be investigated.
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Summary

Hydrogenated vegetable oils (HVOs) are a sustainable alternative to diesel fuel. They are described as both fossil-free and 
Fatty Acid Methyl Ester (FAME) free fuels. HVOs are paraffinic renewable diesel fuels produced from sustainable raw 
materials. In addition to their green credits, they have superior cetane and oxidation stability properties over conventional 
diesel and FAME. These advantages with their green credentials have resulted in a growing market share as both a biofuel 
and biofuel component.
HVOs are produced by isomerisation processes of a range of different vegetable oil sources, such as rapeseed, palm and 
soya oil, or even waste and residual fat fractions. 
In this paper we demonstrate how the appropriate use of cold flow additive technology can further enhance the opportu-
nities for HVO by: 

 – Increasing the flexibility of production sources. That is the range of raw materials, and processing to produce HVOs.
 – Reducing the production costs (and energy used) by reducing the required level of isomerisation to meet low tempe-

rature requirements.
 – Increasing flexibility for end users, by increasing the range of different types and sources of HVOs that meet specifi-

cation requirements.

This provides producers and users of HVOs with additional opportunities to optimise the value of their operations. 

1. Introduction: 

There has been increasing interest in the production 
of chemicals and fuels from biomass, from renewable 
sources, driven by the desire to decarbonise the transport 
sector due to global concerns towards greenhouse gas 
emission. This is supported by Governmental and Euro-
pean Union policy. For example, in the Renewable Ener-
gy Directive, RED [1] and RED II [2] directives on the 
promotion of the use of energy from renewable sources.
Hydrogenated Vegetable Oil (HVO) is a fast-growing 
next second-generation fuel with production plants being 
built globally. HVO is created through the hydrogen 
treatment of a renewable oil, which can be from a vege-
table source. For example, Rapeseed, Soya and Palm Oil. 
Despite it being referred to as a “hydrogenated vegetable 
oil” it can also be produced from common non-vegetable 
sources, e.g., Tallow or used kitchen oil [3]  It is referred 
to as a next generation biofuel as it is believed to be an 
advancement on first generation biofuels based on Fatty 
Acid Methyl Esters (FAME) [4].

The advantage of HVOs over FAME is that first-genera-
tion biofuels are derived from crops that potentially com-
pete with food production. In addition, HVOs have better 
cetane number than fossil fuel derived diesel and better 
oxidative stability properties than FAME [5]. 

2. Chemistry of HVOs

HVOs can be produced by one or more step catalytic 
hydrotreating of different triglycerides containing ve-
getable oils. This causes the complicated hydrocarbons 
to be broken down into simpler straight chain alkanes. 
with typical production of a mixture of n-alkanes, namely 
C15H32, C16H34, C17H36 and C18H38 [6]. A further step is 
then carried out to isomerise the fuel and convert more of 
the straight chain alkanes into branched iso-alkanes. This 
is called isomerisation. The relative ratio of the n-alkanes 
will depend on the source of the vegetable oils.
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Fig.1: Gas chromatogram (GC) of 4 HVO fuels with 
differing Cloud Points (CP) showing the n-alkane dis-
tribution. Fuel characteristics are shown in Appendix 1.

Figure 1 shows the n-alkane distribution of how the n-
alkane distribution varies for four different HVO sam-
ples. The Cloud Point (CP) of the fuel is determined by 
the level of isomerisation of the samples. The CP is the 
temperature where the precipitating wax can be visibly 
observed [10]. From the n-alkane analysis in Figure 1, 
the lower levels of isomerisation, Fuel 2 and Fuel 3, cor-
respond to higher level of C16/C18 n-alkanes. Whereas 
high levels of isomerisation, Fuel 1 and Fuel 4, have lo-
wer levels C16/C18 n-alkanes.

3. Cold fl ow issues

Diesel fuel derived from fossil fuels also contain n-al-
kanes. At low temperatures the n-alkanes precipitates 
as thin rhombohedral plates (Figure 2a). These crystals 
can block fuel fi lters designed to protect diesel injectors 
and pumps. This would result in fuel starvation to the en-
gine, leading to a loss of power and/or stalling, and even 
potential failure of the engine to start. [7] 

Fig 2a: Photomicrograph of wax crystal precipitated 
from untreated diesel fuel.

Fig 2b: Photomicrograph of wax crystal precipitated 
from untreated HVO.

In contrast, the wax that precipitates from HVO, Figure 
2b, shows uncontrolled crystal growth. In the case of this 
HVO, the wax precipitates too rapidly to allow the for-
mation of the fl at planar crystal arising from the slower 
wax crystal growth seen in Figure 2a. 

4. Low temperature Properties of HVOs

The low temperature properties of hydrocarbon fuels 
such as diesel, FAME and HVOs can be undesirable if 
wax precipitates at too high a temperature. This is gover-
ned by the distribution of the long-chain n-alkanes within 
the fuel. The high molecular weight n-alkanes become 
supersaturated during cooling, which results in their pre-
cipitation. These straight chain alkanes form the waxes 
that will crystallise out of solution and cause the fi lter 
blocking issues. [8] 
HVO can be produced from a variety of different feeds-
tocks. HVOs from different sources will have different 
distributions of n-alkanes. The most prominent change 
is that the fi nished HVO will have different ratios of C16 
and C18 carbon chains.

Fig. 3: GC trace showing the n-alkane distribution of 
HVOs produced from different sources.
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The different base oils produce a different ratio of C16 
and C18 n-alkanes depending on the distribution of fat-
ty acids in the original oil. However, this seems to have 
little effect on the base fuel characteristics, CP and CFPP 
(See Appendix 1). The CP seemingly dominated by the 
total level of the n-alkane rather than the distribution of 
n-alkanes (Figure 4).

5. Potential solutions low temperature issues 

5.1 Isomerisation

In the production of HVOs the isomerisation step has a 
significant effect on the low temperature properties of the 
HVO [9]. The isomerisation step converts the long n-al-
kanes into more branched structures which have better 
solubility and would precipitate as wax at lower tempe-
ratures. 

Fig 4: Graph showing a variety of HVO samples, com-
paring the base cloud with the total n-alkanes, derived 
from GC analysis.

The CP of the HVO decreases with increasing levels of 
isomerisation of the total n-alkane content, increasing le-
vels of isomerisation lowers the base cold flow properties 
of the finished HVO. From the data in Figure 3 and 4, the 
level of isomerisation is more significant than the source 
of the HVO. Whilst isomerisation can reduce low tempe-
rature issues by reducing the amount of n-alkane wax, it 
is an energy intensive process and alternative solutions 
may offer more value to refiners.

5.2 Dilution BX/ Co-processing

Use of HVOs as a blend component is also an alternative 
route to improve the sustainability credits fossil diesel. 
HVO can be combined with diesel and acts as a bio com-
ponent. This can be done in two ways. One, by blending 
with the distillate diesel, allowing close control over the 
level of HVO being added. Two, by co-processing. Co-
processing involves the addition of the renewable oil to 
the diesel stream in the refinery prior to the standard hy-

drotreating required to reduce sulphur fuel levels. The 
blend of the renewable oil and gas oil components are 
then hydrotreated together, resulting in a similar product 
to a fossil diesel blended with an HVO. This results in 
less control over the HVO created, but removes some 
blending and hydrogenation complexity.
The high variation of characteristics from blending HVO 
into diesel can results in a fuel with a range of low tempe-
rature properties. The differences in the finished fuel will 
be due to both the variation in the HVO, from the level of 
isomerisation and the variation in the source oils, as well 
as due to the variation in the fossil diesel characteristics. 
The differences in the final fuel characteristics will in-
fluence the low temperature properties for the finished 
blend. 

5.3 Use of additive technology to achieve low tempera-
ture targets in HVOs and HVO blends

Cold flow additives can be used to treat both pure HVOs 
and blends of HVOs in fossil fuel.

5.3.1 Cold flow additives for pure HVO:

As we have seen, the cold flow attributes of an HVO 
sample depend heavily on the level of isomerisation ap-
plied. An alternative methodology to achieving the requi-
red low temperature performance targets is to use cold 
flow additives. This would enable the use of a less isome-
rised HVO in the blend. Cold flow additives can have a 
significant effect, allowing refiners to achieve an impro-
vement to CFPP performance of more than 5oC when the 
correct additive is used. In a pure HVO, because the fuel 
is highly paraffinic the fuels will be difficult to treat due 
to the high level of wax precipitation. However, additive 
treatability improves with higher levels of isomerisation 
(see Figure 5).

Fig 5: Bar chart representing depression of CFPP when 
treated with 5000 ppm of cold flow additive for HVOs 
of different CP. Fuel 2 CP is 17 oC; Fuel 8 CP is-6oC; 
Fuel 10 CP is -19 oC and Fuel 11 CP is -31 oC

Even though the source of the raw material has little effect 
on base characteristics it can have an impact on how the 
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fuel responds to additives. This can result in differing ad-
ditives needs for HVOs produced with different base oils. 
This adds an extra layer of complexity to additive formu-
lation (see Figure 6).

Fig.6: CFPP treat curve for an additive technology in two 
HVOs with similar CPs but different vegetable oil sources 

Figure 6 shows how the same additive technology gives 
different levels of additive response in HVOs with simi-
lar CP and untreated CFPPs. Fuel 6 which shows a grea-
ter level of response than Fuel 5. 2000 ppm of additive 
is required to get a 5 degree improvement in CFPP in 
Fuel 6. However, Fuel 5 requires 10,000 ppm of the same 
cold fl ow additive. In this case, the source of the base oil 
can have a signifi cant impact on additive response of the 
fi nished HVO.

5.3.2 Cold fl ow additives for BX/Blended/co-pro-
cessed HVO

Additive selection is highly dependent on the overall n-
alkane content of the fi nished fuel. This can act as a li-
miting factor when deciding how much and which kind 
of HVO can be added into a blend. When the original 
diesel already has a high n-alkane content, this can limit 
the level of HVO quantity and quality that can be added.

Fig 7: Graph showing the GC n-alkane plots of different 
HVOs blended into a gasoil sample, Fuel 12, at 10%. 
Details of Fuel blends is shown in Appendix 1.

Figure 7, shows that the addition of different HVOs with 
different CPs, blended at 10% into diesel impact the n-
alkane distribution. The different HVOs have a range of 

CPs due to different levels of isomerisation. As seen in 
Section 5.1, the greater the level of isomerisation, the lo-
wer the CP and the lower the level of n-alkanes. Thus, the 
n-alkane distribution of the fuel blends is most perturbed 
by the addition of the higher CP HVOs. That is, Fuel 13, 
which is a blend of HVO with a CP 17  oC and Fuel 14, 
with a HVO with a CP of -6 oC, show the greatest diffe-
rence compared to those fuels with lower CPs. That is, 
Fuel 16 with a HVO with CP of -19 oC and Fuel 17 with 
a HVO of -31 oC.

Fig 8: Bar chart of CFPP decrease from base CFPP, for a 
variety of different HVO/diesel blends, treated with cold 
fl ow at 500 ppm. The fuel characteristics are shown in 
Appendix 1.

As seen in Figure 8, increasing the levels of HVO isome-
risation can improve CFPP response within a blend, but 
CFPP of low level isomerised HVO can still be improved 
by specialist additives.
The correct additive selection is crucial for optimum low 
temperature performance. Different additive technolo-
gies providing optimum performance depending on the 
different levels of n-alkane in the fi nal fuel blend. With 
high levels of isomerised HVOs performing in a similar 
fashion to a standard diesel. As the level of isomerisation, 
and hence n-alkane levels from the HVO increase, more 
advanced chemistries are needed to achieve an adequate 
level of performance. 

Fig 9: Chart showing the CFPP decrease from base 
CFPP, for a variety of different additives at the same 
treat rate.
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Figure 9 shows the sensitivity of the fuel blend to dif-
ferent cold flow additive technologies. Additive 4 gives 
the greatest CFPP depression. Dependant on the HVO 
characteristics the choice of cold flow additive selection 
is crucial

6. Discussion

A key property in the utilisation of HVOs is their low 
temperature properties. As HVOs are produced by iso-
merisation, you can choose to use a high level of iso-
merisation to be generate a HVO with the required low 
temperature properties by isomerising the waxes in the 
HVO to give the required low temperature properties. 
However, HVO manufacturing units may only be set up 
to produce one level of isomerisation, and thus this solu-
tion could lack flexibility when supplying markets with 
a range of different low temperature requirements. This 
can result in an over specified product for a particular 
market.
An alternative methodology to overcoming the low tem-
perature issue and also an alternative way of deploying 
HVOs would be to use the HVO as a blend component. 
That is, to produce a BX fuel by blending with an ap-
propriate middle distillate and at an appropriate level of 
HVO to produce a fuel of the required low temperatu-
re properties. However, the properties of distillate fuels 
and their low temperature properties can be highly varied 
themselves. So that it is not always possible to both pre-
dict and obtain the desired cold flow properties by sim-
ply blending the two together. This is also even more of 
a potential issue when producing a co-processed HVO, 
where there is potentially even more issues in being able 
to tailor the production to specific cold flow properties 
consistently. The use of cold flow additives allows the 
use of HVOs which have lower levels of isomerisation to 
be used more flexibly in different markets. This has the 
additional benefit of reducing the isomerisation costs. In 
addition, it can more flexibly deal with HVOs produced 
from a variety of different sources.

7. Conclusion

Hydrogenated vegetable oils (HVOs) are a sustainable 
alternative to diesel fuel. They are paraffinic renewable 
diesel fuels produced from sustainable raw materials. 
Their green credentials have resulted in a growing mar-
ket share as both a biofuel and biofuel component.
A key property in the utilisation of HVOs is their low 
temperature properties. These low temperature properties 
are governed by the balance of iso and n-alkanes that are 
present in the HVO. These levels are governed by the 
level of isomerisation in production and also the source 
of the material used to produce the HVO. Different me-
thodologies are available to improve low temperature 
properties of HVOs and HVO containing distillate fuels. 

This paper identifies how the appropriate use of cold flow 
additive technology can further enhance the opportuni-
ties and value of using HVOs by 

1. Increasing the flexibility of production sources. That 
is the range of raw materials, and processing to pro-
duce HVOs.

2. Reducing the production costs (and be greener by 
using less energy) by reducing the required level of 
isomerisation and still meet low temperature requi-
rements.

3. Increasing flexibility for end users, by increasing the 
range of different types and sources of HVOs that 
meet specification requirements.

This provides producers and users of HVOs with addi-
tional opportunities to optimise the value of their ope-
rations. 
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Definitions, acronyms and abbreviations

BX  Fossil fuel with X% biofuel component
CFPP Cold filter Plugging Point test
CP  Cloud Point
FAME Fatty acid methyl ester
GC  Gas Chromatogram
HVO Hydrogenated Vegetable Oil

Appendix 1
HVO and fuel blend characteristics
1a HVO characteristics
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1b Fuel blend characteristics
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Summary

In order to evaluate the impact of premium fuels containing elevated levels of friction modifier (FM) additives regarding 
wear, engine test bench investigations were performed with a conventional fuel and with a premium fuel containing FM. 
All tests utilised an artificially aged engine oil that simulated the condition of a reference used oil after 25,000 km of 
operation. Thus, a large-scale artificial ageing of 180 L engine oil was carried out with oil condition monitoring by means 
of conventional parameters and high-resolution mass spectrometry. Oil analysis confirmed a comparable condition of the 
artificially aged oil with the reference used oil. Additionally, SRV® tribometer experiments with the artificially aged oil 
proved a significantly higher coefficient of friction compared to the fresh oil but similar tribological performance compa-
red to the reference used oil. During the engine bench tests, wear was monitored via wear particle concentration in the oil 
by means of optical emission spectroscopy as well as by radio isotope concentration method with activated piston rings. 
Both analytical methods found a significantly lower wear in the engine bench test operated with premium fuel with FM 
compared to tests with conventional fuel. Moreover, subsequent used oil analysis from bench test oil samples by mass 
spectrometry showed a transfer of the FM from the fuel into the engine oil. In particular, an increase in FM with procee-
ding engine operation time was observed. Hence, the usage of premium fuels may lead to enhanced engine lifetime.

1. Introduction

In times of high claims towards sustainability the pos-
sibility to enhance lifetime of combustion engines by 
boosting aged engine oil via high-quality fuels with 
elevated levels of additives such as FM is a topic of 
high interest in the automotive and fuel sector. Wit-
hin this study, a comprehensive approach was chosen 
comprising the artificial generation of an engine oil 
commercially available but in a well-defined condi-
tion comparable to an oil towards its end of lifetime, 
engine test rig runs with basic and premium fuels, and 
high-resolution wear measurement as well as mass 
spectrometry. The results revealed a significant impact 

of the fuel quality on the engine oil as well as on the 
occurring wear in the engine. 

2. Materials and methods

A reference used oil after 25,000 km of operation was 
characterised by conventional parameters such as oxida-
tion or viscosity, and high-resolution MS to identify the 
residual FM content. According to this condition a large-
scale artificially oil alteration similar as described in [1] 
using elevated temperature, synthetic air and shear stress 
was conducted. This resulted in 180 L aged oil with the 
same characteristics as the reference used oil, and almost 
fully degraded FM. 
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The similarity was not only shown by analytical results, 
but also with SRV® tribometer experiments. Experiments 
were carried out with following parameters:100Cr6 po-
lished plate 100Cr6 standard ball, 50 N, 1 mm and 30 Hz. 
Aliquots of the fresh, the artificially aged and the referen-
ce used oil were tested. 
As top compression rings in the engine test rig, standard 
X90CrMoV18 rings were used for the engine bench test. 
For the wear measurement with the radio-isotope con-
centration (RIC) method the piston rings were activated 
in a cyclotron facility, which means that a known amount 
of radioactive tracer isotopes was produced within a sur-
face layer of the piston rings with a few micrometres 
thickness. As tracer isotope Co57 was used. The RIC 
method mainly consists of a gamma radiation detector, 
which detects the emitted gamma activity of the tracer 
isotopes. The amount of wear can be derived with two 
methods: 1) by measuring the activities of each piston 
ring before and after the bench test. The difference of the 
measured activities can be converted to a wear volume 
or wear height, and 2) by measuring the activity of the 
lubricant which transports the wear particles containing 
the tracer isotopes to the radiation detector in a closed 
lubricant circuit [2]. The latter method can be used as 
continuous wear measurement during a test run, which 
was not done in this study. 
Engine test rig experiments with artificially aged oil wit-
hout noteworthy residual FM content were performed 
with commercially available basic and premium fuel, 
whereas the premium fuel contained an additive package 
including a higher dose of FM. At the beginning, during 
the experiment and at the end of the test rig runs (120 h 
in total) oil sample aliquots were taken to monitor the FM 
content via MS. 
Additionally, the activated piston rings were measured by 
RIC and wear was determined after the test runs. For the 
determination of the piston ring wear the piston ring ac-
tivities were measured before and after the engine bench 
test in a well-defined position. These measurements were 
repeated thirty times for statistical reasons to reduce the 
uncertainties. The wear volume or average wear height 
were calculated from the differences of the activities be-
fore and after the engine bench test.

3. Results 

3.1 Artificial oil ageing in large scale

In accordance to the reference used oil (25,000 km) the 
artificially aged oil was produced with an oxidation of 
18 A/cm, fully consumed anti-wear additive and partially 
consumed antioxidants within 55 hours in a large-scale 
alteration device (see figure 1). 

Figure 1: An increasing oxidation while partially to fully 
depletion of additives was detected during large scale 
artificial ageing. 

A viscosity index decrease, which indicates the decom-
position of the oil by the applied shear stress during the 
entire time, and an oxidation increase was monitored 
during the entire ageing process. The FM depletion was 
determined in the end sample by MS. It was confirmed 
that in the desired end condition of the aged oil, the anti-
wear additive as well as the FM were fully depleted (see 
figure 1). 
To show the similarity in performance with the referen-
ce used oil from the field SRV® tribometer experiments 
were performed. Both, the artificially aged oil as well as 
the reference used oil showed similar results regarding 
coefficient of friction and friction curve, while the fresh 
oil was performing significantly better. 

3.2 Piston ring wear with RIC

Table 1 shows the results of the RIC wear measurements 
of the piston rings for test runs carried out with basic fuel 
without FM and premium fuel containing FM. The wear 
volume is the total wear volume worn off throughout the 
whole test and the wear height is meant to be the average 
wear height over the whole running surface calculated by 
dividing the wear volume by this surface area. The re-
sults are given as relative values comparing the premium 
with the basic fuel.

Table 1: piston ring wear volume and average wear 
height for engine bench tests without (basic fuel) and 
with (premium fuel) friction modifier (FM) relative 
to each other

Test
specification

Piston ring 
wear volume

Piston ring wear 
height

Basic fuel 100 % 100 %

Premium fuel 23,69 % 23,77 % 

The results show a significant reduction in wear volume 
for the premium fuel compared to the basic fuel by more 
than a factor of 4.
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3.3 Characterisation of used engine oil with MS

During both engine test rig experiments, with basic and 
premium fuel, engine oil aliquots were taken, and ele-
mental analysis and MS measurement were conducted. 
The elemental analysis revealed a faster and slightly 
higher increase of iron in the oil with increasing running 
time for the test with basic fuel not containing any fric-
tion modifier. The MS explains this observation by re-
vealing significant differences in the engine oil samples. 
While for both engine oil series only a slight decrease of 
antiwear additives and phenolic antioxidants was found 
there was a significant change regarding the FM content 
and the aminic antioxidants. The samples from the expe-
riment with basic fuel did not only show no FM increase, 
but also a higher degree of aminic antioxidant depletion, 
further increasing with longer operation time. For the en-
gine test rig performed with premium fuel a considerable 
amount of FM was detected in the oil samples. This con-
tent was increasing over the operation time, and at the 
same time degradation products were built up. Compared 
with the content in the premium fuel itself, a remarkably 
higher amount of FM was found in the engine oil after 
120 h of operation time than in the pure premium fuel. 
This indicates a transfer from the fuel to the engine oil, 
and an accumulation of the FM over time as depicted in 
figure 2.

Figure 2: Mass spectra of the premium fuel containing 
FM, engine oil samples after large-scale ageing with 
fully depleted FM, and samples after an operation time 
from 15 – 120 h.

4. Summary and conclusion 

By using the large-scale ageing device with selected and 
pre-defined conditions, the generation of a test oil similar 
to a reference used oil regarding the desired oil parame-
ters was enabled. The degradation of the FM was detect-
ed by high-resolution MS in both oils, the reference used 
oil as well as the artificially aged oil and their similar per-
formance was confirmed by SRV® tests. Engine test rig 
experiments with activated piston rings were performed 
using a basic fuel without FM and a premium fuel includ-
ing a FM additive package. RIC measurements of the pis-
ton rings revealed a considerably higher wear when using 
the basic fuel compared to test runs with premium fuel. 
MS measurements of engine oil samples were able to ex-
plain this effect, as an accumulation of FM additive in 
the oil when using premium fuels was observed. A trans-
fer from fuels containing FM additives in certain amount 
takes place, and an improvement in wear behaviour is 
achieved. This effect was additionally observed with pis-
ton rings already showing wear from previous test runs. 
Hence, an enhanced lifetime by wear reduction when a 
premium fuel is used regularly can be concluded.
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Summary

Tec4Fuels has developed hardware in the loop test benches which are being used for testing the fuel-material interaction 
for diesel and all diesel quality alternative fuels. They consist of passenger car fuel components such as in-tank pump, fuel 
filter, high pressure pump, rail and injector connected in a closed loop. These test benches have been capable of repro-
ducing IDID (internal diesel injector deposits) with the diesel quality fuels. Currently, the scope of hardware in the loop 
testing is being extended to gasoline and gasoline quality alternative fuels. In addition to passenger car fuel components, 
the test benches are now capable to handle the heavy-duty equipment, marine engine components etc. Tec4Fuels has been 
part of several EU Horizon 2020 projects such as REDIFUEL, IDEALFUEL, and BMWi projects like C3-Mobility in the 
aspect of fuel-material interactions. In this regard, the current topic discusses the adaptation of hardware in the loop test 
benches to different alternative fuels and fuel components. This paper also includes the initial observations on the fuel 
component interactions, especially injector deposit formation.

1. Background

Compatibility testing is an important aspect with regards 
to the introduction of novel fuels, their blends and addi-
tional additive packages. To introduce a new product into 
the market, its impact on the current and future infras-
tructure has to be analysed and necessary changes have 
to be made. The motor tests such as DW10 or XUD9 are 
effective for such testing but also expensive, very high 
fuel is required, and high infrastructure is demanded [1, 
2]. In this aspect, a cost-efficient method with less fuel 
requirements and time saving, less infrastructure deman-
ded methods would be a premium choice as an initial step 
before motor tests [3]. TEC4FUELS has developed such 
a non-engine hardware in the loop (HiL) test method This 
HiL method can test the compatibility of the FIE (Fuel 
injection equipment) components with as less as 30 litres 
of fuel and in just 100 h of effective runtime [3].
This methodology has already been introduced into dif-
ferent EU-Projects where new synthetic fuels are being 
developed and their compatibility tests are of prime im-

portance [1, 4]. Current paper explains the principle of 
the method briefly and how it’s being adapted to different 
project requirements, along with some initial observati-
ons from the testing.

2. Hardware in the loop Test Method

The principle involved in the current HiL test method is to 
have as close testing conditions as possible to the Engine 
test but in a simplified manner [2]. This was achieved by 
avoiding the combustion step of the engine tests. Due to the 
absence of combustion, the method allows us to collect back 
the fuel into the tank and reuse. This way a relatively smaller 
fuel volume can be used to test the compatibility of the FIE. 
Also, due to the absence of combustion the injector control 
required for the test method is much simpler, very less in-
frastructure requirements and highly versatile with the test 
conditions. This method also gives the advantage of incor-
porating variety of FIE components with a simple change in 
few test bench components. Figure 1 shows the P&ID dia-
gram of the HIL test bench for diesel and diesel like fuels.
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In this test bench all the FIE components from in-tank 
pump, filter, high pressure pump, rail to injector is con-
nected in series. The fuel is then injected into the reactor, 
where the fuel is allowed to condense and flow back to 
the fuel tank through a heat exchanger. To simulate the 
impact of combustion on the injector, the injector nozzle 
is heated to a required set temperature. Furthermore, the 
vibrations and exhaust gases involved due to combustion 
are missing. But lack of combustion has given more fle-
xibility of the test conditions.

Figure 1: P&ID diagram of a Diesel HiL system

The test conditions are free to select including test runti-
mes from a continuous run to a cyclic test run. The fuel 
volume can be as low as 30 litres with the test run times 
reduced to just 100 hours of effective runtime. The test 
cycle is free to choose according to the requirement. The 
ON-OFF phases can induce more stress on the compo-
nent and the fuel to estimate their long-term behaviour. 
The off-Phases are also important, to allow the fuel to 
cool down to as low as ambient conditions allowing the 
ageing products to settle down on the component surfa-
ces. The infrastructure requirements for the testbench are 
rather simple which can avoid the commissioning chal-
lenges, the switching between different types of injectors 
can be achieved by a simple switch of the heating block, 
which fixes the injector to the reactor. Furthermore, this 
allows to investigate each component of the FIE system 
individually and continuously monitor their performance.
Also considering the challenges of requiring 1000 litres 
of fuel for an engine test, this can be optimised by using 
as low as 30 litres for the entire test. This could be espe-
cially beneficial in the case of testing Novel fuels, where 
the production of 1000 litres for the engine test is a big 
challenge. Similarly for a short test of the impact of ad-
ditive the fuel requirements can be significantly reduced. 
Furthermore, due to the use of same fuel in loop, this all-
ows the fuel to degrade over time, and also gives an idea 
on how the fuel would behave in the long term and its 

impact of on the FIE system. Similar to the above-men-
tioned diesel test system, the sample principle is being 
used for a Gasoline HiL system and further, the principle 
is being adapted to different fluid testing systems such as 
shipping industry, E-mobility (cooling fluid testing), etc.

3. Initial observations

In one of the current EU Projects, named as REDIFU-
EL (Robust and Efficient processes and technologies for 
drop in renewable FUELs for road transport) a diesel 
like synthetic fuel is being developed using the syngas 
through a Fischer Tropsch synthesis. This fuel consists 
of a mixture of paraffinic components and a mixture of 
higher chain alcohol. The presence of alcohol mixture 
helps to reduce the emissions and also achieve an almost 
sootless combustions. The fuel shows a high potential of 
Drop In capability and is much similar to EN590 prop-
erties. In this project the developed REDIFUEL (RF) is 
being tested as pure component but also as a blend com-
ponent with diesel B0 and B7. For testing the compatibil-
ity of this fuel an Euro4 FIE system has been used to esti-
mate the Drop In capability in the current infrastructure. 
The test parameters are selected according to a nominal 
load condition. They are 1300 bar rail pressure, with an 
injector nozzle temperature varying from 230 °C and 280 
°C, with injector control at 17 Hz frequency and 800 µs 
energizing time. The test has been run in cycle with 16 
hours of on phase and 8 hours of break (in intervals of 4 
h on and 1 hour break) to induce higher stress conditions 
for the fuel and the FIE.
The pure and blend component (blend with B0) of the 
REDIFUEL has shown high compatibility with all the 
fuel components. The functionality of all the FIE compo-
nents is intact, and no abnormalities have been detected. 
The mass flow rate through the inject or has also been 
constant throughout the test method. The alcohols are in 
general hygroscopic and lead to a rise in water content of 
the fuel, but the has not shown any impact on the compo-
nent and all the components have shown full functional-
ity after the experiment time. In a follow up test with the 
blend of B7 with the Redifuel, the injector has failed after 
90 hours of testing. The initial blockage (no flow through 
the injector) was observed at almost 90 hours and after 
100 hours the injector solenoid was failed due to the lack 
of flow. The test has been repeated twice to confirm the 
issue and the behaviour was reproduced the same way 
in both the cases. To solve the issue two types of DCA 
(deposit control additive) have been introduce into the 
blend in two different experiments. These additivities 
have solved the issue of injector blocking and lead to a 
smooth running of the injector after 100 hours of HiL 
testing. Also, the flow rate in this case was observed to 
the constant. In comparison between different blends, it 
has been determined that the inclusion of 7 % FAME had 
an impact in the failure.
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Figure 2: Dis-assembly of a Euro 4 injector.

Figure 2 shows the dis-assembly of the faulty injector af-
ter the HiL test. The injector has been opened and check 
for deposits and the possible cause for the blockage. It 
has been observed that the Brass ring (Magnifi ed on the 
right side) has been stuck, which should freely rotate to 
allow the fuel fl ow through the injector. This has led to 
the injector failure. The failure has been similar in repea-
ted tests as well. Further information from the experts 
have indicate that this is a typical type of IDID (inter-
nal diesel injector deposits) that can occur in a long-term 
real-time operation. This implies that the HiL method can 
successfully reproduce the IDID and also been able to 
fi nd a solution in the development phase of the fuel. 
In a different project, C3-Mobility, similar HiL test bench 
has been developed but for a Gasoline like fuel testing. In 
this project, Pure 2-Butanol and MtG are tested for their 
compatibility with the FIE of a gasoline engine. The test 
parameters were set at 250 bar rail pressure and injector 
parameters to 33 Hz frequency and 4 ms energizing time. 
These conditions are considered a as high load engine 
operation. The nozzle temperature is set to 150 °C as pro-
posed according to a typical gasoline engine parameter. 
The tests were performed for 500 h of runtime in a cycle 
of On-Off phases. After the testing of different blends, it 
has been observed that Pure components if MtG, 2-Bu-
tanol and EU6 have shown no deposit formation. But the 
50 % blend of 2-Butanol with the EU6 has shown deposit 
formation on the injector as shown in the fi gure 3. 

Figure 3: Comparison of injector nozzle between diffe-
rent experimentsKos

Furthermore, the HiL testing is being adapted to a dif-
ferent fl uid testing system. This method is also being 
developed for testing the Bio-HFO, a biofuel which is 
being developed for the marine applications in the pro-
ject named as IDEALFUEL. Also, the HiL method is free 
to adapt from a domestic heating system to a E-mobility 
system. In the E-Mobility, the cooling fl uids are subjec-
ted to higher stress to cool the engine components. This 
provides the scope of testing different cooling fl uids for 
their durability, safety, operability and fi nally compatibi-
lity with different E-mobility systems.

4. Conclusion and Outlook

The current study has shown how the test benches are 
capable of reproducing IDID, and also their fl exibility of 
testing multiple components. This test method shows a 
good potential of being an initial screening method for 
novel fuels and additives before being implemented in 
complex or expensive motor tests. All the novel fuels are 
expected to be Drop-in capable, so that the transforma-
tion from production to market is smooth enough. In this 
regard, these non-engine test benches could be key in im-
plementing into research. Currently, the method is being 
adapted to Marine and E-mobility sector and must further 
investigated its detailed potential of serving as a standard 
test procedure for the Novel engine components before 
being introduced into the market. 
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Laminar burning velocities of ethanol and butanol isomers

Sebastian Feldhoff
OWI Science for Fuels gGmbH

Summary

The laminar burning velocity is an important parameter governing the properties of combustion. It can for ex-ample be 
used to validate reaction mechanisms. However, the laminar burning velocity is not easily measured. The heat flux met-
hod is one of the methods to measure the laminar burning velocity. The heat flux burner consists of a thin, brass burner 
plate with a hexagonal pattern of holes. The burner plate is heated in such way that the premixed mixture flowing though 
the burner plate is heated. Now the heat gained by the unburnt mixture compensates the heat loss of the flame. The ad-
vantage is that mixture velocities higher and lower than the laminar burning velocity can be stabilized on this burner. In 
contrast to other methods, it is possible to determine the laminar burning velocity at a state of a nearly adiabatic stretchless 
flame by means of interpolation. The heat flux experimental setup at OWI has been further improved to provide more 
accurate measurement data of the laminar burning velocity. Recently, a new test series has been started investigating bur-
ning velocities of different alcohols, such as ethanol and butanol with air. Recent investigations focus on butanol isomers. 
Burning velocities have been measured in a wide fuel-air ratio from 0.6 to 1.6 and compared to numerical calculations, 
which have been performed with Cantera. The study provides an overview of the laminar burning velocity depending on 
fuel composition and presents the data in comparison to numerical data.

1. Introduction

The adiabatic laminar burning velocity (LBV) is an im-
portant parameter governing the properties of combus-
tion. It can for example be used to validate reaction me-
chanisms and is often needed in designing of different 
industrial and domestic burners. This is the reason that 
research has focused on the adiabatic burning velocity 
of several types of fuel-oxidizer mixtures. However, the 
adiabatic burning velocity is not easily measured. The-
re are several experimental methods to measure laminar 
burning velocity: the Bunsen flame method, the spheri-
cally expanding flame method, the stagnation flame met-
hod, and the flat flame burner method, including the Heat 
Flux method. A detailed overview of different methods 
can be found in [1] and [2]. 
The heat flux burner consists of a thin, brass burner pla-
te with a hexagonal pattern of holes. The burner plate is 
heated in such way that the premixed mixture flowing 
though the burner plate is heated. Now the heat gained 
by the unburnt mixture compensates the heat loss of the 
flame. The advantage is that mixture velocities higher 
and lower than the adiabatic burning velocity can be sta-
bilized on this burner. In contrast to other methods, it is 
possible to determine the laminar burning velocity at a 
state of a nearly adiabatic stretchless flame by means of 
interpolation, rather than extrapolation. This has as ad-
vantage that the uncertainties due to extrapolation are 
circumvented.

In this study the Heat Flux method has been applied to 
measure laminar burning velocities of ethanol as well as 
butanol isomers with air at atmospheric pressure. 

2. Heat Flux Method

The main parts of the Heat Flux burner are shown in Fi-
gure 1. One of the main burner elements is a 2 mm thick 
brass burner plate with an effective diameter of approxi-
mately 30 mm and a uniform perforation. A conditioned 
heating jacket operates at a constant temperature, which 
is set to keep a temperature difference between unburnt 
gas and the heating jacket between ΔT = 60 K and ΔT 
= 75 K. A plenum chamber is surrounded by a cooling 
jacket, which maintains the temperature of the plenum 
chamber at a temperature equal to that of the unburnt gas 
mixture. To measure a radial temperature profile in the 
burner plate, fifteen thermocouples are attached to the 
burner plate.
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Figure 1: Schematic view of the Heat Flux burner

To stabilize an adiabatic fl ame on top of the burner plate 
the net heat fl ux should be equal to zero. For gas veloci-
ties UG lower than the laminar burning velocity SL the net 
heat fl ux is positive and the burner plate has a higher tem-
perature than the heating circuit. This results in a radial 
heat fl ux from the burner plate center to the edge and the 
burner plate center achieves the highest temperature. The 
net heat fl ux is negative, when the gas velocity is higher 
than the LBV. In this case the temperature at the center 
of the burner plate is the lowest measured temperature, 
due to the reverse direction of the radial heat fl ux. For a 
fl at temperature profi le, the net heat fl ux is zero, which 
means that all the heat transferred from the fl ame to the 
burner plate is transferred then to the unburnt gas mixtu-
re. This situation corresponds to adiabatic fl ame conditi-
ons and the corresponding gas velocity UG equals to the 
laminar burning velocity SL. 

2.1 Temperature profi le along the burner plate

The temperature profi le over the burner plate is used to 
determine if there is a net heat gain or heat loss by the 
mixture. In the adiabatic state, the heat loss is equal to the 
heat gain by the burner plate. Assuming that the conduc-
tivity of the burner plate is not temperature (and thus r) 
dependent, solving the energy equation leads to the follo-
wing equation for the temperature distribution along the 
burner plate:

In this equation, Tp is the temperature as a function of 
the radius r. q is the net heat fl ux from the unburnt gas 
mixture to the plate, λ the conduction coeffi cient of the 
burner plate, and h is the height of the burner plate. The 
temperature along the burner plate is described by a pa-
rabola, with the symmetry axis at the center of the burner 
plate [3]. 
For gas velocities UG lower than the laminar burning ve-
locity SL the net heat fl ux q is positive and the burner pla-
te has a higher temperature than the heating circuit. This 
results in a radial heat fl ux from the burner plate center to 
the edge and the burner plate center achieves the highest 
temperature (Figure 2 mid). The net heat fl ux is negative, 
when the gas velocity is higher than the laminar burning 
velocity. In this case the temperature at the center of the 
burner plate is the lowest measured temperature, due to 
the reverse direction of the radial heat fl ux (Figure 2 top).

Figure 2: Temperature profi le and fl ame pattern over the 
burner plate at various UG (schematic)

For a fl at temperature profi le, the net heat fl ux q is zero, 
which means that all the heat transferred from the fl ame 
to the burner plate is transferred then to the unburnt gas 
mixture. This situation corresponds to adiabatic fl ame 
conditions and the corresponding gas velocity UG equals 
to the laminar burning velocity SL. Additionally, in the 
adiabatic case the temperature of the burner plate should 
be equal to the heating jacket temperature [4].

3. Numerical simulation

The numerical simulation of the laminar burning velo-
city is performed using the Cantera software. The basis 
of the software is the calculation of the fl ame by solving 
the chemical and kinetic equations of combustion. Due 
to the nearly adiabatic and one-dimensional combustion 
on the Heat Flux burner, the fl ame can be considered in-
dependent of the heat losses to the burner plate and can 
therefore be simulated as a free fl ame. This also allows 
the comparison between the experimental and calculated 
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values. Furthermore, the calculations are used to estimate 
the experimental parameters, especially the gas velocity 
ranges, and to calculate the adiabatic burning rate. The 
flame has been modeled as a freely-propagating, premi-
xed flame (1-D) with air as the oxidizer at atmospheric 
pressures and an unburnt gas temperature of 338 K. 
All calculations of the laminar burning velocity are car-
ried out with two existing detailed chemical kinetic me-
chanisms a) cloudflame [5] and b) CRECK [6] to which 
the experimental data is compared with for validation. 

4. Results and discussion

To evaluate the performance of the Heat Flux method 
including the recently made improvements on reliabili-
ty, several sets of experiments have been carried out. In 
the first place, the laminar burning velocity of ethanol 
was determined as it serves as a well-known reference 
to evaluate the accuracy of the experimental setup. The 
results show a good agreement with the obtained numer-
ic data in the range of ϕ = 0.6 - 1.6 (equivalence ratio). 
Both mechanisms show very similar results. In the range 
of ϕ = 1.0 - 1.4 the experimentally obtained data differ 
slightly from numerical results, however, the overall ex-
pectations were met (Figure 3). The maximum LBV for 
ethanol is about 51.6 cm s-1 at ϕ = 1.1 (experimental). 

Figure 3: Laminar burning velocity of ethanol-air-mix-
tures: experimental and numerical data

The following experiments were related to butanol iso-
mers (1-Butanol and 2-Butanol) at the same thermo-
dynamical conditions. It was found, that burning ve-
locities of both butanol isomers were lower compared 
to ethanol (Figure 4). The maximum LBV for 1-buta-
nol is ca. 47.8 cm s-1 and for 2-butanol ca. 46.1 cm s-1 
at ϕ = 1.1 (experimentals). This is due to the chemical 
bounds inside the molecules and was shown in literature 
before [7]. The difference is low at equivalence ratios < 
1.0 and increases towards higher equivalence ratios. This 
behaviour can also be found in the results of the numeri-
cal simulations for both 1-butanol and 2-butanol (Figures 
5 and 6). However, the obtained experimental data is in 
line with the numerical data. 

Figure 4: Laminar burning velocity of ethanol and buta-
nol air-mixtures: experimental data

Figure 5: Laminar burning velocity of 1-butnaol-air-
mixtures: experimental data and numerical data

Figure 6: Laminar burning velocity of 2-butnaol-air-
mixtures: experimental data and numerical data

5. Conclusion

The focus within this study was the determination of the 
adiabatic laminar burning velocity of ethanol and butanol 
isomers with the Heat Flux method. It was found that 
the adiabatic laminar burning velocity is highly depen-
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dent on fuel composition and is less for butanol isomers 
compared to ethanol. Furthermore, the difference in SL of 
1-butanol vs. 2-butanol shows that the molecules’ geo-
metrical structure is affecting the burning velocity, which 
has been shown by other researchers. In general, the ex-
perimental data is in good agreement with all the results 
of the numerical simulations. 
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Summary

A significant contribution to reach the goals of Paris’ climate agreement and to become greenhouse-gas-free by 2050 can 
be provided by utilizing alternative fuels in internal combustion engines. More precisely, the conversion of CO2 neutral 
wood gas from air gasification in stationary internal combustion engines enables sustainable power generation. However, 
due to its variable composition, especially H2 and H2O content, as well as low heating value, the engine operation with 
wood gas is challenging. As a part of the research projects, the wood gas production process and its utilization in the in-
ternal combustion engine of a wood gas Combined Heat and Power plant (Pel<100kWel) have been analyzed. In addition, 
the engine operation with various wood gas compositions has been investigated on the adaptive engine test bench with 
a gas mixer at TU Wien. Based on these investigations, a joint experimental approach to optimize the wood gasification 
process and the engine operation is defined. Regardless of the adverse properties of wood gas for engine operation, high 
efficiency and low emissions can be realized with selective optimization measures of the engine and combustion process.

1. Introduction

Power generation from renewable energy sources is be-
coming increasingly important to reduce greenhouse gas 
(GHG) emissions and their adverse impact on climate 
change. To achieve the ambitious EU energy and climate 
goals, which envisage decarbonization by 2050 [1], the 
transformation of energy systems from centralized to de-
centralized structures coupled with smart grids shall be stri-
ved. In addition to volatile renewable sources such as wind 
and photovoltaic, the wood gas Combined Heat and Power 
plants (wgCHP) have a crucial role in power generation and 
grid stability during the volatile energy demand. For instan-
ce, the main advantage of wgCHPs is decentralized power 
and heat generation by utilizing regenerative and sustaina-
ble biomass such as wood chips as feedstock. As shown 
in Fig. 1, the wood captures CO2 from the atmosphere for 
its growth. During its utilization as the feedstock within 

the wgCHP, CO2 is returned to the atmosphere. Therefore, 
wood can be considered a CO2 neutral energy source [2] 
since no additional CO2 from fossil fuels is released.

Figure 1: CO2 recycling by the use of wgCHP 
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The GLOCK-Group has also specialized in the produc-
tion of innovative, highly efficient, and environmentally 
friendly wood gas CHPs, which offer the possibility to 
produce self-sufficient and CO2-neutral heat and electric-
ity from the renewable raw material wood. With the de-
centralized and constantly available energy supply of its 
wgCHP, the GLOCK-Group wants to actively shape the 
current and future energy supply to achieve climate pro-
tection, pioneer in the decentralized energy supply, and 
preserve resources for the future generation.
GLOCK-wgCHP systems are based on the autothermal 
gasification of wood chips or wood pellets and internal 
combustion engine (ICE), which utilizes the gasification 
product wood gas. In particular, the developed wgCHP 
systems have power ranges from 10-50kWel and 35-
110kWth and can cover power demand for homes or small 
hotels. However, constant development is necessary to 
increase the efficiency and thus the viability of the plant. 
Though the most challenging aspect is to ensure high 
system efficiency and long-term durability under various 
operating conditions that affect the gasification process 
and engine operation. 
The product of biomass gasification is a gas mixture that 
consists of combustible gases carbon monoxide (CO), 
hydrogen (H2), methane (CH4) as well as high molecular 
hydrocarbon compounds (CxHy). It also contains specific 
incombustible gases, carbon dioxide (CO2), water vapor 
(H2O) and, when air is used as a gasification agent, high 
amounts of nitrogen (N2). These gases reduce the calorific 
value of the mixture. Moreover, tars and dust in product 
gas are seen as impurities. The product gas composition 
is depending on the design of the gasifier, the gasification 
agent as well as the type and quality of the biomass feed-
stock. Fixed bed gasifiers with air as gasification agent 
lead to product gases with low heating values and high 
amounts of nitrogen (N2). Mixtures of air and steam as 
gasification agent could lead to higher amounts of hy-
drogen (H2) in product gas [3]. By using only steam as a 
gasification agent in allothermal gasification, a hydrogen 
rich (H2-rich) and nitrogen free (N2-free) product gas can 
be obtained. This concept is used in the dual fluidized 
bed steam gasifier for the gasification of a wide range 
of different feedstocks [4] and has been successfully 
demonstrated in a pilot CHP in Güssing, Austria, for over 
100.000 operating hours until 2016 [5]. The concept of 
“heat pipe reformer” reported in [6] also supplies a gas 
mixture with a high fraction of H2 and a low fraction of 
inert gases. An overview of different gasifier technolo-
gies as well as a ranking of gasifiers for CHP applications 
according to key performance indicators is given in [7].
Several investigations of engine operation and the com-
bustion process with different gas compositions have 
been reported in [8], [9], and [10]. Among the gas cons-
titutes, H2 favors a fast combustion process within the 
engine and ensures flame propagation, especially when 
high fractions of inert gases are present [11]. Due to its 
high laminar flame velocity, combustion of highly dilu-

ted mixtures in extreme lean operation with high efficien-
cy and low emissions is possible [10]. 
The wgCHP development aims to attain high efficiency 
with low pollutant emissions and minor influence on air 
quality by applying optimal operational strategy combi-
ned with modern engine technology. In the framework 
of the present work, the investigation of the GLOCK-
wgCHP plant and operation of the wood gas engine is 
presented. In the first part, the operating principle of 
GLOCK-wgCHP is described. In the second part, the me-
thodology for wood gas analysis and investigation of the 
wgCHP operation is presented. In addition, the developed 
engine test bench, as well as methodology for laboratory 
investigations of the combustion process, are described. 
With these methods, the wgCHP operation was analyzed 
and the developed test engine could be verified for fur-
ther investigations. In particular, it was investigated to 
what extent the combustible mixture can be diluted for 
lean operation. Thereby, several wood gas mixtures that 
could be supplied from different gasification processes 
were utilized by the test engine, and the engine efficiency 
and exhaust gas emissions were analyzed. Further, the 
results obtained from conducted measurements of ope-
rating wgCHP and during investigations on the engine 
test bench at the Institute of Powertrains and Automotive 
Technology (IFA) at TU Wien are discussed. Finally, an 
outlook for an optimal operating strategy with high en-
gine efficiency and low exhaust gas emissions as well as 
an approach for further development are given.

2. GLOCK-wgCHP and Wood Gas Engine

2.1 Configuration of GLOCK-wgCHP

The configuration of GLOCK-wgCHP is schematically 
presented in Fig. 2. Throughout the process, the wood 
chips are fed to the gasifier, where they undergo the gas-
ification process. The produced wood gas is extracted 
from the gasifier and then passed to a hot dry gas filter 
where char and dust are separated. Before entering the 
engine, the wood gas is cooled down in a heat exchang-
er, filtered through an additional safety wet filter, and 
mixed in a venturi nozzle with air. Thereby, the airflow 
is controlled using a throttle valve. The applied wood gas 
engine is based on the geometry of an industrial diesel 
engine, which has been modified for spark ignition (SI) 
operational mode. The compression ratio (ɛ) has been re-
duced due to different fuel characteristics compared to 
diesel. A big displacement volume of the engine ensures 
feasible power output during operation with wood gas. 
Since the engine is naturally aspirated, the intake mani-
fold pressure is below the atmospheric pressure because 
the suction of the wood gas is driven by the engine. The 
engine drives the generator at constant engine speed, 
which converts the mechanical energy into the electrical 
energy. Prior to releasing the engine exhaust gas in the at-
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mosphere, it is cooled down in an exhaust gas cooler. The 
exhaust gas and wood gas heat exchangers, as well as the 
engine coolant circuit, are connected to the heating grid. 

Figure 2: Schematic view of GLOCK-wgCHP

2.2 Wood Gasification and Wood Gas Properties

For GLOCK-wgCHP, fixed bed downdraft gasifiers are 
used. Downdraft means that wood chips and gas are mo-
ving in the same downwards direction inside the gasifier. 
This type of gasifier consists of four different reaction 
zones, as shown in Fig. 3. Wood chips are fed on the top. 
Without the presence of oxygen, the wood chips are hea-
ted up, and at the first stage, water is being vaporized 
and the chips are being dried. At higher temperatures, the 
pyrolysis takes place where the volatiles of the wood are 
going into the gas phase. In the combustion or oxidation 
zone, the gasification agent air is being introduced and 
the wood chips are partially burned under the presence 
of oxygen. In the reduction zone, the main gasification 
reactions as stated in [12] and [13] take place: 

ΔHR,850 °C

C + H2O → CO + H2 +135,7 kJ/mol (1)
C + CO2 → 2CO +169,4 kJ/mol (2)
C + 2H2 → CH4 -89,8 kJ/mol (3)
CO + H2O ↔ CO2 + H2 -33,6 kJ/mol (4)
CH4 + H2O ↔ CO + 3H2 +226,8 kJ/mol (5)
CH4 + CO2 ↔ 2CO + 2H2 +260,4 kJ/mol (6)

As reactions in the reduction zone are mostly endother-
mic, heat is required for them to take place. This heat is 
being generated in the oxidation zone, defining the auto-
thermal gasification character of this type of gasifier. Af-
ter the reduction zone, wood gas and solid particles char 
and ash leave the gasifier.

The advantage of downdraft gasifiers is the potentially 
low tar content in the wood gas. Tars are mainly released 
during pyrolysis and, while passing the oxidation zone, 
are being thermally cracked. Making this kind of gasifier 
suitable for combined heat and power generation with 
gas engines without the need for extensive gas cleaning 
steps [13]. Though, the downdraft gasifiers require speci-
fic feedstock properties such as a defined particular size 
to maintain a specific pressure drop throughout the bed 
and moisture contents of less than 20-25%. High pres-
sure drops or moisture contents can negatively affect the 
temperatures in the different zones and the gasification 
process, leading to potentially higher tar contents [13], 
[14].

Figure 3: Reaction zones in downdraft gasifier [15]    

3. Methodology

In the framework of the present work, the investigations 
were conducted on the operating GLOCK-wgCHP and 
the developed engine test bench at IFA-TU Wien. 

3.1 Wood Gas Analysis and Operation of GLOCK-
wgCHPs

The focus of measurements conducted on the wgCHP 
was placed on the analysis of wood gas composition 
and wood gas utilization in engine. For investigations, 
the wgCHP is equipped with measurement instruments 
for gas analysis, air mass flow measurement, pressure 
gauges, thermocouples, engine indicating instruments, 
λ-sensor, and data acquisition systems. A measuring 
spark plug with integrated cylinder pressure sensor type 
6113C Kistler is used to indicate cylinder pressure. Fig. 
4 shows the GLOCK-wgCHP with measurement instru-
ments.
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Figure 4: GLOCK-wgCHP with the measurement inst-
ruments

For the analysis of the wood gas composition, online and 
offline measurements were conducted at sampling point 
1 in Fig. 2. Fig. 5 shows the gas cleaning setup for the 
online and offline measurements. For the online measu-
rements, the wood gas was filtered with washing bottles 
filled with toluol and placed in a cryo-cooler at – 8°C in 
order to remove tar and water from the wood gas. After 
filtration the components H2, CO, CO2 and CH4 have been 
measured continuously with a Rosemount NGA 2000 
analyser. C2H4, C2H6, C3H8 and N2 have been measured 
with a gas chromatograph (GC). Every 20 minutes the 
GC pulled a gas sample for the analysis leading to a di-
scontinued recording of the higher carbon hydrogens and 
nitrogen. Offline measurements were conducted for tar 
and water content in accordance to DIN CEN/TS 15439 
[16]. The principle for the tar and water removal from 
the wood gas is the same as for the online measurements. 
The only difference is the precise recording of the taken 
gas volume during the offline measurement in order to 
have a reference for the amount of tar and water in the 
wood gas stream. The taken offline samples were than 
analyzed at the TU Wien Test Laboratory for Combustion 
Systems by means of gravimetric and gas chromatogra-
phic/mass spectrometric (GC/MS) analyses.

Figure 5: Gas cleaning setup for online and offline mea-
surements. Modified from [17]

Further, air mass flow (ṁAir) for the engine operation was 
measured at the intake of air supply pipe (sampling point 
2, see Fig. 2) by the flowmeter, based on the ultrasonic 
transit-time differential technique. To measure the oxy-
gen proportion in the exhaust gas, the λ-sensor was ap-
plied in the exhaust gas pipe. Due to the composition of 
wood gas, a calibration factor determined on the engine 
test bench was used to calculate the actual relative air 
fuel ratio (λ). The mass flow of wood gas (ṁFuel) is calcu-
lated according to equation (7) [18]:

The air required for complete combustion of wood gas, 
i.e., the stoichiometric air/fuel ration (Amin), is determined 
by solving the elementary combustion reactions for each 
combustible component as stated in [19]: 

The composition of raw exhaust gas was measured con-
tinuously, whereby the volumetric concentration of CO, 
CO2, O2, and NO were logged. The exhaust gas was col-
lected on the sampling point 3 (see Fig. 2) for the ana-
lysis.
The wgCHP engine was operated lightly leaner than 
stoichiometric, at the highest possible load and constant 
engine speed during the conducted measurements. The-
reby, the spark advance variations on the maximum load 
at constant engine speed have been performed. The gas 
analysis was conducted for 30 minutes. During the gas 
analysis, the engine cylinder pressure was indicated in 
200 consecutive cycles for several times. Thereby the 
measurements occurred in the middle engine cylinder. 
The operating parameters of the gasification process have 
not been changed in the framework of this investigation.

3.2 Setup of Engine Test Bench with Gas Mixer

The test bench architecture and methodology is adop-
ted from [20] and modified for the investigation of the 
wgCHP engine and operation with mixed wood gas. The 
in-line gas engine has been modified to operate as a sing-
le-cylinder engine, as presented in Fig. 6. 
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Figure 6: Schematic view of the adapted single-cylinder 
engine equipped with measurement instruments at the 
engine test bench

The high demand of the gas components makes sing-
le-cylinder operation reasonable since the investigation 
focuses on combustion process development. Only cylin-
der one is fired; the other three are deactivated by separa-
ted intake and exhaust manifolds. The fired one is equip-
ped with a cooled piezoresistive pressure transducer 
(quartz) for cylinder pressure measurement. The intake 
and exhaust pipes of the fired cylinder are equipped with 
thermocouples, pressure gauges, and piezoelectric pres-
sure transducers. The mixed wood gas is injected into 
the intake pipe, whereby the air mass flow and the intake 
pressure are controlled by an air throttle valve. Further, 
air mass flow (ṁAir) for the engine operation is measured 
at the intake of air supply pipe. For gas analysis, sam-
pling points in intake and exhaust pipes are adapted. The 
composition of raw exhaust gas is measured continuous-
ly based on the infra-red principle (CO and CO2), para-
magnetic principle (O2), as well as by flame ionization 
detector (CH4) and chemiluminescence analyzer for ni-
tric oxide (NO) and nitrogen dioxide (NO2). NO and NO2 
are usually grouped together as nitrogen oxides (NOX) 
[21]. Additionally, a pipe that connects the exhaust and 
intake manifold for exhaust gas recycled (EGR) was de-
signed. The EGR mass flow is controlled by an electrical-
ly adjustable EGR valve. To obtain it, the CO2 volumetric 
fraction is also measured in the intake pipe based on the 
infra-red principle. The test bench automation system 
comprises the engine control (by wgCHP engine control 
unit) and data acquisition. Engine indicating occurs by 
AVL Indicom.
Due to the long warm-up phase, as well as the high vo-
latile gas composition, utilizing a gasifier for the engine 
test bench is not suitable. Instead, a gas mixer for the 
supply of wood gas composition has been developed 
for laboratory experiments. As schematically presented 
in Fig. 7, the gas mixer consists of controlling software 
and hardware components. The calculation and control 
of the mixing process are based on the required wood gas 
composition and mass flow. The hardware involves mass 
flow sensors, solenoid valve coils, and gas analyzer. The 
gas mixing process occurs in the engine intake manifold, 

whereby each individual component of the gas mixture 
can be injected with a defined mass flow. The single gas 
components are supplied from the gas pressure cylinders 
(combustible gases and part of inert gases) and recycled 
from exhaust gas (water vapor and part of other inert gas 
components). Thereby, the mass flow of EGR (ṁEGR) is 
determined from the measured CO2 concentration in the 
fresh charge. With the information of exhaust gas com-
position, the mass flow of each component supplied from 
EGR can be calculated.

Figure 7: Schematic view of developed gas mixer for 
gas supply of test engine

For simplification of the mixed wood gas composition, 
volume fractions of higher HC compounds are substitut-
ed by an additional volume fraction of CH4 equivalent 
to the initial lower heating value (LHV). At the test en-
gine, λ is determined from the measured mass flow of 
each wood gas constitute (ṁFuel) and air (ṁAir) supplied 
to the engine according to equation (7). Thereby Amin is 
calculated by solving the elementary combustion reac-
tions for each combustible component. In addition, λ is 
also calculated from the measured exhaust gas and wood 
gas composition according to [22] and [23] to check the 
conformity of determined values.
The same operating points analyzed on the operating wg-
CHP engine are measured again on the engine test bench. 
The results are compared to validate the experimental 
approach and check the accordance between the wgCHP 
engine and the test engine. The measurements occurred 
at the defined constant load (intake manifold pressure), 
engine speed, gas composition, λ and temperature of the 
fresh charge corresponding to the conditions during wg-
CHP operation. 
In order to investigate the effects of wood gas compo-
sition on efficiency and exhaust gas emissions, the test 
engine is fuelled with different mixtures. These mix-
tures represent the possible wood gas composition that 
different concepts of biomass gasification could supply. 
Thereby, the H2 mole fraction in investigated mixtures 
is increased, and the fractions of other components are 
reduced, respectively. The measurements of engine op-
eration are carried out at several operating points, all de-
fined with a constant load (intake manifold pressure) and 
engine speed, which correspond to wgCHP operation. 
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Thereby, the parameter λ is varied. The engine spark tim-
ing for measured operating points is adjusted to give the 
maximum indicated mean effective pressure (imep) for a 
given engine operating parameters.

4. Results 

4.1 Wood Gas Analysis

Fig. 8 depicts measured wood gas composition during 
the online gas analysis at the wgCHP. N2 is not shown 
in the Fig.8. One can see that the volume fraction of the 
wood gas constitutes significantly fluctuates with time. 
The observed fluctuations seems to be characteristic for 
fixed bed gasifiers and have also been reported in [24]. 

 
Figure 8: Fluctuations of wood gas composition (dry) 
during online gas analysis 

The average wood gas composition is presented in  Fig. 
9. The highest volume fraction of the combustible com-
ponents in wood gas has CO, followed by H2 and CH4. 
The C2H4, C2H6, C3H8 have low volume fractions. The 
analyzed wood gas contains a high amount of inert ga-
ses CO2, N2, and H2O (the latest is not shown in Fig. 9). 
Besides, the wood gas contains tar compounds, S-com-
pounds, N-compounds, Cl-compounds, and dust. Alt-
hough they have adverse effects on the engine operation 
and exhaust gas after-treatment system, as reported in 
[25], they do not significantly influence the combustion 
process due to low content. Therefore, they are neglected 
for investigations on the engine test bench.

Figure 9: Wood gas composition (dry) at the wgCHP 

Respective to the volume fractions of combustible com-
ponents, CO and H2 have the highest contribution to the 
LHV of wood gas. Although the hydrocarbons are pre-
sent with a low amount, their contribution to the LHV 
of wood gas is significant (see Fig. 10). In addition, the 
stoichiometric air-fuel ratio is low due to the high content 
of inert gases in wood gas composition. Therefore, a high 
mass flow of wood gas compared to the mass flow of air 
is needed for the engine operation.

Figure 10: Contribution of wood gas constitutes to the 
LHV

The results obtained during the online gas analysis show 
that the gas composition fluctuated over the time of 
measurements. Due to the observed fluctuations of gas 
composition, an engine test bench with precisely adjus-
table operating conditions and gas composition offers a 
viable solution for investigating combustion and engine 
development. The results gathered during the measure-
ments of the operating wgCHP present a data basis for 
validation of the developed test engine.

4.2 Comparison of wgCHP Engine and Test Engine 
Operation

The results of the measurements of the wgCHP engine 
and the single-cylinder test engine are compared to va-
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lidate the operation of the developed single-cylinder test 
engine and gas mixer. The measurements on the engine 
test bench occurred at the same operating conditions as 
on the wgCHP engine – constant load (intake manifold 
pressure), engine speed, fresh charge composition, as 
well as the pressure level and temperature of the fresh 
charge. Thereby, the spark advance variations were per-
formed. The focus of comparison is placed on the com-
bustion process and exhaust gas emissions. 

Combustion Process 
Fig. 11 shows the indicated mean effective pressure 
(imep), as well as the coefficient of variance (COVimep), 
measured at the engine test bench and on the operating 
wgCHP engine. It can be seen that the observed data 
are in good agreement over the investigated operating 
points. The shaded area presents the spark timing, which 
gives the maximum imep in the absence of irregular 
combustion phenomena. Since only indicated values are 
observed, the spark timing that gives maximum imep is 
considered as optimal in the framework of this study. 
According to [21], this timing also gives the minimum 
specific fuel consumption. As spark was advanced from 
optimal settings, imep slightly decreased; as the spark 
was retarded from optimal settings, the imep decreased. 
Considering the combustion stability, the COVimep increa-
sed exponentially, as the spark was retarded from initially 
advanced timing. 

Figure 11: Combustion process of wood gas engines – 
indicated mean effective pressure (imep, on the top), 
coefficient of variance (COVimep, on the bottom)

Fig. 12 shows the combustion duration (MFB 5-90%), 
ignition delay, and center of combustion (MFB50%) 

measured at the engine test bench and on the operating 
wgCHP engine. The combustion duration linearly in-
creased as the spark was retarded from initially advanced 
spark time. The center of combustion was linearly shifted 
toward the optimum and then further toward the TDC, as 
the spark was advanced from initially retarded settings. 
The ignition delay remained constant over the variations 
of spark advance since the composition of fresh charge 
was not changed during the conducted measurements. 

Figure 12: Combustion process of wood gas engines – 
combustion duration (MFB5-90%, on the top), ignition 
delay (middle) and combustion center (on the bottom)
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Figure 13: Combustion process of wood gas engines – 
exhaust gas temperature (Texhaust)

Fig. 13 shows the exhaust gas temperature (Texhaust) mea-
sured at the engine test bench and the operating wgCHP 
engine. As the spark was retarded from initially advanced 
settings, the exhaust temperature increased. That results 
in reduced engine efficiency and heat loss to the combus-
tion chamber [21]. 

Emissions
Fig. 14 shows the raw exhaust gas emissions of CO and NO 
measured at the engine test bench and the operating wgCHP 
engine. Due to the limitations of measurement instruments, 
the exhaust emissions of the wgCHP engine could not be 
measured over all operating points. However, it can be seen 
that the CO and NO linearly increased as the spark was ad-
vanced from initially retarded settings. The increase in CO is 
less intensive than in NO over investigated operating points 
for both engines. Retarding of the spark from the initially 
advanced settings reduces the peak cylinder pressure and 
temperature, and thereby hinders the NO formation. This ap-
proach could sometimes be used for NOX emission control 
[21]. Further, high cylinder pressures during advanced spark 
are favorable for filling the crevice volumes with an unbur-
ned mixture that does not participate in the combustion pro-
cess and contributes to a slight increase of the CO emissions.

Discussion
The same trends observed in both engines proved the ac-
cordance of single-cylinder engine operation on the test 
bench with wgCHP engine operation. Minor discrepan-
cies in results could be attributed to fluctuations of wood 
gas composition supplied by the gasifier (see Fig. 8). For 
example, an alteration of gas composition during log-
ging of 200 consecutive engine cycles could significantly 
affect cylinder pressure measurements and combustion 
analysis results. In addition, the exhaust gas emissions 
could be affected in the same way. On the engine test 
bench, the operating conditions were held constant du-
ring the conducted measurements. Furthermore, the ob-
served long combustion duration and ignition delay indi-
cated that the combustion process occurred moderately 
and negatively affected the engine efficiency.

Figure 14: Raw exhaust gas emissions of wood gas 
engines – carbon monoxide (CO, on the top) and nitric 
oxide (NO, on the bottom)

4.3 Effects of H2 in Wood Gas Composition on Engine 
Efficiency and Emissions

The engine operation with different wood gas mixtures 
was investigated on the engine test bench. For this pur-
pose, the percentage of H2 in gas mixtures was increased, 
whereby the percentage of other components was redu-
ced respectively. These mixtures represent the possible 
wood gas composition supplied from different gasifica-
tion concepts. Thereby, the effects of H2O content were 
not investigated in the scope of this research work. The 
composition and properties of wood gas mixtures are lis-
ted in Table 1.

Table 1: Composition and properties of wood gas 
mixtures for investigation on the engine test bench 

Mixture 1 Mixture 2 Mixture 3
CO [%vol.dry] 24 21 18
CO2 [%vol.dry] 9 8 7
CH4 [%vol.dry] 5 5 4
H2 [%vol.dry] 14 25 35
N2 [%vol.dry] 48 41 36
LHV [kJ/kg] 5,7 7 8,6
Amin [kg/kg] 1,6 2 2,4

Fig. 15 shows that the combustion occurs faster and igni-
tion delay is reduced as the H2 percentage in mixture was 
higher over measured operating points. Correspondingly, 
the spark timing was also set closer to the TDC during 
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engine operation with hydrogen rich mixtures in order to 
get the maximum imep for a given engine operating pa-
rameters. Thereby, the COVimep during engine operation 
with hydrogen rich mixtures increases less intensive with 
increasing λ, indicating higher combustion stability. This 
trend is significant at very lean engine operation (see Fig. 
16).

Figure 15: Effects of H2 in wood gas on lean operation – 
combustion duration (MFB5-90%, on the top), ignition 
delay (middle) and spark timing (on the bottom) 

The achieved indicated engine efficiency (ηi) increased 
significantly as the H2 percentage in the wood gas mix-
tures was higher, especially in the lean operating points 
(see Fig. 16). As a result of H2 enrichment, the lean oper-
ation could be extended to over 30%. Irregular combus-
tion and self-ignition have not been observed during the 
investigation. 
The observed trends of CO and NOX are presented in 
Fig. 17. On the one hand, the CO emissions increased 
less intensive as the λ increased by engine operation with 
H2 rich wood gas mixtures. On the other hand, the NOX 
was higher at the engine operation with H2 rich mix-
tures. However, the NOX decreased intensively as the λ 

increased, and therefore, due to the extended lean opera-
tion, low NOX emissions at the operating points with high 
efficiency can be achieved.

Discussion
The lean engine operation can be extended for 30% with 
H2 rich wood gas mixtures. Due to the high laminar flame 
velocity of H2, stabile combustion of mixtures with high-
er dilution is possible. In addition, the combustion oc-
curs faster as the percentage of H2 in mixtures is higher 
over the measured point in the lean operation. As a result, 
higher ηi can be achieved. Moreover, reduced share of the 
unburned fuel (CO, CxHy and H2 from wood gas) over the 
measured operating points in lean operation indicate the 
increase of combustion efficiency as the H2 percentage in 
gas mixtures is increased. Further, higher NOx emissions 
were observed at engine operation with H2 rich gas mix-
tures over the measured points. As the H2 favors the com-
bustion process, higher combustion temperatures could 
be reached. Since NOX formation is mainly driven by 
the peak temperature, the NOX emissions increased as its 
percentage in wood gas mixtures was higher. However, 
the NOX decreased, as engine was operated leaner. Thus, 
the lean operation can be considered as the approach for 
reducing NOX emissions.

Figure 16: Effects of H2 in wood gas on lean operation – 
coefficient of variance (COVimep), and indicated efficien-
cy (ηi) 
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Figure 17: Effects of H2 in wood gas on lean operation – 
exhaust gas emissions 

5. Summary and Outlook

Summary
This paper presents the methodology for investigating 
the GLOCK wgCHP and the wood gas engine on an en-
gine test bench at IFA-TU Wien. In addition, engine ope-
ration with different wood gas mixtures was investigated. 
The operating wgCHP plant has been equipped with 
measurement instruments for investigations of engine 
operation and gas analysis. In addition, a wgCHP engine 
on the engine test bench has been modified to operate 
as a single-cylinder engine and equipped with measur-
ing instruments as well. For the supply of the test engine 
with mixed wood gas, a gas mixer has been developed. 
The gas mixer enables the supply of different wood gas 
mixtures with high accuracy.
The conducted gas analysis on the operating wgCHP 
shows that wood gas composition fluctuates over time 
due to complex processes within the gasifier. The pro-
duced wood gas contains a high amount of inert gases 
N2 and CO2. The highest volume fraction of the combus-
tible components has CO, followed by H2 and CxHy. The 
results obtained during the investigations of operating 
wgCHP present a data basis for investigations on the test 
engine. Due to the observed fluctuations in gas compo-
sitions, an engine test bench with precisely adjustable 
operating conditions and gas composition offers a viable 
solution for investigating the combustion process and en-
gine development. 
By comparing the wgCHP engine and test engine oper-
ation, the same trends in imep, COVimep, combustion 
duration, ignition delay, exhaust temperature, and CO 
and NO emissions are observed in both engines. These 

results prove the accordance of the wgCHP engine and 
single-cylinder engine operation on the test bench. Minor 
discrepancies observed between several measurements 
could be attributed to the fluctuations of wood gas com-
position on the operating wgCHP. The observed combus-
tion duration and ignition delay indicate that the com-
bustion process occurs moderately and negatively affects 
engine efficiency.
In order to investigate the effects of different wood gas 
compositions on the engine operation, experiments have 
been conducted on the engine test bench. For this pur-
pose, the percentage of H2 in the investigated wood gas 
mixtures was increased, and the percentage of other com-
ponents was decreased respectively. Over the investigat-
ed lean engine operating points, higher efficiency was 
achieved by utilizing hydrogen rich wood gas mixtures. 
Due to the high laminar flame velocity of H2, faster and 
stabile combustion of mixtures with higher dilution was 
possible. Moreover, reduced share of the unburned fuel 
(CO, CxHy and H2 from wood gas) over the measured op-
erating points in lean operation indicate the increase of 
combustion efficiency as the H2 percentage in gas mix-
tures has been increased. Higher NOX emissions over the 
measured points were achieved at engine operation with 
hydrogen rich gas mixtures due to higher combustion 
temperatures. As the dilution of the combustible mix-
ture was higher (high λ), NOX emissions significantly 
decreased. 
The results in this paper demonstrate the potential for 
improvement of the combustion process within the 
wood gas engines. Furthermore, the accordance of the 
developed test engine with the wgCHP engine has been 
proved. With the presented methodology and developed 
hardware, different engine operating strategies and mod-
ern engine technology can be investigated further.

Outlook
The activities within the project go beyond the inves-
tigations presented in this paper. A joint experimental 
approach to optimize the engine operation for wood gas 
can be defined based on conducted measurements. An 
optimal engine design, coupled with modern technology, 
would ensure the lowest possible exhaust emissions and 
high durability with maximized electrical efficiency un-
der given conditions. In particular, optimizing the com-
bustion chamber for high charge motion could reduce 
combustion duration and improve combustion stability 
even at lean operation. 
A possible approach to increasing the power output 
and overcoming the adverse effects of lean operation 
would be applying a turbocharger. In that way, the ef-
ficiency could benefit even more from exhaust heat 
recovery and extreme lean operation. However, more 
effort is needed to overcome the adverse effects of 
tars and other condensables in wood gas composition. 
Besides the measures, such as cleaning of wood gas, 
maintaining the gasification parameters, or utilizing 
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higher quality wood, a modification of mixture for-
mation could contribute to avoiding tar condensation 
within the system. 
Further, an adaptive combustion control would ensure 
optimal engine operation despite permanent fluctuations 
of wood gas composition. In that way, possible irregular 
combustion and knock would be avoided.

6. Nomenclature

Amin = stoichiometric air/fuel ration
COVimep = coefficient of variation (COV) in indicated 
mean effective pressure
EU = European Union
FFG = Die Österreichische Forschungsförderungsgesell-
schaft (eng. The Austrian Research Promotion Agency)
EGR = exhaust gas recycled
GHG = greenhouse gas
GC = gas chromatograph
HC = hydrocarbon
IFA = Institut für Fahrzeugantriebe und Automobiltech-
nik (eng. Institute of Powertrains and Automotive Tech-
nology)
imep = indicated mean effective pressure
LHV = lower heating value
ṁAir = air mass flow
ṁEGR = mass flow of EGR
ṁFuel = fuel mass flow
MS = mass spectrometer
MFB5-90% = combustion duration
MFB50% = center of combustion
Pel = electric power
SI = spark ignition
TDC = top dead center
Texhaust = temperature of exhaust gas
ΔHR = reaction enthalpy
ɛ = compression ratio
λ = relative air fuel ratio
ηi = indicated engine efficiency
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Summary

This study deals with the thermodynamic potential of an oxygen-containing fuel in a compression ignition (CI) engine. 
To fulfill future CO2-fleet-emission targets with conventional powertrains in the EU, besides an increasing amount of 
hybridization of the powertrain also the efficiency of the internal combustion engine itself must be optimized. Thus, 
this work in hand pursues the approach to reduce CO2 emissions by using a 100% renewable fuel on the one hand, and 
to exploit specific engine hardware adaptations enabled by this fuel to further increase the engine efficiency and reduce 
emissions. Therefore a trinary blend (HVO, ethers and alcohol) with an oxygen content of about 10%, which fulfills  
EN 590 and RED-II legislation, was tested thoroughly on a CI single cylinder research engine (SCRE). The oxygen-con-
tent of the fuel leads to a significant smoke reduction and thus a drastically improved NOx-smoke trade-off compared to 
conventional diesel. It is shown that this advantage can be successfully converted into an improved engine efficiency by 
applying a distinct increase of compression ratio (CR) with a redesigned combustion chamber and adapted combustion 
process. Furthermore, the impact of this sustainable fuel on a EU7 capable exhaust aftertreatment system (EAS) was 
investigated on a four-cylinder CI engine in different driving cycles.

1. Introduction

The decreasing CO2-fleet-emission targets in the EU are 
a major challenge for all car manufacturers. The large 
share of newly registered cars with a conventional drive-
train still underlines the importance of a high powertrain 
efficiency with gasoline and diesel engines. Besides the 
amount of hybridization, the combustion efficiency must 
be increased to fulfill future CO2 targets, as well. Thus, 
this work in hand pursues two approaches: The use of a 
renewable fuel with a lower CO2 potential and fuel-speci-
fic engine hardware adaption for efficiency improvement.
As shown in Fig. 1, a typical C-class passenger car (PC) 
in the WLTC needs a cycle-averaged effective efficiency 

of about 36% with conventional diesel fuel to fulfill the 
CO2 target with the given average vehicle mass in 2020. 
In order to meet the CO2 legislation in 2030 with the 
same drivetrain efficiency, a fuel with a lower CO2 factor 
must be used (1). The second option (2) to accomplish 
the target in 2030 with a conventional drivetrain would 
require a significant increase of the efficiency. 
However, since these high drivetrain efficiency values 
are still unrealistic, this research work strives for combi-
ning the two described possibilities to achieve a signifi-
cant CO2 reduction.
Fig. 2 illustrates the CO2 reduction potential of diffe-
rent fuels compared to conventional diesel fuel on the 
basis of the physical properties without consideration of 
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production. Especially short-chain alkanes and alcohols 
have an appreciable potential. In contrast, oxymethylene 
ethers (OME) worsen this fuel parameter. This diagram 
suggests the conclusion that the CO2 factor of a fuel can 
be significantly reduced by choosing the right blend com-
ponents.

Fig. 1: Dependence of WLTC averaged drivetrain effi-
ciency on the CO2 factor of the fuel

Fig. 2: Relative theoretical CO2 potential of different 
hydrocarbons compared to conventional diesel fuel

2. Methodology

2.1 Fuel definition

Based on findings from the literature [1-3], which report 
a significant smoke reduction due to the oxygen-content 
in the fuel, a sustainable blend was defined. In order to 
ensure fleet compatibility and to fulfill future fuel legis-
lation, this trinary blend meets the EN 590 [4] and the 
Renewable Energy Directive II (RED-II) legislation [5]. 

Fig. 3: Composition of Blend-3

This “Blend-3” called test fuel consists of hydrogenated 
vegetable oil (HVO), ethers and alcohols, which are 100% 
renewable components. Due to the RED-II legislation, 
which assigns HVO as a blend component of greater im-
portance in the future, Blend-3 has a great share of HVO. 
The other two components (1-Octanol and OME2-5) are 
mainly added for their purpose as oxygen-carriers.
Fig. 3 depicts the three-component system of Blend-3 
and the blending limits due to the EN 590 legislation. 
Especially the narrow density limitations only allow a 
low admixing of the used OME mix. The minimum ce-
tane number limits the share of 1-Octanol (1-Oct.). The 
maximum decrease of the volumetric lower heating value 
was defined with about 10% and the minimum oxygen 
content with 10%. Therefore, Blend-3 consists out of 
58% HVO, 30% 1-Octanol and 12% OME2-5. The fuel 
data is stated in Table 2 (Appendix).
Fig. 4 displays the distillation curves of the used com-
mercial diesel fuel, Blend-3 and the limits of EN 590. 
The lower boiling points, respectively boiling ranges of 
the blend components of Blend-3, lead to a lower dis-
tillation curve, which nevertheless fulfills the distillation 
limits of the EN 590.

Fig. 4: Distillation curves and EN 590 limits
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2.2 Test methodology

Fig. 5 shows the comprehensive test methodology for the 
investigations with Blend-3 in a CI engine. Starting with 
the thermodynamics, the emission behavior of this fuel 
blend was researched with a state-of-the-art SCRE. 

Fig. 5: Methodological approach of the investigations 
with Blend-3

Subsequently, the CR was increased in order to improve 
the combustion effi ciency. Based on the afore optimized 
stepped-lip piston bowl with a CR of 15.5 a new com-
bustion chamber for a CR of 20.6 was developed with a 
smaller bowl volume.  In an upfront carried out 1d engine 
cycle simulation this CR was found for an engine of this 
cylinder size to be the most advantageous compromise 
between effi ciency improvement and keeping maximum 
cylinder pressures within a reasonable limit of 200bar, 
assuming a similar heat release.
For the purpose of an analysis of the combustion process 
when using this renewable fuel blend, the experimental 
results were analyzed with a 0d engine cycle analysis.
In order to investigate the effects of Blend-3 on tailpipe 
emissions using a cutting-edge exhaust aftertreatment sys-
tem (EAS) series-relevant approval cycles, such as  World-
wide Harmonized Light Vehicles Test Cycles (WLTC), 
were carried out using a 2.0l multi-cylinder CI engine.

Fig. 6: Schematic of the SCRE measurement setup [6]

The major part of the experimental investigations was 
carried out on a SCRE, which is schematically shown 
in Fig. 6. The engine design allows maximum fl exibility 
with regards to hardware modifi cations. The swept volu-

me of 0.5l is very common in PC CI engines. In combi-
nation with the latest fuel injection equipment and the 
modern piston bowl design this combustion hardware 
guarantees series-relevant research results. 
The technical data of the SCRE is stated in Table 1.

Table 1: SCRE specifi cation [6]

Type AVL 5402

Bore 85mm

Stroke 90mm

Displacement 511cm³

Compression ratio 15.5

Number of valves 4

Max. cyl. pressure 200bar

Max. speed 4200min-1

Technology

Common-rail injection system

Bosch CP4.1 fuel pump

Bosch CRI 2-25 injector

Stepped-lip piston bowl

HP-EGR (cooled, with bypass)

Variable swirl system

The wall heat loss QW is a signifi cant effi ciency loss in 
an internal combustion engine. As shown in the fi rst law 
inner gas work and thus is a relevant optimization para-
meter of a combustion system. 

Eq. 1: First law of thermodynamics for an instationary 
and open system

As depicted in Fig. 7, the wall heat loss is split up into 
three parts according to the combustion chamber walls. 
The piston cooling, which dissipates the main part of the 
wall heat loss via the piston, was used to measure an indi-
cator of the overall wall heat loss. The temperature differ-
ence between the in- and the outfl ow of the piston cooling 
ΔTOIL is proportional to the heat fl ux, as Eq. 2 illustrates.
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Fig. 7: Thermal energies and enthalpies in a combustion 
chamber according to Eq. 1

Eq. 2: Heat fl ux in the piston cooling gallery

Fig. 8: Schematic of the piston cooling temperature 
measurement

As shown in Fig. 8, the in- and the outfl ow oil tempera-
tures of the piston cooling gallery were measured. The 
conventional piston cooling jet was equipped with a 
thermocouple. In order to measure the temperature in the 
outfl ow TOIL,OUT a small tube was modifi ed to collect the 
oil from the return-fl ow. Together with the temperature 
in the infl ow TOIL,IN  the temperature difference between 
these two temperatures ΔTOIL, can be calculated.
In order to cover a whole engine map with a few sta-
tionary load points in the best possible way, two rele-
vant driving cycles for PCs with different vehicle mass 
were simulated with AVL-CRUISETM, as shown in Fig. 
9. For investigations in low engine load the load point 
2000rpm and a break mean effective pressure (BMEP) 
of 6bar was chosen, which corresponds to an indicated 
mean effective pressure (IMEP) of 6.7bar (2000/6.7bar) 
in the referenced four-cylinder engine, stated in Table 4. 

The total injection quantity in this load point with single 
pilot injection was 19mg, from which 18mg were used 
for the main injection.

Fig. 9: Overview of the investigated load points

Investigations in high engine load were carried out at 
the same engine speed and a BMEP of 16bar, which 
requires an IMEP of 17.2bar (2000/17.2bar).  The en-
gine sweet spot with lowest BSFC in the engine map 
was predicted to be at 2250rpm and an IMEP of 19bar 
(2250/19bar) which results in a BMEP of 18bar presu-
ming an engine friction reduction down to 1bar in this 
load point.

Fig. 10: Distribution of carbonyls in a Diesel exhaust gas [7]

In order to take account of future emission legislation, 
the emission behavior of non-limited emissions such as 
carbonyls was investigated as well. Formaldehyde (FA) 
and Acetaldehyde (AD), which together account for a 
share of nearly 90%, were measured (Fig. 10).
In the following results the respective injection strategy 
is shown in the upper right corner of the diagram by open 
triangles representing the main- as well as the applied 
number of pilot injection events (e.g.^^^)

3. Results

3.1 Thermodynamics

Fig. 11 shows the comparison of the analyzed combus-
tion parameters using a single injection and no EGR with 
the researched fuels at constant center of mass fraction 
burned (MFB50) at an engine speed of 2000rpm and an 
injection quantity of 18mg (2000/18mg).
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The higher cetane number of Blend-3 leads to a shorter 
ignition delay, resulting in an earlier rise of the rate of 
heat release (ROHR). It is assumed, that the oxygen con-
tent of Blend-3 is responsible for the shorter combustion 
duration. As a consequence, the degree of constant vo-
lume (ηCV) of the combustion with Blend-3 rises. The  
oxygen content in the fuel lowers the lower heating value 
(LHV). Therefore, these measurement results compare diffe-
rent chemical energies injected into the combustion chamber.

Fig. 11: Combustion parameters of the main injection 
without EGR

Fig. 12: Combustion analysis of a single injection wit-
hout EGR

The shorter ignition delay of Blend-3 also causes a lo-
wer initial combustion rate compared to Diesel-B7, as 
Fig. 12 illustrates. The different nitrogen oxide (NOx) 
engine-out emissions and IMEPs are a result of the dif-
ferent LHVs.

Fig. 13: Loss analyses of the single injections without 
EGR

The loss analyses in Fig. 13 depict the efficiency losses 
of the engine operated with the two fuels at a constant gas 
exchange. The higher excess air ratio (EAR) due to the 
higher oxygen content in the Blend-3 fuel leads to a hig-
her efficiency of the standard air fuel cycle (AFC) with 
real charge. The loss due to incomplete combustion (IC) 
is negligible.  The shorter combustion duration and the-
refore high degree of constant volume combustion leads 
to a lower loss due to real combustion (RC). Despite the 
higher EAR, the combustion of the trinary blend causes 
a higher wall heat loss. This result may have several cau-
ses. Both, the lower engine load with Blend-3 and a hig-
her combustion temperature, may cause this higher effi-
ciency loss. The gas exchange loss increases due to the 
measurement at constant pumping mean effective pres-
sure (PMEP). Hence, at constant injection quantity the 
indicated efficiencies of the compared fuels are the same.

Fig. 14: Combustion parameters in the sweet spot wit-
hout EGR

In the sweet spot of the engine, which was found at 
2250/19bar, the indicated efficiency decreases with 
Blend-3, as shown in Fig. 14. The longer injection du-
ration required to compensate the lower LHV and higher 
wall heat losses are the reason. In contrast to the findings 
in Fig. 11, the ignition delays and combustion durations 
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are about the same at this high load point. Due to the high 
rail pressure of 2000bar, the influence of the fuel parame-
ters on the ignition process becomes secondary. 
The oil temperature measurement in the in- and outflow 
of the piston cooling could confirm the higher wall heat 
loss with Blend-3. As illustrated in Fig. 15, a significant 
change of the oil temperature difference over the piston 
in the sweet spot was measured. 

Fig. 15: Oil temperature measurement of the piston 
cooling in the sweet spot without EGR

3.2 Emission behavior

In addition to thermodynamics, the emphasis of the in-
vestigations with Blend-3 was laid on the emission be-
havior. Fig. 16 shows the combustion parameters of an 
EGR sweep at the selected low load point at constant 
IMEP and constant PMEP. As a consequence of the hig-
her EAR and the shorter combustion duration, the trina-
ry blend has a slightly higher indicated efficiency and a 
lower exhaust gas temperature. Similar to the findings in 
Fig. 11, Blend-3 has a shorter ignition delay, which beco-
mes more pronounced at high EGR rates. 
As shown in Fig. 17, the trinary blend reduces the ex-
haust emissions significantly. As a result of the higher 
engine efficiency and the lower CO2 factor, the CO2 
emissions are reduced due to the use of Blend-3. Furt-
hermore, the oxygen content of this blend causes a more 
complete combustion and therefore lower carbon mono-
xide (CO) and lower smoke emissions. Hence, the NOx-
smoke trade-off is significantly improved. As a result of 
the higher cetane number and the shorter ignition delay, 
the combustion noise level (CNL) is improved as well. 
With Blend-3 the FA emissions increase slightly, but due 
to the low level the FA emissions are negligible.
In the high load point without EGR the use of Blend-3 
causes no significant change in the indicated efficiency, 
which is illustrated in Fig. 18. At high EGR rates, hence 
low NOx emissions, the more complete combustion with 
the sustainable blend results in a higher efficiency. Com-
pared to the low load point in Fig. 16, the differences in 
ignition delay and combustion duration become smaller 
due to the higher rail pressure. In line with the previous 
results, Blend-3 improves the emission behavior in the 
high load point as well, as can be seen in Fig. 19. Even 

in those conditions, when the indicated engine efficiency 
is lower, the CO2 emissions are still reduced due to the 
better CO2 factor of the Blend-3 fuel. Furthermore, the 
NOx-smoke trade-off is slightly improved and 

Fig. 16: Combustion parameters of the EGR sweep in a 
low load point

Fig. 17: Emission behavior of the EGR sweep in a low 
load point
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lower smoke- and/or NOx emissions could be achieved. 
The CO emissions and the CNL are about the same. 
Again, the use of Blend-3 leads to a slight negligible 
increase of the FA emissions. The significant improve-
ments found in the NOx-smoke trade-off leading to very 
low smoke levels enable as a next step the increase of the 
compression ratio (CR). This measure is a well-known 
way to improve the engine efficiency, however,

Fig. 18: Combustion parameters of the EGR sweep in a 
high load point

Fig. 19: Emission behavior of the EGR sweep in a high 
load point

a high CR also deteriorates on the other hand the NOx-
smoke trade-off [5, 6].

3.3 Increase of the CR

Fig. 20: Loss analyses of different compression ratios 
without EGR

Fig. 20 illustrates the loss analyses of the different CRs 
at constant EAR. The increase of the CR causes a higher 
efficiency of the AFC with real charge. As a consequence 
of the higher pressure at the end of the compression stro-
ke and therefore shorter ignition delay, the combustion 
duration increases and deteriorates the real combustion 
loss. The higher pressure level during the combustion 
leads also to a higher wall heat loss. But due to the cons-
tant PMEP the gas exchange loss decreases with increa-
sed CR. Consequently, as a sum of these effects, a higher 
CR improves the indicated efficiency.
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Fig. 21: Comparison of different CRs in a low load 
point

Fig. 21 depicts the EGR-sweep results with an increased 
CR with Diesel-B7 and Blend-3 in the low load point. In 
order to compensate the lower LHV of Blend-3 on the 
one hand, but also to take advantage of shortening the 
combustion duration to further improve efficiency at hig-
her loads, the related test runs with Blend-3 were carried 
out with an injector nozzle having a 45% increased hy-
draulic flow rate, which is stated in Table 3. 
With conventional diesel fuel the higher CR leads to a 
higher indicated engine efficiency due to the higher ef-
ficiency of the AFC and therefore a lower exhaust gas 
temperature. The shorter ignition delay due to the higher 
pressure at the end of the compression stroke causes a 
worsened initial fuel preparation and hence higher smo-
ke emissions. Likewise, the shorter free fuel jet length 
deteriorates the mixture preparation as well. This is also 
reflected by the increase of the CO emissions, which are 
an indicator of an incomplete combustion. 
Compared to the results with Diesel-B7, Blend-3 increa-
ses the indicated engine efficiency further due to the hig-
her EAR and improved combustion. The oxygen content 
improves the NOx-smoke trade-off significantly. With 
Blend-3 and the high CR the trade-off in this low load 
point nearly meets the one achieved with Diesel-B7 and 
the lower CR, while the indicated efficiency is apprecia-
bly increased.

Fig. 22: Comparison of different CRs in a high load 
point

As shown in Fig. 22, an increase of the CR with diesel 
fuel leads to the same effects in high load as in low load, 
namely a higher engine efficiency, the deterioration of 
the NOx-smoke trade-off, a decreased exhaust gas tempe-
rature and higher CO emissions.  The use of Blend-3 in 
combination with a high CR and a high flow injector at 
this high load point could even improve the NOx-smoke 
trade-off compared to Diesel-B7 with the low CR. 
The key-outcome shown in these two diagrams is, that 
Blend-3 enables adaptations to the combustion system, 
such as the increase of the CR and the increase of the 
injector flow rate, resulting in a higher indicated efficien-
cy at approximately the same NOx-smoke trade-off to be 
expected in the entire engine map.
In addition to the emission behavior, the effect of the in-
creased CR on the sweet spot with the lowest fuel con-
sumption in the engine map was investigated. 
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Fig. 23: Comparison of different CRs and fuels in the 
sweet spot

Fig. 23 shows the efficiency increase with the higher CR. 
The MFB50 needed to be retarded in order not to exceed 
maximum cylinder pressure. The higher cylinder pres-
sure level and thus shorter ignition delay lead to a lon-
ger burning duration with diesel fuel. Blend-3 in combi-
nation with Inj. 2 increases the indicated efficiency due 
to the higher hydraulic injector flow rate and therefore 
shorter combustion duration. Furthermore, the influence 
of the higher cetane number of the trinary blend can be 
found as well. 

3.4 Driving cycles

In order to compare the alternative blend with conven-
tional diesel fuel in a dynamic, series-relevant approval 
cycle, WLTCs were carried out with a four-cylinder CI 
engine, whose technical data is stated in Table 4. 

Fig. 24: Emulated WLTC with the EAS architecture

The test cycle as well as the used EU7-capable EAS are 
illustrated in Fig. 24. To comply with the required nit-

rogen oxide emission legislation limit in all driving si-
tuations, an electrically heated catalyst (EHC), located 
in front of the diesel oxidation catalyst, is used in ad-
dition to the loading-based SCR double dosing system. 
The required heating energy is recovered via load point 
shifting. Any possible NH3 slip is oxidized by the am-
monia slip catalyst at the end of the whole exhaust gas 
aftertreatment system.
To be able to run the test cycles on a dynamic test bench, 
the dynamic behavior of a PC was needed to be emu-
lated. Therefore with a longitudinal dynamic simulation 
the target torque curve of a heavy Sport Utility Vehicle 
(SUV), which is among the most demanding applications 
for a 2.0l four-cylinder engine in terms of engine-emis-
sion, was determined and used on the test bench.
In order to counteract an undesirable shift of the engine 
operating point in the engine control unit maps due to 
the lower LHV of Blend-3 and therefore higher injection 
quantity, the engine maps were adapted to assure similar 
calibration settings.

Fig. 25: Comparison of the EO emissions in the WLTC

 
Fig. 26: Comparison of the TP emissions in the WLTC

Fig. 25 depicts the different engine-out (EO) emissions 
in the WLTC with the investigated fuels. Also in the cu-
mulative cycle emissions it is obvious, that the oxygen 
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content in the trinary blend causes a more complete com-
bustion and thus significantly lower soot, CO, hydrocar-
bon (HC) and CH4 emissions at approximately the same 
engine-out NOx emissions.
As shown in Fig. 26, also the measured tailpipe (TP) 
emissions are reduced due to the use of Blend-3. 
As a consequence of the lower CO2 factor of the trinary 
blend, the CO2 emissions are reduced despite a higher vo-
lumetric fuel consumption as a result of the lower LHV of 
Blend-3. Furthermore, the CO and HC emissions are re-
duced at very low NOx (TP) emissions of about 40mg/km.
The results achieved on the multi-cylinder engine along 
the WLTC cycle confirm all the main findings gathered 
during the SCRE tests and confirmed the flawless opera-
tion of the EAS also when using the sustainable Blend-3 
fuel.   

4. Conclusion and outlook

The present work investigates the effects of a trinary 
fuel blend, fulfilling EN 590 and RED-II legislation, on 
thermodynamics and on the emission behavior in a CI en-
gine of PC size. Since alternative fuels are able to make 
a major contribution to the decarbonization of transpor-
tation and moreover promote the achievement of the CO2 
targets car manufacturers have to fulfill, a trinary blend 
consisting of HVO, ethers and alcohols was defined.
This fuel blend was investigated in various test runs carried 
out on a state-of-the-art CI SCRE for steady state thermo-
dynamic and emission measurements. In addition WLTC 
driving cycles were carried out on a four-cylinder CI engine.
The oxygen content of about 10% leads to significant NOx-
smoke trade-off improvements at low as well as high engine 
loads and reduces unburned exhaust gas emission compo-
nents. Furthermore, the CNL is improved due to the higher 
cetane number. As a consequence of the oxygen content, the 
higher EAR and the shorter combustion duration improve 
the indicated engine efficiency at low load. At high load the 
efficiency only increases at higher EGR rates and thus low 
NOx emissions due to a more complete combustion. The 
applied temperature measurement equipment in the piston 
cooling flow indicated a higher wall heat loss with Blend-3 
and verified the result of the loss analysis.
The significant trade-off improvements enable adapta-
tions to the combustion system to further improve engine 
efficiency and reduce CO2 emissions.  It is shown that 
when increasing the CR in combination with an injector 
with a higher hydraulic flow rate to compensate the low-
er LHV and reduce the combustion duration, the trinary 
blend increases the indicated efficiency by about two 
percent points at approximately the same NOx-smoke 
trade-off (expected in the entire engine map) over a CI 
engine fueled with conventional diesel. Hence, the ox-
ygen content in the fuel, which basically reduces smoke 
emissions, was successfully used to increase the efficien-
cy via engine combustion hardware optimization.

In the WLTC Blend-3 nearly thirded the engine-out soot 
emissions at the same NOx emissions, which were at a 
low tailpipe level of about 40mg. Besides the lower HC 
and CO emissions, the CO2 emissions were decreased 
due to the lower CO2 factor of this renewable blend com-
pared to conventional diesel fuel.
Due to the high amount of OME in the fuel, it is assumed, 
that this fuel is not compatible with the current car fleet. 
Hardware adaption measures, especially sealing materi-
als of the fuel system, are necessary for the use of the 
trinary blend. 
Besides the afore shown tank-to-wheel considerations, 
a well-to-wheel analysis of this promising fuel will il-
lustrate the importance of the production process of the 
renewable blend components to reduce the total CO2 
emissions even further.
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6. Appendix

Table 2: Test fuel properties [6]
Fuel property Unit Diesel-B7 Blend-3
Cetane number – 42 61.5
Density (15°C) kg/m³ 838.7 824.7
LHV MJ/kg 42.66 38.72
H/C Ratio – 1.89 2.22
Stoichiometric Air 
Demand

kg/kg 14.52 12.99

Carbon content % 85.9 75.0
Hydrogen content % 13.6 14.0
Oxygen content % 0.9 10.7
Total aromatics 
content

% 19.9 0.2

Viscosity (40°C) mm²/s 2.80 2.58
Flash point °C 67 71
T10 °C 207.2 188.4
T50 °C 274.4 234.7
T90 °C 338.1 287.5
CO2 factor g/MJ 73.8 71.0

Table 3: Diesel injectors
Abbrevation Hole diameter Flow rate
Injector 1 108µm 620ml/min
Injector 2 130µm 900ml/min

Table 4: Four-cylinder engine specification
Bore 84mm
Stroke 90mm
Displacement 1995cm³
Compression ratio 16.5
Number of valves 4
Max. cyl. pressure 150bar
Rated speed 4000min-1

Technology

Common-rail injection system
Bosch CP4.1 fuel pump
Bosch CRI 2-20 injectors
VNT turbocharger
Variable oil pump
HP-EGR (cooled, with bypass)
SCR with double injection

7. Abbreviations, Symbols and Indices

AFC Standard air fuel cycle
ASC Ammonia slip catalyst
BMEP Break mean effective pressure
CNL Combustion noise level
CO Carbon monoxide
CO2 Carbon dioxide
CA Crank angle
CH4 Methane
CI Compression ignition
CR Compression ratio
CYL Cylinder
DIST Distillation
DOC Diesel oxidation catalyst
EAR Excess air ratio 
EAS Exhaust aftertreatment system
EGR Exhaust gas recirculation
EHC Electrically heated catalyst
EO Engine-out
HC Hydrocarbon
HP High-pressure
HVO Hydrated Vegetable Oil
ID Ignition delay
IMEP Indicated mean effective pressure
LHV Lower heating value
MCE Multi-cylinder engine
MFB Mass fraction burned
NOx Nitrogen oxide
OME Oxymethylene ethers
PC Passenger car
PMEP Pumping mean effective pressure
RED Renewable energy directive
RME Rapeseed methyl ester
ROHR Rate of heat release
SCR Selective catalytic reduction
SCRE Single cylinder research engine
sDPF SCR-coated diesel particulate filter
SN Smoke number
SUV Sports Utility Vehicle
TC Turbocharger
TP Tailpipe
UF Under-floor
VOL Volumetric
WLTC  Worldwide harmonized light vehicles test cycle
c Specific heat capacity
H, h Enthalpy

L
iz

en
zi

er
t f

ür
 T

ho
rs

te
n 

Jä
ni

sc
h 

am
 0

9.
06

.2
02

2 
um

 1
5:

10
 U

hr

Narr Francke Attempto Verlag GmbH + Co. KG



Thermodynamic Potential and Emission Characteristics of an Oxygen-containing Sustainable Fuel fulfilling EN 590 and REDII-standards

166 13th International Colloquium Fuels – September 2021 

m Mass
p Pressure
Q Energy
T Temperature
U Internal energy
W Work
ΔηIC Imperfect combustion loss
ΔηGE Gas exchange loss
ΔηRC Real combustion loss
ΔηWH Wall heat loss
η Efficiency
ηCV Degree of constant volume

χ Heat capacity ratio
λ Stoichiometric air to fuel ratio
μ Mass fraction
ρ Density
φ Angle
20 Charge air
21 Intake manifold
31 Engine-out
32 Damping vessel
e Effective
i Indicated
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Beyond GHG: Cradle-to-grave impact of renewable energy-
fuelled mobility on water consumption and eutrophication
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Summary

The study focuses on the environmental impacts of a selected number of vehicles and energy propulsions at horizon 2030, 
in particular water consumption and freshwater eutrophication. Greenhouse gas emissions are also analysed. Powertrains 
include conventional internal combustion engine vehicles, battery electric vehicles and fuel cell electric vehicles. For each 
powertrain type, renewable energy sources like biofuels and power-to-liquid fuels are compared to conventional sources 
like fossil fuels and the grid electricity mix. The differences found in the study show that both the manufacturing and use 
phase play an important role in the life cycle impacts. Electrified solutions show higher impacts during their manufactu-
ring stage, which are generally compensated by better engine efficiencies during their use phases, but under certain con-
ditions conventional thermal powertrains can achieve similar results, especially for greenhouse gas emissions and water 
consumption. The source of energy chosen for vehicle propulsion and PtL production is critical. The study also shows the 
substantial impact of materials on water consumption and eutrophication, in particular for battery electric vehicles. The 
study concludes that for light duty vehicles, multiple parameters and criteria should be used to provide an environmental 
impact assessment.

1. Introduction

In recent years, renewable energy-fuelled transport solu-
tions have increasingly gained attention because of their 
generally accepted potential to mitigate global warming. 
Liquid renewable fuels in particular are considered as a 
viable solution, as they can be used in the legacy fleet of 
road, air and marine transportation. In the particular case 
of drop-in liquid advanced fuels, they would also claim 
the advantage of minimizing the need of significant mo-
difications in the fuel supply chain or engine retro-fitting, 
making them an solution well-suited during the period of 
energy transition.
While the discussions about the main challenges for the 
adoption of these mobility solutions generally include 
the intermittency of renewable power, direct and indirect 
land use, the recognition of carbon sources as sustaina-
ble, and the guarantee of origins of the renewable ener-
gy used in their production, the question of water use by 
these alternative pathways is vital. Impacts on water re-
sources are present in critical steps such as electrolysis, 
battery and equipment manufacturing, agriculture and 
waste treatment processes. The present study addresses 
two main impacts affecting water bodies: The impact of 

water consumption and the eutrophication of freshwater. 
Both impact factors are assessed for a selected number of 
mobility solutions, including battery electric vehicles and 
internal combustion engine vehicles running on advan-
ced renewable drop-in fuels, such as second generation 
biofuels and power-to-liquid (PtL) fuels. Europe in 2030 
has been chosen as time and location reference for the 
manufacturing processes.
The analysis applies the principles of Life Cycle Assess-
ment (LCA) on a modelling platform built on software 
application GaBi (licenced by Sphera). This same plat-
form was used to carry out greenhouse gas (GHG) emis-
sion studies on vehicles in the past years [1] [2]. The pre-
sent study is the first published work focusing on water 
and eutrophication impact categories based on this same 
model.

2. Scope

2.1 Methodology

For the environmental assessment, a life-cycle approach 
following ISO 14040:2006  [3] and ISO14044:2006 [4]
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was chosen. Data for the foreground system (carbon cap-
ture, hydrogen and syngas production, fuel synthesis, 
passenger vehicles and lithium-ion battery manufactu-
ring) were taken from various literature sources. Back-
ground data, such as life-cycle inventory (LCI) data for 
energy (electricity, conventional fuels) and material sup-
ply were taken from Sphera’s GaBi LCI databases 2021 
[5]. The LCA models were created using the GaBi soft-
ware system for life-cycle engineering [5].

2.2 System boundaries and cut-off

All impact categories considered are analysed on a crad-
le-to-grave (CTG) basis, meaning that they include direct 
emissions from power, fuel and vehicle manufacturing, 
but also plant infrastructure building and end-of-life. The 
methodological approach is Attributional LCA (ALCA), 
so all emissions are calculated as averages based on one 
specific life cycle inventory.
Most energy and material flows as well as emissions for 
the foreground system are included in the model. No spe-
cific cut-off criteria was defined for the assessment.

2.3 Allocation

In cases where several products were produced from 
the PtL synthesis (e.g. Methanol-to-Gasoline, Fischer-
Tropsch pathways) and for conventional fuels, allocation 
to split-up impacts between the different products was 
done based on the energy content (lower heating value, 
LHV) of the products.

2.4 Impact categories considered

The main focus of the study are two impact categories 
from the EF 3.0 [6] methodology chosen for the life-cyc-
le impact assessment (LCIA):

• EF 3.0 Water use (ILCD Level of recommendation 
III): A midpoint impact category measuring the water 
consumption impact as the quantity of water deprived 
(water scarcity), according to the model Available 
WAter REmaining (AWARE) [7]. This impact is re-
commended by the Product Environmental Footprint 
(PEF) initiative by the European Commission, and 
measured in units of cubic meters of world water-
equivalent (m3world-eq).

• EF 3.0 Freshwater eutrophication (ILCD Level 
of recommendation II): A midpoint impact category 
measuring the excess nutrient availability in fresh-
water bodies, leading to phenomena such as harmful 
algal blooms (HABs) [8]. This impact factor is cal-
culated according to the EUTREND model, used in 
LCA method ReCiPe 2008. Contrary to terrestrial or 
marine eutrophication, both expressed in units of ni-
trogen equivalent, in freshwater environments phos-
phorus is considered the limiting factor in pure form 

or in the form of phosphates and phosphoric acid. For 
this reason, freshwater eutrophication is measured in 
kg of phosphorus-equivalent (kgPO4-eq)

• Alternatively and to provide the context of previ-
ous studies, this paper also provides figures for the 
impact category Climate Change, represented by its 
corresponding characterisation factor in EF 3.0. This 
impact is calculated using a baseline model of 100 
years of the IPCC 2013 model [9].

3. Life Cycle Inventories

3.1 Fossil fuels

Fossil gasoline and diesel fuels are obtained via crude 
oil distillation and upgrading in oil refineries. Typically, 
the calculation of environmental impacts of a conventio-
nal fuel takes into account specific refinery configurati-
ons related to its production. For the present study and 
considering the variety of such configurations in Europe, 
impact category values come from an average European 
refinery production scheme and crude slate, as available 
in the GaBi LCI database [5]. For the calculation, direct 
refinery emissions were allocated based on the mass of 
the co-products when required. Emissions related to cru-
de oil consumption where allocated by energy content 
(lower heating value) [10].

3.2 Hydrogen

Hydrogen (H2) can be directly used as fuel-in-fuel cell 
electric vehicles or as feedstock, together with carbon 
dioxide, for PtL fuels. Although hydrogen is today pre-
dominantly produced via production routes using fossil 
energy, such as steam methane reforming (SMR) [11], 
PtL fuels as such are defined by the usage of electricity 
as energy input and therefore use water electrolysis to 
produce the hydrogen. Within the electrolysis, water is 
converted through an electrochemical process into hyd-
rogen and oxygen:
  = +286 kJ/mol 
Several electrolysis technologies exist. Alkaline electro-
lysis (AE) and proton exchange membrane (PEM) elec-
trolysis working on low temperature (70-90°C) and solid 
oxide electrolysis cells (SOEC) working on high tempe-
rature (650-850°C) requiring an additional heat source 
beside the electricity supply. Alkaline electrolysis, as 
the oldest and proved water electrolysis technology [12], 
were currently installed in industry scale with capacities 
up to 10 MW and proposed projects in the 100 MW [13] 
scale are underway.
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Table 1: Technical parameters of alk aline electrolysis
Reference year 2030
Efficiency (Low heating value) [11] 68.0%
Power consumption [kWh/kg H2] 49.0
Water consumption [kg/kg] 15
Pressure (outlet) [bar] 30

This study assumes two types of hydrogen: Conventional 
hydrogen from SMR (also called grey hydrogen), and hy-
drogen produced from alkaline electrolysis of water and 
wind electricity (green hydrogen). Table 1 summarises 
the technical specifications of alkaline electrolysers used 
to produce green hydrogen.

3.3 Carbon capture

PtL fuels require a carbon source in the form of carbon 
dioxide (CO2) that can be either extracted from ambient 
air or from flue gases or gas mixtures from which CO2 
needs to be separated. Especially for the separation of 
CO2 from an industrial gas (e.g., synthesis gas from a 
steam methane reformer), a multitude of proven techno-
logies for industrial scale exist [14]. These technologies 
include chemical absorption with amine, physical ab-
sorption with water or an organic solvent, pressure swing 
adsorption (PSA), membrane or cryogenic methods. Car-
bon sources for specific PtL plants are ideally located 
next to the plant to avoid CO2 transportation.
Beyond 2030, point sources of CO2 are expected to be-
come scarce, and PtL plants will be probably installed 
in areas close to renewable electricity generation farms, 
usually in remote areas. In this context, direct air cap-
ture (DAC) could be a promising solution. An import-
ant difference between DAC and carbon capture from 
point sources is the concentration of CO2 in the used gas 
(0.04% for ambient air, 3-15% for power plants and up 
to 100% for, e.g., ammonia plants) [15] and the related 
energy consumption for CO2 separation and purifica-
tion. Table 2 shows the electricity and heat demands for 
a low temperature DAC per kg of captured CO2 used in 
this study. For the sake of comparison, in a coal pow-
er plant with 13% CO2 concentration in its flue gas, the 
energy consumption by chemical absorption using ami-
nes would drop to 0.024 kWh electricity and 3.0 MJ of 
thermal energy per kg of captured CO2. [14]

Table 2: Technical parameters of low-temperature 
Direct Air Capture (DAC) unit

Power consumption [kWh/kg CO2]
of which power for CO2 desorption [16]
power for CO2 purification [17]

0.504
0.40
0.104

Heat consumption [kWh/kg CO2] [16] 1.60

3.4 Fischer-Tropsch diesel

Fischer-Tropsch (FT) fuels, such as synthetic diesel, ga-
soline or kerosene from fossil-derived syngas are proven 
technologies at commercial scale. Some examples are 
gasification of coal, like Sasol’s 160,000 barrels per day 
Coal-to-Liquid facility in South Africa [18], and steam 
reforming of natural gas, like Shell’s 140,000 barrels per 
day Pearl Gas-to-Liquid plant in Qatar [19]. So far, PtL 
projects using FT synthesis to produce hydrocarbons, like 
the Sunfire pilot plant in Dresden (Germany), are still in a 
demonstration/research scale with low capacities. Nordic 
Blue Crude together with Sunfire and Climeworks have 
announced their intention to build a 20 MW plant (related 
to electricity input) by 2022 [20].
The simplified FT reaction can be described as the fol-
lowing:
 = -152 kJ/mol [21]
Carbon monoxide (CO) is a constituent of syngas, but in 
the case of PtL projects, it has to be obtained from reduc-
tion of the captured CO2. The reverse water gas-shift re-
action (RWGS) allows this conversion at high pressures 
(30 bar) and temperatures (800-1000 °C). The selectivity 
can be improved by recycling the unreacted constituents, 
although reducing the energy efficiency of the process 
[22].
         = +42 kJ/mol [22]
Beside alkanes, some alkenes, alcohols and carboxylic 
acids are formed. For all products, the molar ratio of the 
syngas is approximately 2 mol H2 to 1 mol CO. The pro-
duct slate is predominantly influenced by the temperature 
of the FT reaction, on average resulting in lighter hydro-
carbons for high temperatures FT (320-350°C) and hea-
vier hydrocarbons for low temperatures FT (190-250°C). 
To maximize the yield of transport fuels (gasoline, die-
sel, kerosene) a low temperature FT was chosen for this 
study, combined with a hydrocracking step to convert the 
produced wax into LPG, gasoline, diesel and kerosene. 
This results in a product slate indicated in of 37% gaso-
line, 28% diesel, 32% kerosene and 3% LPG [23]. Mass 
balance, electricity and thermal energy inputs for the FT 
synthesis as well as refining/hydrocracking information 
are shown in Table 3.

Table 3: Technical parameters of Reverse Water Gas 
Shift + Fischer-Tropsch + Hydrocracking system

H2 consumption [kg/kgfuel] 0.50
CO2 consumption [kg/kgfuel] 3.80
Light ends production [kg/kgfuel] 0.27
Fuel production [kgfuel] 1
Water production [kg/kgfuel] 3.03
Power consumption [kWh/kgfuel] 0.53
Net heat production [kWh/kgfuel] 2.56
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3.5 Methanol-to-Gasoline (MTG)

Synthetic methanol from electricity for the methanol-
to-gasoline (MTG) synthesis can be either supplied via 
two-step synthesis using a synthesis gas (2-step route) 
or a one step process that uses CO2 directly as feedstock 
(direct route). A first example of a PtL plant using the 
direct methanol synthesis is the George Olah plant in Ice-
land, run by CRI with a capacity of 4,000 t/a [24], whose 
material balance was used as a reference.
      = -49.2 kJ/mol [24]
The methanol-to-gasoline (MTG) process was develo-
ped by Mobil in the 1970s. Commercial applications of 
the MTG process with capacities up to 1 Mt/a (Shanxi, 
China) have been realised [25]. Within the process, me-
thanol is partially dehydrated to dimethyl ether (DME), 
followed by olefin and aromatic/paraffin formation using 
a zeolite catalyst [26]:
The overall mass and energy balances of both steps of the 
reaction are shown in Table 4.

Table 4: Technical parameters of Methanol synthesis 
+ Methanol-to-Gasoline reaction
H2 consumption [kg/kgfuel] 0.47

CO2 consumption [kg/kgfuel] 3.42

Light ends production [kg/kgfuel] 0.08

Fuel production [kgfuel] 1

Water production [kg/kgfuel] 2.81

Power consumption [kWh/kgfuel] 1.26

Net heat production [kWh/kgfuel] 1.44

Like for the FT pathway, the additional energy supply 
required for carbon capture would drop if a higher con-
centration point source were used instead of atmospheric 
CO2.

3.6 Hydrotreated Vegetable Oil (HVO)

Hydrotreated Vegetable Oil (HVO) is a biofuel, consti-
tuted by a mix of paraffinic hydrocarbon chains obtained 
from hydrotreatment and hydrocracking of triglycerides 
of vegetable origin. Triglycerides, the main components 
of vegetable fats, are esters derived from glycerol and li-
near carboxylic acids known as fatty acids. By the action 
of hydrogen, triglycerides undergo several reaction steps:

• Hydrogenation to saturate the double bonds present 
in the linear structure of the vegetable oils.

• Hydrocracking of the saturated triglycerides to break 
their esteric structure into three fatty acids and propa-
ne. The latter, along with small quantities produced of 
LPG and naphtha (around 5% the mass of HVO) can 
be used to produce electricity and steam.

• Either deoxygenation or decarboxylation of the fatty 
acids, which produces water or carbon dioxide re-
spectively along with linear hydrocarbons of around 

17 to 18 carbons. These molecules have similar car-
bon length as those of fossil diesel with a more pa-
raffinic nature, leading to higher cetane number but 
lower density and poorer cold properties. Further 
processing (isomerisation) can be applied to improve 
some of these properties.

The chemical reactions are represented below: 

Triglycerides are also the raw material to produce anot-
her type of biofuels known as Fatty Acid Methyl Esters 
(FAME). FAME is formed by a mix of esters from esteri-
fication of vegetable fats, therefore its chemical nature is 
different from HVO’s.
We propose two types of HVO feedstock for this study: A 
mix of rapeseed and sunflower oil (50% of each on an ener-
gy basis) to represent first-generation (1G) biofuels, and used 
cooking oil (UCO) for second-generation (2G) biofuels.
In our assumptions, all raw vegetable oils as well as the 
used cooking oil are produced in Europe. UCO is assumed 
to be a burden-free waste and as such, it does not support 
any allocation of any impact. Hydrogen consumed in the 
process is assumed to come from steam methane refor-
ming (grey hydrogen). The material and energy balances 
used for HVO production are taken from public data from 
Neste Oil [27] [28] and shown in Table 5.

Table 5: Technical parameters of HVO (2G) production
UCO consumption [kg/kgfuel] 1.21

H2 consumption [kg/kgfuel] 0.04

Light ends production [kg/kgfuel] 0.05

Fuel production [kgfuel] 1

Water production [kg/kgfuel] 0.10

Waste production [kg/kgfuel] 0.10

Power consumption [kWh/kgfuel] 0.04

Heat consumption [kWh/kgfuel] 0.19

The UCO supply (collection and transport) is considered 
to be carried out as follows:

• Feedstock collection: 50 km collection route by truck 
within urban area, 50% payload, 14-20 t gross vehicle 
weight (GVW)

Feedstock transport: 100 km distance by truck between 
collection location and HVO plant, 34-40 t GVW.

3.7 Passenger vehicles

The reference vehicles considered for the present study 
are passenger vehicles of the C-Segment (medium cars), 
similar to VW Golf, Ford Focus or Opel Astra.
Powertrains include 4 variants of 3 types of powertrains: 
Internal combustion engine vehicles (ICEV) running on 
either gasoline or diesel, battery electric vehicles (BEV), 
and fuel cell hydrogen electric vehicles (FCEV). The 
weights of the vehicles in 2030 are based on the JEC 
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TTW report v5 [29], with some adjustments for electri-
fied vehicles in link with the weight of the batteries. 

3.8 Batteries

Lithium-ion batteries used by BEVs, PHEVs, HEVs and 
FCEVs were assumed to be built with chemistry techno-
logy Nickel-Manganese-Cobalt in proportions 80:10:10 
respectively (NMC 811), with an energy density of 250 
Wh/kg. Europe was chosen as the manufacturing loca-
tion at horizon 2030. The emission factors of aluminium, 
electricity and thermal sources were calibrated consist-
ently. The weights of the batteries were calculated from 
the life cycle inventories taken from the BatPac [30] mo-
del.

4. Model parameters

4.1 Assumptions for vehicles and batteries

The main assumptions and input parameters to calculate 
TTW GHG emissions are summarized in Table 2. TTW 
emissions are calculated based on energy consumption of 
vehicles in MJ per km and fuel emission factors per MJ. 
Vehicle energy consumptions (MJ/km in WLTP) are de-
rived from 2025+ figures in the JEC TTW study v5 [29].
The lifetime average vehicle mileage is assumed to be 
200,000 km for all vehicle types.

During the end-of-life stage of vehicles and batteries, 
two types of emission credits are assumed:

• Credits related to the recovery of materials such as 
steel, aluminium, polypropylene, copper, glass or ma-
gnesium, present mainly in the chassis and internal 
structure of the vehicles. Battery acid as well as fluids 
are also partly recovered. For batteries, this is exten-
ded to the recovery of rare materials from the cathode 
(lithium, cobalt) and for fuel cells, to platinum.

• Credits related to the production of energy from material 
incineration, mostly tyres, polymers and carbon fiber.

Table 6: Assumptions for passenger vehicles

Powertrain WLTP Energy
consumption [MJ/km]

Battery size 
[kWh]

ICE Gasoline 1.41
(4.4 L/100 km)

--

ICE Diesel 1.30
(3.6 L/100 km)

--

BEV (200 km 
range)

0.43
(11.9 kWh/100 km)

24.7

FCEV* 0.70
(0.58 kg/100 km)

1.2

*Assuming a fuel cell power of 100 kW

4.2 Assumptions for fuels and electricity

Electricity and thermal energy sources are used throug-
hout all the processes of fuel production and vehicle ma-
nufacturing. The sources are consistent with the location 
chosen, Europe. 
For the electricity consumed in PtL and hydrogenation 
processes, we assume the use of 100% renewable elect-
ricity as a default value for PtL production in this study. 
By default, heat integration was active for the PtL pro-
cesses, meaning that the heat produced by the exothermic 
reactions (typically fuel synthesis) is recovered and made 
available for upstream processes requiring heat (carbon 
capture, reverse water-gas shift) assuming an 80% reco-
very. Additional heat required in the process is obtained 
from electricity via a heat pump with an efficiency of 
90% heat recovered from the electricity consumed.
Table 7 summarises the impact categories for all the 
sources of energy used in this study per unit of energy 
(MJ) of fuel. 

Table 7: Assumptions for vehicle energy sources

Fuel Fuel type
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Diesel

Fossil 43.1 87.7 0.2 0.02

HVO (1G)

44.0

38.4 11.7 9.38

HVO (2G) 12.0 ~0 0.01

e-FT diesel 9.9 1.9 0.10

Gasoline
Fossil

43.2
94.4 0.2 0.05

e-MTG 9.6 1.9 0.10

Electricity
EU mix*

-
86.2 15.2 0.42

Wind 2.9 0.15 0.01

Hydrogen
Grey

120.0
85.7 0.1 0.16

Green 5.4 3.5 0.04
HVO (2G) = Second generation hydrotreated vegetable oils / FT = 
Fischer-Trosch / MTG = Methanol-to-Gasoline
*Assuming mix from IEA Current Policies scenario (2030)

5. Results and Discussion

5.1 Greenhouse gas emissions

The results of cumulated greenhouse gas emissions ge-
nerated during the life cycle of a passenger vehicle for 
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all the vehicle/fuel combinations are shown in Figure 1. 
Both fossil fuelled vehicles emit the largest amount of 
GHGs (26.4 and 30.1 t CO2-eq for diesel and gasoline 
ICEVs respectively), essentially produced during the use 
phase. These emissions include not only tailpipe gases 
(representing 73-83% of the total use phase) but also 
emissions from the production of the fuel and crude oil 
extraction. A small part of the impact of this use phase 
(2.0-2.5%) comes from diverse operating materials con-
sumed like fl uids or tyres. Results for ICEV compared 
to BEVs (12.4 t CO2-eq when using grid electricity) and 
FCEVs (17.4 t CO2-eq when using grey hydrogen), show 
that the difference in use phase emissions largely out-
weighs the initial disadvantage of electrifi ed alternatives 
related to their manufacturing phase emissions. This dis-
advantage comes from their more energy-intensive ma-
nufacturing process associated to elements such as the 
lithium-ion battery, the fuel cell and the compressed hy-
drogen tank. The carbon burden associated to these ele-
ments is quickly compensated by the combination of the 
higher engine effi ciency and, when using cleaner sources 
like wind electricity or green hydrogen, a lower carbon-
intensive energy source.
This apparently inherent disadvantage for ICEVs can be 
drastically reduced when replacing the fossil fuel with a 
renewable alternative, either biofuel (HVO) or PtL fuel 
(MTG gasoline, e-FT diesel). The GHG emissions from a 
conventional diesel ICEV can be almost cut by half when 
substituting the fossil fuel by a fi rst generation biofuel. 
The reduction can be further halved if the biofuel is pro-
duced from waste (2G). These calculations are based on a 
specifi c allocation methodology applied to biofuels. Va-
riations of this methodology could result in meaningful 
differences not covered by the present study but explored 
in a separate piece of work [2].
The benefi ts of switching to renewable fuels also applies 
to electrifi ed transport solutions, as shown in Figure 1. 
The impact of the use of wind electricity in BEVs or 
green hydrogen produced with wind electricity for FCEV 
(green H2) also lowers substantially the climate change 
impact of the conventional variants. When focused on the 
use phase of these vehicles, the reduction reaches levels 
close to 90% in both cases. This relative reduction is hig-
her than in the case of ICEVs, but it does not affect the 
initial burden of the vehicle and battery manufacturing 
stage.
It is important to notice that the burden of electrifi ed so-
lutions running on full renewable energy are of the same 
order of magnitude than conventional vehicles using re-
newable fuels.

Figure 1: Cumulated GHG emissions of passenger 
vehicles in 2030

5.2 Water use

Figure 2 depicts the results of water use (measured ac-
cording to the Water Scarcity impact category from EF 
3.0) for all the transportation options analysed. Conven-
tional fossil-fuelled ICEVs and FCEVs show similar le-
vels of water consumption, of around 0.9 million litres of 
world-equivalent water per vehicle. BEVs powered with 
the EU Grid mix from 2030 (based on the IEA’s New 
Policies Scenario) represent a consumption of more than 
2.5 times the conventional options, with burdens coming 
from both the manufacturing and use phases.

 Figure 2: Cumulated water scarcity (AWARE) of pass-
enger vehicles in 2030

Similar to the case of the Climate Change impact, the 
Water Scarcity level of BEVs and FCEVs of the manu-
facturing stage is signifi cantly higher than their ICEV 
equivalents, representing an even higher difference of 
about 75%, although the credits from the end-of-life 
partially compensate this difference. Figure 3 shows a 
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breakdown of the different contributions to water scar-
city during the manufacturing phase. More than half of 
the water consumption comes from the manufacturing of 
the battery, and particularly of the cathode. Three main 
factors contribute to the impact the cathode: The energy 
consumption, the production of nickel and the produc-
tion of lithium, which consumes substantial quantities of 
water. The electric engine is the third contributor (almost 
11% of manufacturing water consumption), explained by 
the use of copper and aluminium. 
Direct water utilization for vehicle manufacturing ac-
counts for only 2.5% of the total water scarcity index. In-
direct water utilization via the manufacturing process of 
the different materials scattered in the categories of Figure 
3 account for more than 70% of the contribution, with ab-
out one third of that contribution coming from rare metals 
(cobalt, lithium, nickel, manganese) and plastics (water 
consumption during the olefins production). The rest of 
the contribution comes from indirect water consumptions 
for energy generation (heat and electricity).

Figure 3: Breakdown of water scarcity contributions of 
a battery electric vehicle (manufacturing phase)

The direct use of water during the vehicle manufacturing 
(excluding the battery) is shown in Table 8 according to 
public data provided by two vehicle manufacturers. Most 
of the water consumed during the assembly processes co-
mes from treated water. Almost two thirds of the water 
used in the processes is recovered and treated before re-
leasing it to the environment.

Table 8: Water consumption during the vehicle ma-
nufacturing stage
[m3 per vehicle] BMW 

[31]
VW 
[32]

Water Input 2.32 3.56

of which Ground water 0.29 0.53

Surface water 0.00 0.10

Tap water 2.03 2.93

Water output 1.53 2.67

of which Process waste water 0.44
Sanitary waste water 1.09
Balance (water vapour, embodies, 
other losses)

0.79 0.89

The use phase of the vehicles in Figure 2 accounts for an 
important part to the water scarcity index. In the case of 
ICEVs, the impact is limited for fossil fuels due to a low 
net use of water during the crude oil and refining process. 
In the case of first generation biofuels, the impact is the 
most important of all the options studied, mainly because 
of the water required for irrigation of the rapeseed and 
sunflower crops required to their production. These im-
pacts are reduced to levels comparable to fossil-fuelled 
ICEVs when second generation fuels are used assuming 
the used cooking oil feedstock does not carry any bur-
den from its original use. ICEVs running on PtL fuels 
show higher water consumption levels than fossil and 2G 
options because of the indirect use of water for electrici-
ty generation. The water used for hydrogen production 
(electrolysis) is mostly recovered during the synthesis 
process, therefore carrying a relatively low water intensi-
ty per MJ (Table 7).
The effect of water use in electricity generation compa-
red to a fossil source can be also observed in the case of 
FCEVs. The use of green hydrogen increases the impact 
of water use because of its water intensity. Combined 
with a fixed contribution from the wheels replacement, 
this results in the use phase water consumption for a re-
newable-fuelled fuel cell vehicle to be multiplied by al-
most 2.5 compared to another running with conventional 
hydrogen.
In the case of BEVs, the switch from an electricity mix to 
a wind electricity cuts down effectively the overall water 
scarcity factor of the vehicle by a factor of 2.3. The origin 
of the electricity plays therefore a major role in the water 
consumption during the use phase. The EU energy mix 
of 2030 is beyond 100 times more water-intensive than 
wind electricity.

5.3 Freshwater eutrophication

In Figure 4 we observe the impacts of the different ve-
hicle/energy alternatives on freshwater eutrophication. 
The results for this environmental impact, measuring the 
amount of excess nutrients added to freshwater bodies, 
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mostly rivers, lakes and ground reservoirs, are extremely 
high for the case of fi rst-generation HVO. This is explai-
ned by the use of phosphate-based fertilizers in agricultu-
re, directly affecting the sources of blue water. The rest of 
the results are less differentiated for ICEVs and FCEVs, 
regardless of the type of fuel consumed. BEVs stand out 
as a separate category of considering the impact of the 
vehicle manufacturing only: Freshwater eutrophication 
of BEV manufacturing accounts for more than twice the 
impact of conventional and fuel cell vehicles. The eu-
trophication credits from the end-of-life cycle, however, 
neutralise these oversized impacts to levels comparable 
to fuel cell electric vehicles.

 Figure 4: Cumulated freshwater eutrophication of pass-
enger vehicles in 2030

 The main impacts related to the manufacturing stage 
are represented in Figure 5. The biggest contributors to 
these impacts are the production of cobalt and lithium. 
For cobalt, the blasting stage has been investigated as 
the main responsible for causing eutrophication, because 
of the nitrogen oxides emitted during the blasting stage 
[33]. Nitrogen oxide emissions are at the origin of smog 
and acid rain, which in turn cause eutrophication. In the 
case of lithium, eutrophication comes from phosphates 
released in the process water used to treat spodumene, a 
mineral from which lithium is extracted in Australia or 
China (this is not the case in South America where li-
thium comes mainly brine). Sodium phosphates are used 
to precipitate lithium from alkaline solutions [34].
Another important contributor to eutrophication is the wheel 
manufacturing, related to the nitrogen oxide emissions during 
rubber manufacturing [35]. Note that the value for wheels in 
this graph only accounts for the initial set, so the total contri-
bution that includes the impact from the tyres in the use phase 
is estimated to 5 times the value represented in this graph.
The differences in the use phase of the vehicles are not cle-
arly distinguished. General trends can be observed, which 
show higher levels of eutrophication related to the use of 
PtL fuels. Like in the case of water consumption, the main 
explanation for this difference comes from the indirect pol-

lution during the electricity generation phase. For BEVs, 
the change from the EU grid mix to renewable electrici-
ty represents a drop of 40% of use phase eutrophication, 
which is mainly explained by a reduction of 75 times the 
phosphorus intensity. The change of tyres included in this 
phase makes this difference less noticeable in the graph.

 Figure 5: Breakdown of freshwater eutrophication con-
tributions of a battery electric vehicle (manufacturing 
phase)

5.4 Limitations of the study

The present study is introduced as a fi rst assessment for a 
limited number of powertrain combinations and only one 
sensitivity on fuel type per vehicle. Several parameters 
play a role in determining the level of pollutants: 
Most of the PtL processes are still in demonstration status 
or do not exist at all in the assessed confi guration, ope-
rational data about auxiliary consumption and especially 
process emissions into air and water (besides CO2) are 
rather restricted, which is a limitation of the study, espe-
cially for impact categories other than climate change.
Concerning water, the results are limited to a specifi c re-
gional impact. An extension of the study could include 
the variation of these impacts depending on the geogra-
phical zone they cover, as the water treatment standards 
change from country to country. Also, a more detailed 
breakdown of different sources of water, such as ground 
or desalinated seawater which could provide better in-
sights about particular actions that can be taken to tackle 
the environmental effects.
Similar regionalised studies can be applied to some of 
the vehicle materials, in particular aluminium, copper 
and lithium.
Impact of second-generation biofuels is highly depen-
dent on methodological parameters. Results can be sig-
nifi cantly impacted if some sort of economic allocation 
can be applied to used cooking oil, considering its market 
value similar to raw oil.
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Further options potential improvements investigated:

 – The impact of different sources of electricity for the 
production of PtL fuels, especially hydrogen. This 
could be extended to the hydrogen used in the bio-
fuels production process. The utilization of blue hy-
drogen (produced from an SMR with an integrated 
carbon capture system) can also be assessed.

 – The impact of the use of renewable fuels for transpor-
tation of biomass. The present study assumes fossil 
fuels consumed by trucks.

 – The utilization of hybrid mobility solutions (hybride, 
plug-in electric vehicles).

6. Conclusions

The present study aimed at analysing the impact factors 
for passenger vehicles beyond the usual assessment of 
greenhouse gas emissions, including water scarcity and 
freshwater eutrophication. The following conclusions 
can be drawn from this piece of work:

• The generalisation of the use of renewable energy 
for transport drastically diminishes the initially clear 
advantage of electrified technologies with respect to 
internal combustion engine vehicles related to green-
house gas emissions.

• Water use during the vehicle manufacturing phase is 
70% constituted by indirect consumption to produce 
vehicle materials, especially aluminium, copper and 
lithium, but also plastics. In battery electric vehicles, 
this indirect use represents more than half of the con-
sumption.

• Fossil and PtL fuels do not show significant differen-
ces in water consumption, despite the use of water for 
hydrogen electrolysis. Most of the water produced in 
the process is recovered.

• The source of electricity is critical not only for green-
house gas emissions, but also for water use and fresh-
water eutrophication. With respect to wind electricity, 
the average electricity mix in Europe at horizon 2030 
is expected to have water use and eutrophication im-
pacts per unit of energy roughly 100 and 75 times hig-
her respectively. This has a direct impact for BEVs 
but also indirect for ICEVs runnion on PtL fuels.

• First generation biofuels show relative advantages 
in Climate change impact with respect to fossil fu-
els, but they compare very poorly in water use and 
especially freshwater eutrophication, due to the large 
amounts of irrigation water and phosphate-based fer-
tilizers used in agriculture.

• The impact of freshwater eutrophication during the 
manufacturing phase of a battery electric vehicle co-
mes mainly from the Li-ion battery component, and is 
related to the indirect emissions from cathode compo-
nents, mainly cobalt and lithium. Their impact can be 

reduced depending on the level of recycling targeted 
for these rare materials.

• Passenger vehicle technologies should not be disso-
ciated from the source of energy when performing 
environmental assessments. The single impact of the 
energy efficiency of a given technology does not de-
termine totally its impacts on the environment. For 
this purpose, Life Cycle Assessment (LCA) has pro-
ven to be a valuable tool to perform holistic compari-
sons between different transportation options.
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Summery

The defossilization of the transport sector is of crucial importance to reduce climate effects, while emissions of soot par-
ticles and NOx are harmful to environment and human health. Sustainable fuels offer the chance of addressing both: Re-
ducing climate impact and improving local air quality. Among alternative fuels, E-fuels are considered to become a game 
player. Using Power-to-Liquid (PtL) technologies they will be produced from CO2 and green hydrogen based on (excess) 
renewable energy, such as wind or solar power. This study provides an overview on the variety of E-fuels, including 
OME, DME, and methanol as well as synthetic gasoline, diesel, and kerosene produced via Fischer-Tropsch synthesis. 
Important fuel properties are analyzed to assess the technical applicability as well as their usage as drop-in and neat fuels 
by considering fuel regulations and the compatibility with existing technology. This study is part of our ongoing work 
within “Begleitforschung Energiewende im Verkehr” (BEniVer), a research project accompanying the funding initiative 
“Energy transition in transport” of the German Federal Ministry of Economic Affairs and Energy (BMWi).

1. Introduction

Carbon dioxide (CO2) is the main anthropogenic green-
house gas causing global warming [1]. The emissions 
originate from energy supply, transport and industrial pro-
cesses. According to the report of the Intergovernmental 
Panel on Climate Change (IPCC), human made global 
warming reached an increase of 1 °C in 2017 compared 
to the pre-industrial period increasing currently by about 
0.2 °C per decade [1]. Consequences of climate change 
are observed all over the world with drastic impacts on 
human and environment: Extreme heat (waves not only) 
in summer, aridity, forest fires, more heavy storms, floods, 
hurricanes, glacier melting, and raising sea level, besides 

others. To reduce impacts from climate change, the Paris 
Agreement was adopted by the United Nations in 2015 [2] 
with the aim to keep global warming well below 2 °C and 
step up efforts to keep the limit to 1.5 °C. To achieve this 
goal within the European Union, the European Climate 
Law was proposed with the target of net zero greenhouse 
gas emissions by 2050 [3]. On the path to climate-neutra-
lity, the greenhouse gas emissions shall be reduced to at 
least 55 % by 2030 compared to 1990 [4]. In Germany, the 
updated climate change act aims for a CO2 reduction of 
65 % by 2030 and climate-neutrality in 2045 [5].
As part of the European 2030 Climate Target Plan, the 
share of renewable energy should increase to 24 % in 
the transport sector [6]. Here, advanced biofuels and low 
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carbon fuels are named as central pillars, among others, 
to reach this goal. Besides the reduction of CO2 emissi-
ons, the deployment of sustainable (advanced, low-car-
bon) fuels aims to reduce further also the emissions of 
nitrogen oxides (NOx) and soot particles since they are 
harmful to human health and the environment.
Among sustainable fuels, E-fuels became of high im-
portance within the past few years, with the focus put 
on research, besides of application aspects. They can be 
produced based on the Power-to-Liquid (PtL) technology 
using renewable energy such as wind or solar power as 
illustrated in Figure 1. First, hydrogen (H2) is produced 
via electrolysis of water whereas CO2 originating from 
industrial processes, direct air capture (DAC), or biogas 
is converted into carbon monoxide (CO). Biomass can be 
used as carbon source as well. The specific composition 
of the resulting syngas, i.e. a mixture of H2 and CO, in 
detail the specific ratio between H2 and CO, depends on 
the further process chain. For the fuel production from 
syngas, two main paths are considered within this study: 
(I) direct fuel synthesis via the Fischer-Tropsch (FT) pro-
cess, and (II) synthesis of methanol (CH3OH) being fur-
ther converted to the fuel of interest.
Based on the design of the production process, different 
types of fuels can be produced which then can be applied 
across the different transport sectors: Road, rail, aviation 
as well as maritime shipping. Whereas the variety of sus-
tainable aviation fuels (SAFs) is limited due to strong 
global regulation and requirements [7-9], the road, rail, 
and maritime sectors offer more possibilities for the usa-
ge of alternative fuels.
Within this work, the technical applicability and capability 
for the usage as drop-in or neat fuel is evaluated for diffe-
rent kinds of synthetic fuels based on their chemical and 
physical properties. This includes the characterization of 
E-fuels, a comparison of selected fuel properties of E-fuels 
with fossil fuels (depending on the considered sector), the 
analyses of combustion properties and emissions, as well 
as the preparation of an overview on the current state of 
research. This study is part of our ongoing work within 
BEniVer (Begleitforschung Energiewende im Verkehr), the 
accompanying research on the funding initiative “Energy 
transition in transport” of the German Federal Ministry of 
Economic Affairs and Energy (BMWi).

2. Classification of alternative fuels

This study distinguishes the following classes of alter-
native fuels: (I) Synthetic diesel, (II) synthetic gaso-
line, (III) synthetic kerosene, (IV) dimethyl ether and 
oxy-methylene ethers, (V) methanol and higher alco-
hols, (VI) further oxygenated fuels, and (VII) methane 
and hydrogen. Table 1 gives an overview of the different 
alternative fuels as studied within the research initiative 
“Energy transition in transport” (methane and hydrogen 
are leave out in Tab. 1 since they are not comparable to 
the other fuels). Here, these E-fuels are primarily con-

sidered as alternatives in road transport; however, they 
are, in general, possible candidates for the substitution of 
conventional maritime fuels as well. In addition, Tab. 1 
includes synthetic kerosene for application in the avia-
tion sector. The table illustrates relevant fuel properties 
and existing standards. Moreover, it summarizes their 
possibility to use as neat fuel or blend component and 
drop-in fuel or near-drop-in fuel.
Figure 1 illustrates the classification of the different 
kinds of E-fuels according to their production route via 
the FT process or methanol path. The FT process yields 
a mixture of mainly linear hydrocarbons (known as 
paraffins) differing in the number of carbon (C-) atoms 
and separated by distillation according to their boiling 
range. Gasoline contains the lightest hydrocarbons with 
carbon chains of about C5 to C10. Next, kerosene covers 
a C-number-range from C8 to C16. The heaviest fuel is 
diesel with C10 to C20 or even longer.

Fig. 1 Illustration of E-fuel production via the Power-
to-Liquid (PtL) process including (I) water electrolysis, 
(II) syngas production, and (III) fuel production via the 
Fischer-Tropsch (FT) process or methanol production. 
Methanol can be processed to further sustainable fuels. 
Abbreviations: MtG – Methanol-to-Gasoline, MtJ – 
Methanol-to-Jet

Tab. 1 Overview of alternative fuels considered 
within BEniVer. Abbreviations: (I) Fuels: DMC 
– dimethyl carbonate, DME – dimethyl ether, FT 
– Fischer-Tropsch, MeFo – methyl formiate, MtG 
– Methanol-to-Gasoline, MtJ – Methanol-to-Jet, 
OME2-5 – oxymethylene ether (for explanation of 
the subscript “2-5” the reader is referred to section 
3); (II) properties: CN – cetane number, FBP – final 
boiling point, FP – flash point, Hu – lower heating 
value, (M/R)ON – (motor/research) octane number, 
Tb – boiling temperature, Tf – freezing point, ρ – 
liquid density at 15 °C and 1 bar.
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Synthetic 
diesel

Synthetic
gasoline

Synthetic
kerosene Ether Alcohol Other oxygenated 

fuels

FT diesel FT
gasoline MtG FT

kerosene MtJ DME OME2-5 methanol higher
alcohol DMC MeFo

Neat fuel Neat fuel Blend Neat fuel Neat fuel, 
Blend Neat fuel, Blend Blend Blend

Drop-in Drop-in Drop-in up to
50 %(v/v) Near-Drop-in Near-Drop-in Drop-in up to 50 

%(v/v)a) Near-Drop-in

st
an

da
rd EN 15940

(EN 590) EN 228 ASTM D7566 -- ISO 16861b) -- ASTM D5797c) ASTM D7862c),d) -- --

Tb
 (°

C
)

85...360e) 210e) (FBP) 205...300e) g) -24.8e) 105...280h) 65f) 99.5...
117.7d),e) 90f) 32f)

Tf
 (°

C
)

-40...6f) -90.5...-95.4f) ≤ -40e) g) ≈ -140h) -70... 48h) -98f) -89.5...
-114.7d),e) 5f) -100f)

ρ 
(k

g/
m

³)

765-810e)
(800-845e)) 720-775e) 730-770e) g) gas 961-1100h) 792h) 801-810d),e),j) 1007f) 

(20 °C)
970f) 
(20 °C)

FP
 (°

C
)

≥ 55e) ≤ -35f) ≥ 38e) g) -42.2f) 54-115h) 9f) 24...35d),e) 14f) -27f)

C
N ≥ 51e) -- -- -- > 55e) 63-100h) 5h) 17-25d),h) -- --

O
N -- ≥ 95e) (RON)

≥ 85e) (MON) -- -- -- -- 109i) (RON) 89i) 
(MON)

96-113d),e) (RON)
78-94d),e) (MON) -- --

H
u 

(M
J/

kg
)

≈ 44h) -- ≥ 42.8e) g) 27.60h) 17.5-20.3h) -- -- -- --

H
u 

(M
J/

l)

-- 30-33i) -- g) 18.44h) 19.5-19.7h) 15.8i) 26-27d),i)
31.1a),i) -- --

a) refers to 1-octanol (n-octanol)
b) deals with physical properties and does not give any 
requirements for application
c) US standard being not valid in Germany or the Euro-
pean Union
d) refers to 1-butanol (n-butanol), 2-butanol (sec-butanol), 
and 2-methyl-1-propanol (iso-butanol)
e) taken from standard mentioned in table
f) taken from [18]
g) no information available but properties expected to be 
similar with FT kerosene
h) from [19]
i) from [20]
j) temperature not specified in ASTM D7862 [16]

2.1 Neat fuel vs. blend / Drop-in vs. Near-Drop-in

As written in Tab. 1, the E-fuels considered in this study 
can be used both as neat fuels and as blend components. 
This depends on various aspects, including fuel compo-
sition, compatibility with current vehicle technology as 
well as regulations and standards, the modification or 
further development of power unit concepts, and the sec-
tor being of interest for specific fuel application. 
The differentiation between drop-in and near-drop-in fuels 
describes originally the compatibility of synthetic blend 
components with (addition to) fossil fuels. In theory, blen-
ding of drop-in or near-drop-in fuels with synthetic fuels, 
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being identical with fossil fuels, would be possible as well. 
Drop-in / near-drop-in fuels differ in the need of (minor) 
modifications of the (engine) components or of the used 
material. Classical neat fuels are pure gasoline and diesel, 
for example, whereas the typically used fuels E10 and B7 
are blends containing 10 %(v/v) ethanol and 7 %(v/v) fat-
ty acid methyl ester, respectively. With the advanced de-
velopment of engine technology, also oxygenated fuels 
(having O atoms, besides H and C atoms) such as metha-
nol and dimethyl ether (DME), being different from fossil 
fuels, became of interest as ‘new’ neat fuels.
Thus, the differentiation between drop-in and near-drop-in 
fuels is applied to neat fuels as well. In general, fuels being 
compatible with the existing technology (no modifications 
necessary) and directly usable in transport are defined as 
drop-in fuels. For the use of near-drop-in fuels, modificati-
ons or even new motor components are necessary.
Regarding higher alcohols, the limit of max. 50 %(v/v) 
(see Tab. 1) relates to the technical compatibility of the 
admixture of 1-octanol to diesel [10]. However, the resul-
ting fuel mixture does not meet today’s requirements as 
defined in the relevant standard, here EN 590 for diesel 
[11], i.e. using 1-octanol in road transport diesel is cur-
rently not allowed. The technical limit of alcohols as pos-
sible blending components for gasoline is likewise lower, 
e.g., for 2-butanol it amounts to about 15 %(v/v).
The 50 %(v/v) limit of blending synthetic kerosene is 
defined by the standard ASTM D7566 [9]. Note that de-
pending on the type of a specific SAF, the technical com-
patibility would allow the usage higher blends up to the 
usage of SAF as neat fuel [12].

2.2 Regulations and standards

The fuel standards listed in Tab. 1 specify the require-
ments existing for the use of those E-Fuels considered in 
this study. Of these standards, EN 228 for gasoline [13], 
EN 590 for diesel [11], and EN 15940 for paraffinic die-
sel [14] are valid in the European Union. EN 228 and EN 
590 define the requirements as well as fuel properties 
for gasoline and diesel for their usage in road transport. 
According to these specifications, synthetic fuels can be 
added to the fossil ones as long as the properties of the 
“final” fuel meets the requirements [11,13]. Currently, EN 
15940 is the only standard defining a fully synthetic fuel, 
i.e. allowing its use as 100 % neat fuel. Due to its com-
position, paraffinic diesel has a lower density compared 
to fossil diesel. Therefore, paraffinic diesel is not identical 
with fossil diesel as defined within EN 590. As a result, 
synthetic diesel can be blended up to 30 %(v/v) with fossil 
diesel and according to EN 15940 [14] used as neat paraf-
finic diesel in automobiles approved by the manufacturer. 
The ASTM D5797 standard for the use of methanol as 
blend component for gasoline between 51 %(v/v) and 
85 %(v/v) [15] as well as ASTM D7862 for butanol as 
gasoline component up to 12.5 %(v/v) [16] are not valid 
in Europe.

Since aviation is a global business the standard specifica-
tion for synthetic kerosene ASTM D7566 is valid almost 
all over the world. Here, different types of SAFs are de-
fined as blending components for fossil-based kerosene 
(Jet A-1) up to 50 %(v/v) [9]. Whereas FT-based kerosene 
is certified as SAF, the Methanol-to-Jet route has no ap-
proval yet. Alcohol-to-Jet (AtJ) is a specific SAF already 
certified which is produced using ethanol or iso-butanol.
In contrast to the regulations mentioned before, the stan-
dard ISO 16861 for DME specifies solely fuel properties 
[17] and made no requirements regarding the use as alter-
native fuel for the transport sector.
To sell synthetic fuels in Germany it is also required that 
the trade with the fuel is permitted by law, in detail by the 
10th Federal Emission Control Directive (10. BImSchV) 
[21]. This directive contains requirements not only on road 
transport fuels but also on maritime fuels and heating oil.

3. E-Fuels in transport

3.1 Synthetic diesel

The synthetic diesel studied within projects as part of the fun-
ding initiative “Energy transition in transport” (EiV) is pro-
duced almost exclusively via Fischer-Tropsch (FT) processes 
from syngas yielding FT-diesel. A further production process 
uses esters and fatty acids from vegetable or used cooking 
oils. According to the raw material, the product is called HVO 
(hydrogenated vegetable oil) or HEFA (hydrogenated esters 
and fatty acids). In contrast to FT-diesel, the production of 
HVO has already reached industrial scale being available in 
the U.S. and Europe, with Neste as largest producer [22,23].
The product of both process routes is a pure paraffinic 
diesel being suitable as drop-in fuel in diesel engines of 
light- and heavy-duty vehicles as well as of ships. At pre-
sent, paraffinic diesel is the only synthetic fuel with a 
European standard (EN 15940) [14] for the (neat) use in 
the automobile sector. Indeed, most of the fuel properties 
are nearly identical with fossil diesel. However, the den-
sity of synthetic diesel is lower than the density of its fos-
sil counterpart (see Tab. 2), which is due to the absence of 
aromatic compounds. Therefore, the manufacturer has to 
prove if the motor vehicle can be, fueled up with neat pa-
raffinic diesel, i.e. without any drawbacks [14]. For blen-
ding paraffinic diesel with fossil diesel, EN 590 defines 
no percentage limit but requires that the properties of the 
mixture have to comply with all the requirements being 
specified in the standard [11].
On the other hand, the absence of aromatic compounds has a 
positive effect on the emissions of particulate matter. In ge-
neral, aromatic compounds are precursors for the formation 
of soot. Indeed, soot is formed during combustion of syn-
thetic diesel as well – but without aromatics, the emissions 
of soot and particulate matter, respectively, are considerably 
reduced. This offers the additional possibility that the exhaust 
catalyst can reduce NOx emissions more effectively.
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3.2 Synthetic gasoline

As presented in Tab. 1 there are two different kinds of syn-
thetic gasoline being processed via the PtL technology. The 
first, FT gasoline, will be produced together with diesel 
and kerosene (see section 3.3) from syngas. Following the 
synthesis unit, the FT product is separated via distillation. 
Apart from gaseous products, the lightest fraction contains 
hydrocarbons with a carbon size distribution similar to the 
one of gasoline (components). The raw product from the 
FT synthesis are mainly linear paraffins, being beneficial 
for a diesel fuel since the cetane number of linear hydro-
carbons is higher than the ones of branched hydrocarbons. 
To achieve a high octane number, as required for gasoline, 
further refinement processes like isomerization and alkyla-
tion are necessary within the upgrading of the FT crude oil.
The production of the second type of a synthetic gasoli-
ne considered, the Methanol-to-Gasoline (MtG), is ba-
sed on syngas, too. Due to the gasoline production from 
methanol, the extent of additional refinement processes 
depends on the used catalyst and the process control.
Independent of the production route, the development of 
synthetic gasoline generally tends to meet the requirements 
specified in EN 228. This means, synthetic gasoline can be 
used as neat fuel without any adjustments of the engine, en-
gine components, or materials. Regarding the usage, syn-
thetic gasoline differs from synthetic diesel or oxygenated 
fuels, both being of interest in different transport sectors. 
Since diesel engines dominate heavy-duty transport, inclu-
ding the maritime sector, the development of synthetic ga-
soline focuses on the application in passenger cars.

3.3 Synthetic kerosene

As of May 2021, a total of seven different alternative jet 
fuels have been approved for the usage as drop-in fuel in 
blends with fossil jet fuel, up to 50 %(v/v) [9]. The mixing 
limit results not only from the specification of fuel proper-
ties but also from the share of aromatics being natural (his-
toric) fuel components due to their occurrence in fossil oil. 
Without using any aromatization and cyclization proces-
ses, specific SAFs consist of linear and / or branched par-
affins only. However, the aromatics lead to the appropriate 
swelling of seals, i.e. without aromatics in the jet fuel the 
risk of leakages cannot totally be ruled out. Hence, a num-
ber of aromatics of min. 8 %(v/v) [9] is required within the 
specification; therefore, blending with fossil jet fuel is un-
avoidable at present. Nevertheless, test flights with 100 % 
SAF have recently demonstrated that also the use of neat 
paraffinic kerosene is feasible [12]. As a consequence, it is 
not to be excluded that future specifications might allow 
the use of completely non-aromatic jet fuels. Thus, addi-
tional benefits in terms of reducing non-CO2 effects might 
be realized due to the reduced emission of particles.
Paraffinic FT kerosene belongs to the certified SAFs and 
is called FT-SPK (synthetic paraffinic kerosene). As men-
tioned earlier, the raw FT product can be separated in three 

different fractions – gasoline, diesel, and kerosene being in 
the middle distillation range compared to the other fuels.
A new synthetic kerosene under development, thus being 
not yet approved as SAF, is Methanol-to-Jet (MtJ). MtJ is 
produced by the oligomerization of methanol, similar to 
MtG, leading likewise to a paraffinic kerosene, without any 
aromatics. Even though at present not included in ASTM 
D7566, the MtJ kerosene resembles the certified Alcohol-
to-Jet (AtJ) being produced from ethanol or iso-butanol.
In contrast to road transport and maritime fuels, oxygena-
ted fuels are out of question for the use as SAFs since C-O 
bonds are expected to come along with a lower storage 
stability and an increased risk of water contamination 
due to hygroscopicity. Therefore, a drastic reduction of 
soot emissions is only achievable by keeping the amount 
of aromatics within the jet fuel as low as possible.

3.4 Dimethyl ether and oxymethylene ethers

Dimethyl ether (DME, H3COCH3) and oxymethylene ether 
(OMEn: H3CO(H2CO)nCH3 with n ≥ 1) are of high impor-
tance as alternative fuel compounds for diesel engines in 
road transport as well as maritime shipping for several 
reasons. (I) Due to the absence of any C-C bonds with-
in the fuel, even fuel rich mixtures show nearly no soot 
formation – compared not only to fossil diesel but also to 
synthetic diesel or other oxygenated fuels like alcohols 
or even to conventional biodiesel, consisting of fatty acid 
methyl esters. Hence, the use of DME or OMEn as a near-
drop-in fuel not only promises a substantially stronger re-
duction of soot emission but, even more, an escape from 
the trade-off between soot and nitrogen oxides (NOx). (II) 
DME and OMEn can be produced from renewable sourc-
es using methanol as the intermediate product – either via 
the Power-to-Liquid (PtL) process but also from sustain-
able resources (biomass) via gasification or fermentation. 
This means, the use of DME or OMEn will help to achieve 
CO2 neutrality. (III) Although OMEn do not have any C-C 
bonds, they are fully miscible with conventional hydrocar-
bon fuels; especially higher OMEn (n ≥ 2) are in line with 
important diesel fuel properties like cetane number, boil-
ing temperature, freezing point (besides OME5), and flash 
point, as shown in Tab. 2.
On the other hand, the liquid density as well as the viscos-
ity, both properties characterizing the fluidity of a fuel, are 
outside of the parameter range for a diesel fuel. The high 
oxygen content of these fuels has a beneficial effect on re-
duced soot and NOx emissions; but, on the other hand, this 
may cause increased emissions of new harmful substances 
like aldehydes and ketones, lead to a reduced heating value, 
and might also adhere the risk of material incompatibility. 
For these reasons, adjustments or even new developments 
of the engine system are unavoidable in case neat DME 
or OMEn is fueled [24,25]. For the use in blends with die-
sel, the degree of modifications depends on the amount of 
OMEn in the fuel mixture. According to Avolio et al. [26] 
even mixtures up to 15 %(v/v) might be compatible with 
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the current vehicle technology. On the other hand, OMEn 
requires different sealing materials due to the oxygen in the 
molecule [25] to ensure that even the use of blends with 
small amounts of OMEn may not lead to leakages in long-
term use. 
Concerning the effect of OMEn on the combustion behav-
ior when blended in diesel, it was found that 30 %(m/m) 
could be added without any significant change in the 
laminar burning velocity, being an important fundamen-
tal combustion property and a measure for heat release as 
well as reactivity of any fuel. Figure 2 shows the com-
parison of the laminar burning velocity of: (I) neat OME4, 
(II) a diesel surrogate (50 %(n/n) n-dodecane + 30 %(n/n) 

farnesane (2,6,10-trimethyldodecane) + 20 %(n/n) 
1 methylnaphthalene), and (III) a mixture of the diesel 
surrogate + 30 %(m/m) OME4; all data were reported at 
200 °C and 1 bar. With a maximum of about 108 cm/s, 
OME4 yields a distinctly higher laminar burning veloci-
ty than the diesel surrogate with a maximum of about 
83 cm/s. Interestingly, the mixture of the diesel surrogate 
+ 30 %(m/m) OME4 shows a maximum being only slight-
ly higher than the pure diesel surrogate. According to these 
results, OME4 can be added to diesel in high amounts with-
out having any influence on heat release or reactivity [27]. 
This is assumed to be true for OMEn in general as well.

Tab. 2 Overview of important physical properties of dimethyl ether (DME) and oxymethylene ethers (OMEn) 
compared to fossil diesel. Abbreviations: CN – cetane number, FP – flash point, Hu – lower heating value, Tb – 
boiling temperature, Tf – freezing point, v – viscosity, ρ – liquid density (at 1 bar).

Diesel DME Oxymethylene ether (OMEn)

OME1 OME2 OME3 OME4 OME5

Tb (°C) 85...360a) -24.8e) 42f) 105f) 156f) 201f) 242f)

Tf (°C) -40...6b) ≈ -140 f) -105f) -70...-65f) -43...-41f) -10...-7f) ≈ 18.4f)

ρ (kg/m³)15°C

820-845a)

800-840a),c) gas 850-867f) 961f) 1021f) 1059f) 1100f)

v (mm²/s)40°C
 2.0-4.5a)

 1.5-4.0a),c) gas 0.32-0.33f) 0.64f) 1.05f) 1.75f) 2.63f),g)

FP (°C) ≥ 55a) -42.2b) -32f) 12h) 54f) 88f) 115f)

CN ≥ 51a) > 55e) 29-37.6f) 63f) 70-78f) 90f) 100f)

Hu (MJ/kg) ≈ 43f) 27.60f) 22.44f) 20.32f) 19.14f) 18.38f) 17.86f)

Hu (MJ/l) ≈ 35f) 18.44f) 19.30f) 19.53f) 19.54f) 19.47f) 19.64f)

a) data taken from [11]
b) data taken from [18]
c) values belong to winter diesel

d) data taken from [20]
e) data taken from [17]
f) data taken from [19]

g) at 25 °C
h) data taken from [24]

Fig. 2: Comparison of experimentally determined 
laminar burning velocities of: (I) neat OME4, (II) a 

diesel surrogate (50 %(n/n) n-dodecane + 30 %(n/n) 
farnesane (2,6,10-trimethyldodecane) + 20 %(n/n) 
1 methylnaphthalene), and (III) a mixture of the diesel 
surrogate + 30 %(m/m) OME4. All data are measured at 
200 °C and 1 bar [27].

3.5 Methanol and higher alcohols

For the energy transition in the transport sector, methanol 
is a key molecule due to several reasons: (I) As already 
mentioned previously, methanol is a platform molecule 
as it is an important intermediate product for the produc-
tion of several specific E-fuels. (II) Methanol offers the 
possibility for a flexible usage since it is of interest as 
alternative fuel for light- and heavy-duty vehicles as well 
as for the maritime sector. (III) Current research activities 
focus on the usage of methanol both as neat fuel and as 
blending component.
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Regarding dominant relevant fuel properties (see Tab. 3) 
methanol is an ideal blending component for gasoline 
with the benefit to increase the octane number. In the 
USA methanol gasoline blends are specified for the use in 
spark-ignition engines according to ASTM D5797 [15]. 
Here, the amount of methanol ranges from 51 %(v/v) to 
85 %(v/v). The oxygen content leads to a cleaner com-
bustion regarding soot emissions. In transport sectors 
(heavy-duty loading and shipping), where diesel engines 
are dominant, this advantage is of high importance wit-
hin the consideration for the application. However, due to 
several unfavorable properties of methanol compared to 
diesel fuel (e.g., density, cetane number, and heating vale 
are (too) low), modifications of the engine, components, 
and / or material are to be expected for the use in blends 
and, to an even larger extent, for the use as neat fuel.
The higher alcohols being in focus within the energy 
transition are 2-butanol (also named sec-butanol) and 
1 octanol (n-octanol). For the sake of completeness, in 
Tab. 3 are also listed ethanol, 1-butanol (n-butanol), and 
tert-butanol. Ethanol is already a standard blending com-
ponent for gasoline (depending on percentage of admix-
ture named as E5 and E10) being not produced via the 
PtL-path but from fermentation (“bioethanol”).
Regarding the C4-alcohols, not only 2-butanol might be 
considered as synthetic fuel component for gasoline but 
also 1-butanol and iso-butanol. Even though their den-
sities are higher, their boiling temperatures and octane 
numbers are within the specification for gasoline and, 
compared to ethanol, the heating values are closer to ga-
soline as well. Similar to methanol, these butanols are 
specified as blending components up to 12.5 %(v/v) in 
the USA following the standard ASTM D7862 [16]. The 
fourth mentioned C4 alcohol, tert-butanol, is out of con-
sideration due to its physical properties such as the high 
melting point of about 26 °C.
Based on the physical properties, 1-octanol appears as an 
ideal blending component to diesel fuel aiming for the 
reduction of the emissions of soot and particulate matter, 
respectively. Although not yet specified as fuel compo-
nent, it was already shown by Zubel et al. [10] that an 
admixture of up to 50 %(v/v) is feasible from a technical 
perspective. In contrast to other E-fuels considered for 
the application in diesel engines of road transport vehic-
les as well as maritime shipping, 1-octanaol is currently 
only of interest for light-duty vehicles.

3.6 Further oxygenated fuels

Further oxygenated E-fuels considered (Tab. 1) are di-
methyl carbonate (DMC, H3C-COO-CH3) and methyl 
formiate (MeFo, HCOO-CH3) both being produced from 
methanol; they are of interest for the usage in spark-igni-
tion engines due to their high octane numbers [28]. Simi-
lar to DME or OMEn no C-C bonds exist within the mo-
lecular structures, i.e. the emission of soot is significantly 
reduced when burned in blends with gasoline. Even if 

the boiling temperature is within the range of gasoline, 
the density is distinctly higher. For these reasons, modi-
fications on the engine and / or engine components are 
assumed to be required.

3.7 Methane and hydrogen

As gaseous E-fuels, renewably produced methane (CH4) 
and mixtures of renewable methane and hydrogen (H2) are 
considered. Whereas H2 stems directly from electrolysis, 
CH4 is produced from syngas similar to the FT fuels. In 
road transport as well as in shipping, gas engines using 
methane as fuel are well-established. Irrespective of whet-
her the engine runs on CNG (compressed natural gas) or 
LNG (liquified natural gas), the PtL based methane can 
be used directly with almost no modifications. According 
to the specification EN 16723-2 [29], the amount of H2 is 
limited to 2 %(v/v) in natural gas vehicles while it is men-
tioned that a H2 content of 10 %(v/v) could be applicable 
in gas engines with an advanced control system. Besides 
the currently existing regulations, also the technology has 
to be adjusted for the use of CH4 + H2 mixtures. For exam-
ple, due to the low gas density of about 0.084 kg/m³ for 
H2 (at 15 °C and 1 bar) compared to 0.671 kg/m³ for CH4 
[18], higher pressures in the fuel tank (for storage) and 
the engine (during operation) are necessary. What comes 
along is the small size of the hydrogen molecule as well 
as the hydrogen embrittlement, important regarding ma-
terial compatibility. In detail, the diffusivity of H2 and the 
degradation of the material due to embrittlement have to 
be respected. Furthermore, H2 leads to higher combustion 
temperatures causing higher NOx emissions. On the other 
hand, H2 shows higher burning velocities which enables 
the combustion of lean mixtures. This offers the possibility 
to reduce the fuel consumption as well as the combustion 
temperature and therefore the NOx emissions. Due to the-
se reasons, the engine design and materials used require 
modifications respectively when the amount of H2 exceeds 
25 %(v/v) [30].
Besides in transport, the gaseous fuels are of interest in 
the energy sector as well. Here, the PtL based CH4 is usa-
ble without difficulty. The use of mixtures with H2 is pos-
sible in modern gas turbines up to 15 %(v/v) H2. 
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Tab. 3 Overview of important physical properties of different alcohols compared to fossil diesel and gasoline. 
Abbreviations: CN – cetane number, FP – flash point, Hu – lower heating value, (M/R)ON – (motor/research) 
octane number, Tb – boiling temperature, Tf – freezing point, v – viscosity (at 40 °C), ρ – liquid density (at 15 °C 
and 1 bar).

Diesel Gasoline Alcohols
Methanol Ethanol 1-Butanol 2-Butanol iso-Butanol tert-Butanol 1-Octanol

C14H30
g) C8H15

g) CH3OH C2H5OH nC4H9OH sC4H9OH iC4H9OH tC4H9OH nC8H17OH

Tb (°C) 85...360a) 210e) (FBP) 65b) 78f) 117.7h) 99.5h) 108h) 83b) 195b)

Tf (°C) -40...6b) -90.5...
-95.4b) -98b) -114b) -89.5h) -114.7h) -108h) 26b) -16b)

ρ (kg/m³)
820-845a)

800-840a),c) 720-775e) 792d) 785d) 810d) 806.3h),i) 801.8h),i) 790b)

(20 °C)
830b)

(20 °C)

v (mm²/s)
2.0-4.5a)

1.5-4.0a),c) 0.75d) 1.5d) 2.63-3.7d)

FP (°C) ≥ 55a) ≤ -35b) 9b) 12b) 35h) 24h) 28h) 11b) 84b)

CN ≥ 51a) -- 5d) 8d) 17-25d) -- -- -- --

RON -- ≥ 95e) 109f) 109f) 96h)

98f)

101h)

105f)

113h)

105f) 107f) 28i)

MON -- ≥ 85e) 89f) 90f) 78h)

85f)

82h)

93f)

94h)

90f) 94f) 27f)

Hu (MJ/l) ≈ 35d) 30-33f) 15.8f) 21.4f) 26.9f) 26.7f) 26.6f) 25.7f) 31.1f)

a) data taken from [11]
b) data taken from [18]
c) values belong to winter diesel
d) data taken from [19]
e) data taken from [13]
f) data taken from [20]
g) average formula, taken from [20] 
h) data taken from ASTM D7862 [16]
i) temperature not specified in ASTM D7862 [16]

4. Conclusions

This paper provides an overview on a range of E-fuels 
being of interest for the energy transition in the trans-
port sector. Based on syngas stemming from electrolysis, 
hydrocarbon fuels (gasolines, diesel, kerosene) and oxy-
genated fuels (like alcohols or ethers) as well as gaseous 
fuels can be produced. Besides synthetic methane, being 
applicable like natural gas, synthetic gasoline, diesel and 
kerosene can be used as long as the required fuel pro-
perties comply with the corresponding standards. From a 
technical point of view, the oxygenated fuels are usable 
in blends with small or even no modifications to engine, 
engine components and / or materials. However, speci-
fications and standards being valid in Europe are still 
missing.
Despite many research and development projects in pro-
gress, the PtL technology has not yet reached an industri-
al scale. To achieve CO2 neutrality by 2045 in Germany, 
not only the PtL technology has to be promoted in order 
to become mature and vivid; in addition, further CO2 sa-

ving technologies need to be implemented as well as the 
optimization of combustion engines regarding their effi-
ciency and infrastructures.
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Fast-Ageing method BigOxy for the examination of Fuel 
Blends

Karin Brendel
OWI Science for Fuels gGmbH

Nina Mebus
OWI Science for Fuels gGmbH

Summary

Though fuel ageing is a well-known phenomenon, there are still open questions concerning chemical reaction pathways 
and influence of environmental conditions. To examine the process of fuel ageing, especially considering new alternative 
fuel components, a fast-ageing method has been developed at OWI which has since been used in multiple applications. 
The method, called BigOxy, is based on the analytical oxidation stability measurement according to DIN 16091. Different 
fuel blends have been aged and consequently analyzed with various laboratory methods, and thus the course of ageing 
can be observed. The blends that have been examined include heating oils, diesel fuel, gasoline, heavy fuel oil, various 
alcohols, and alternative components like hydrogenated vegetable oil, fatty acid methyl esters and synthetic fuels. Results 
show that the method can successfully compress the natural ageing during storage into a much shorter time scale (down 
to 72 h). Possible side-effects that could occur during ageing in blends with new components can be found quicker and 
countermeasures can be enacted. The goal of this test is the prediction of long-term behavior of fuels.

1. Introduction

Ageing in fuels is a long-known phenomenon. The first 
patent for an additive to prevent ageing was filed as early 
as 1927 [1]. A lot of research has been conducted to as-
sess fuel quality, prevent ageing, and better understand the 
underlying reactions. This has proven to be difficult due 
to the great complexity of mineral oils, which can contain 
hundreds of thousands of different substances [2]. Due to 
recent improvements in efficiency of both vehicles and 
heating systems, and development of new technologies like 
hybrid electric vehicles, storage times for liquid fuels have 
increased. Additionally, the complexity of fuel is increased 
by the introduction of new alternative components like hy-
drogenated vegetable oil (HVO), used cooking oil methyl 
ester (UCOME) or synthetic fuels (X to liquid, XtL, where 
X can be various carbon sources). Thus, the need to assess 
correctly and quickly not only the current fuel quality, but 
also the future behaviour of fuels and their ageing grows 
more important. Yet, no quick method exists that allows 
a prediction of ageing behaviour. The test rig presented in 
this article is an attempt to develop such a method.

1.1 Ageing processes in fuels

Various chemical reactions can happen in fuels during 
ageing. They range from oxidations to polymerizations 

and produce a variety of ageing products from aldehy-
des, ketones and acids to polymers. A good overview over 
prevalent reactions and previously done research into fuel 
ageing is presented by Biernat [3] in a review, especially 
in the subsections by Owczuk [4]. Most of the ageing re-
actions happen only in the presence of oxygen and are very 
slow at usual storage conditions. They can be accelerated 
by influences like temperature, pressure, and catalysts like 
non-ferrous metal surfaces. Prevention of ageing is usually 
done using additives, which can stop the peroxide radicals 
that are essential for most ageing reactions.
Fuel ageing changes some of the fuels properties, ran-
ging from viscosity increase due to polymer formation 
[5], density increase due to evaporation of volatile com-
ponents [6], over conductivity changes due to oxygenate 
formation [7], to turbidity due to water increase and de-
posit formation [6]. All these effects can be measured and 
quantified with various methods.

1.2 Fast-ageing methods

Many methods to accelerate ageing exist. All of them 
use a combination of the accelerating influences like in-
creasing temperature, pressure, contact with non-ferrous 
metals, irradiation as well as direct contact with oxygen. 
Of these methods, a lot are standardized, like various 
methods that measure oxidation stability in some way 
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[8–15]. Most of these methods are designed to measure 
one comparable parameter that can be used to assess the 
current stability of a fuel. Some measure the sediments 
formed under defined conditions, some measure oxygen 
uptake or detect formed oxygenated products in some 
way. Only a few methods have been developed expressly 
to study the ageing process itself, and to conduct mea-
surements over the ageing time, but some of the norm 
methods have been adapted to this purpose. Järviste et 
al. have used a similar method to the Rancimat method 
(DIN 15751) [16], and the method described in this ar-
ticle is derived from the PetroOxy method (DIN 16901). 
The difference apart from the reactor volume is that the 
PetroOxy test is conducted with pure oxygen, not with air 
as in the BigOxy test.

1.3 Sensors

The ageing reactions happening in fuels cause changes to 
physical properties which can be measured with suitable 
sensors. Table 1 shows an overview of the changes that 
can happen during ageing, and sensor parameters that 
correlate to these changes.

Table 1: Sensor parameters and their correlation to 
changes of fuel properties during ageing.
Parameter Changes in the sample
Water content / 
relative Humidity

Water from condensation, from 
air, water formation as a reaction 
product

Density Evaporation of volatile com-
ponents, reactions influencing 
intermolecular forces

Viscosity Evaporation of volatile compo-
nents, changed interactions of 
molecules due to polymerization 
and higher polarity

Electrical conduc-
tivity

Formation of polar components 
and ions, water

Permittivity Increase of polarity through oxi-
dation reactions, changed mobi-
lity of molecules due to changes 
in density

Turbidity Formation of sediments and 
emulsions

Infrared Reactions with oxygen, water

Due to the conditions in the used ageing method (closed 
reactor, high temperature), several of these possible sen-
sor parameters cannot be used in the setup. The ones that 
are left include electrical conductivity and permittivity, 
as well as viscosity.

2. Methods

2.1 BigOxy method

The BigOxy test method is derived from the PetroOxy 
method. Figure 1 shows a flow diagram of the test rig. 
Four reactors are filled with 500 mL each of the samples 
and are then closed airtight. A pressure of air is applied 
(4.8 bar for middle distillates and heavy fuel oil, 3 bar 
for gasoline) and the pressure checked for ten minutes. 
If no changes occur, the test rig is then heated up to the 
desired test temperature (standard parameter is 105 °C) 
and the test runs over a predefined length of time (usu-
ally between 8 and 72 h). At the end of the run time, the 
reactors are cooled down and the samples can then be 
taken out. Further analysis with laboratory methods is 
possible, as well as deposit formation tests and many 
more.

Figure 1: Flow diagram of the BigOxy test rig.

2.2 Analytics

Various analytical methods have been applied to samples 
that were aged using the method described in section 2.1. 
The results discussed in this paper have usually been ob-
tained using norm methods, which will not be described 
here in detail, but referenced in Table 2 so they can be 
looked up. 

Table 2: Short description of laboratory methods for 
fuel analysis and the corresponding norm numbers.
Method name 
and number

Short description

PetroOxy DIN 
16091

Measures oxidation stability using 
increased pressure and temperature, 
determines time scale of oxygen 
uptake 

Rancimat DIN 
EN 15751

Measures oxidation stability using 
increased temperature and oxygen 
flow, measures the formation of vola-
tile conductive components
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Acid number 
DIN EN 14104

Measures the total acid amount in a 
sample, using a titration 

Total conta-
mination DIN 
12662:1998

Measures the amount of sediment in 
a sample by filtration

Water content 
DIN EN ISO 
12937

Measures the water content using a 
titration method developed by Karl 
Fischer 

Density DIN 
EN ISO 12185

Density is measured using the vib-
ration of a u-tube. The frequency re-
lates to the weight, and for a known 
volume, the density of the sample.

2.3 Long term storage

To compare the ageing processes in the test rig to ageing in 
more realistic storage conditions, long term storage tests have 
been conducted. For this, fuel samples were filled in bottles 
with 1 L or 2 L content, and a copper spiral was added as a 
catalyst for ageing reactions. In addition to that, the bottles 
were stored open to allow contact with oxygen and humidity 
in the air. The copper spiral is identical to the ones used in the 
thermal stability test according to DIN 51371. Every one to 
three months, depending on the project, bottles were taken 
out and the fuel analysed thoroughly as described in 2.2. 

3. Results

3.1 Correlations between test rig and long term storage

In a completed previous research project, a correlation 
between the analysis data from the BigOxy test rig and 
long term storage data for conventional and some alter-
native heating oil was found [17]. 
Various test parameters were tried with temperatures ranging 
from 90 °C to 140 °C before it was found that the best results 
could be gained at 105 °C. Higher temperatures accelerated 
ageing speed so much that a good differentiation became dif-
ficult, and the reproducibility suffered due to the long time it 
takes for the whole sample to reach the desired temperature. 
Lower temperatures increased the necessary time the sample 
had to spend in the test rig, so the 105 °C were a good com-
promise and showed the best correlation to long term storage.
To achieve a good comparison between test rig data and 
long term data, a stability parameter was calculated from 
multiple analysis results and the fuels were then ordered 
according to their stability parameters. This method achie-
ved almost the same order for the long term storage as it 
did for the test rig, meaning the differentiation according 
to stability is comparable.
Another result from the tests was the calculation of time lap-
se factors. To do this, criteria that defined the fuels as ‘aged’ 

were empirically determined or taken from the norm (20 min 
in PetroOxy, 20 h in Rancimat, 200 mg/kg water content, 
0,25 mg kOH/g acid number, and 24 mg/kg total contamina-
tion). The analytical data over time was then fitted to a linear 
function to determine the time at which these limits were rea-
ched. Since this was done for both the long term storage data 
as well as the test rig data, the time lapse factor between the 
two could be determined. Since the linear function is only a 
very basic approximation of the analytical data over time, a 
newer project is currently running to improve on this model. 
The time lapse factors calculated with this method differed 
between the various tested fuels and ranged from about 60 
for 20 % rape seed methyl ester in heating oil to 250 for pure 
heating oil. A time lapse factor of 250 means that one hour of 
ageing in the test rig equals 250 h in real time, so a typical run 
time of 16 hours equals about five and a half months.

3.2 Sensor data in the test rig

One critical point of the previously described evaluation 
was the low number of data points over time. While the 
number was seven for the long term storage, there were 
only four data points in case of the test rig data. To solve 
this problem, a sensor has been integrated in the test rig 
to measure continuously during the ageing process, and 
in shorter intervals during the long term storage. The in-
clusion in the test rig necessitated several constructional 
changes, the reactor top had to be First tests with the sen-
sor in the BigOxy have yielded continuous data, but due to 
the very temperature sensitive nature, the full evaluation 
is still pending. Overall results were that a slight increase 
of viscosity could be observed during the 64 h runtime in 
the reactor, and a slight decrease of the conductivity was 
measured over time. The data from the long term storage 
shows no certain trends yet.

3.3 Pressure curves of different fuels and alternative 
components

The BigOxy method can be used to age different alter-
native components, both gasoline and middle distillates 
as well as heavy fuel oils. The pressure curves differ 
slightly, depending on the oxygen uptake of the sample. 
For hydrogenated vegetable fuel (HVO), fatty acid me-
thyl esters (FAME), paraffinic synthetic fuels (Fischer 
Tropsch products, FT) and conventional fuels, this works 
very well. It was found however that the use of oxygena-
ted methyl ethers (OME) poses problems, because under 
the applied conditions, it can decompose into methanol 
and formaldehyde. In addition to these components being 
toxic, the resulting pressure increase is also undesirable 
since the reactors are only tested up to 10 bar. All other 
components show typical pressure curves, which increa-
se in the beginning due to the temperature increase, and 
later start decreasing due to oxygen uptake. The maxi-
mum pressure achieved during the test run and the time 
of the oxygen uptake depend on the sample properties. 
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In Figure 2, several different pressure curves are shown. 
The differences between the samples originate both from 
the composition and the fuel stability. It must be noted that 
the pressure can only fall by about 20 % since that is the 
oxygen content of air. Any additional pressure drop stems 
either from dissolved other gases, or slight leaking of the 
reactor. The presented fuels include heating oil and diesel, 
octanol as a pure substance and as a mixture with diesel, 
and ethanol and butanol in a synthetic methanol-to-gasoline 
fuel (MtG).

Figure 2: Pressure curves over a run time of 64 h for 
different fuels and blends.

3.4 Conclusion

The developed method allows a good approximation of 
real ageing behaviour, and thus can be used to investigate 
effects of ageing in various fuel components. Additive 
reactions in aged fuels can be examined, and deposit for-
mation observed. This is especially interesting regarding 
the many new candidates for alternative fuels, as they 
can be tested in a short time, and especially mixing and 
ageing interactions can be observed. The method will 
be used in further research projects to examine new fuel 
components and investigate ageing behaviour of mixtu-
res. Additive testing is also a possible application, espe-
cially the effectiveness testing for stability additives can 
be done using the test rig. 
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With the signing of the Paris Agreement in Decem-
ber 2015 the United Nations explained their willing-
ness to limit the GHG Emissions and contribute to 
the measures against the global warming effect. In 
2019 the European Commission proposed the Green 
Deal and as a consequence the target to be climate 
neutral in 2050. In consequence the fossil based 
energy system has to transform into a climate-neu-
tral energy system with renewable and sustainable 
energy carriers. Research on and development of 
alternative fuels and new production processes are 
ongoing to provide the technical solution. Political 
actions are needed to provide the economic frame-
work for the introduction of such alternative fuel 
solutions.

The fulfilment of the European CO2 reduction targets 
until 2050 needs realistic technical solutions includ-
ing backwards compatible approaches for existing 
vehicle fleets. An economic and sustainable devel-
opment towards climate neutral mobility requires a 
holistic view based on life cycle assessments for the 
different mobility approaches including the econom-
ic impacts as well as financing options.

A synergetic discussion of solutions for future fuels 
and powertrain technologies is needed to develop an 
economic pathway to a sustainable and affordable 
mobility of tomorrow.

The challenging goal for mobility can only be 
achieved through an international cooperation of 
universities, the automobile industry, energy pro-
ducers, the oil industry and the legislative bodies of 
the member states.

The international colloquium aims to contribute to 
the development of a climate-neutral mobility by 
exchanging views on and discussing all aspects con-
nected with the "powertrain/fuel/environment" sys-
tem, including the necessary political regulations.
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 Application of Renewable Fuels

 The present  volume contains the contributions 
submitted in advance for the lectures and shows 
the potentials and challenges of CO2-reduced 
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