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Overview of the light-duty vehicles tailpipe emissions regulations in the European
Union: status and upcoming type-approval and market surveillance schema
In order to curb pollutant emissions from light-duty vehicles in the European Union, a set of complex regulations have been approved in the recent years (2016-2018) including more stringent emissions tests, independent in-service conformity checks, and a novel
type-approval framework which includes market surveillance provisions to complement the type-approval requirements. Tailpipe emissions will need to meet stringent emission limits before entering the market at type-approval and at the end of the production line, as well
as during their normal life under normal conditions of use. This contribution aims at providing a comprehensive but synthetic analysis of
the current regulatory context in the EU.
Key words: WLTP, RDE, Market Surveillance, type-approval, in-service conformity

1. Introduction
Air pollution lies amongst the most significant risks in
the European Union (EU) causing circa half a million
premature deaths per year as well as significant economic
and environmental impacts [1, 2]. Road transport remains a
key source of primary pollutants despite achieving substantial emissions reductions over the past decades [1, 3].
In order to further reduce tailpipe emissions from lightduty vehicles (LDVs) several policy instruments have been
recently introduced in the EU. The Joint Research Center
(JRC), the in-house research center of the European Commission has provided scientific and technical support to the
development and implementation of the new laboratorybased test protocol, the WLTP as well as the on-road emissions test, the RDE.
The objective of the presentation is to provide insight on
the current regulatory status in the EU regarding tailpipe
emissions from LDVs in the laboratory and on the road,
both at type-approval (i.e., homologation of emissions on a
prototype vehicle), at the end of the production line, and
during their real-life operation. In addition, an overview of
the novel type-approval framework that will enter into force
in 2020 is provided focusing on the role that has been assigned to JRC.

2. Worldwide harmonised Light-duty vehicles Test
Procedures (WLTP)
The Commission Regulation (EU) 2017/1151 of 1 st June
2017, implemented the WLTP into the EU legislation. The
WLTP, in force in the EU since September 1 st 2017, was
first developed at the United Nations Economic Cooperation for Europe (UNECE) level [4]. The WLTP replaced
the NEDC procedure as type-approval framework in the EU
as the latter was outdated and did not adequately reflect real
world emissions [5, 6]. Under the WLTP, the tailpipe emissions of LDVs (gases and particles), measured in laboratory
conditions under standardized ambient conditions following
the Type 1 test procedures (Annex XXI to regulation
2017/1151), shall meet the Euro 6 tailpipe emission limits
set by the Regulation (EC) No 715/2007 and its amendments.
LDVs are driven on a chassis dynamometer on the
Worldwide Light-duty Test Cycle (WLTC, Sub-Annex 1 to

Annex XXI), which is longer, more transient, and reaches
higher vehicle speed than its predecessor the NEDC. The
WLTP describes precisely how to determine the road load
coefficients of a vehicle and how to transfer them to the
chassis dynamometer (Sub-Annex 4), which was one of the
main loopholes of the NEDC [7]. The WLTP, which allows
road load determination on a wind tunnel or a test track,
clearly defines important details like how to select the tires
and which tire pressure and tread depth are permissible to
perform the coast down test.
Vehicle preconditioning, soaking conditions, test cell
temperature and humidity ranges, as well as the operation
of sampling methods are comprehensively described in the
regulation to limit the exploitable test flexibilities and enhance replicability and reproducibility of emission results
(Sub-Annex 6). In particular, the WLTP prescribes a precise methodology to determine the gearshift points for
manual transmission vehicles (Sub-Annex 2).
Specifications of the testing equipment are also widely
covered in the WLTP (Sub-Annex 5), including the calibration, sampling frequency, accuracy, and response time
requirements. According to the WLTP, the measurement
principles for gaseous emissions are non-dispersive infrared
(NDIR) absorption for carbon dioxide and carbon monoxide, flame ionization (FID) for hydrocarbons, and chemiluminescent (CLA) or non-dispersive ultra-violet resonance
absorption (NDUV) for nitrogen oxides. Pariculate matter
mass is sampled on a single filter mounted within a holder
in the sampled dilute exhaust gas flow and weighted in a
temperature and humidity controlled weighing chamber.
Fluorocarbon coated glass fibre filters or fluorocarbon
membrane filters shall be used. The particle number sampling system shall consist of a volatile particle remover
(VPR) upstream of a particle number counter (PNC) and
suitable transfer tubing.
The WLTP also describes the testing conditions and
tailpipe emission limits applying for positive ignition vehicles at idling (Type 2 test: limiting CO emissions at normal
and high engine idle speeds) and at low ambient temperatures (Type 6 test: covering CO and hydrocarbons emissions at cold start at –7°C). The protocols for verifying the
durability of pollution control devices (Type 5 test) lie also
under the WLTP umbrella.
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The Conformity of Production (CoP) is an additional
check on emissions compliance performed by the manufacturer on vehicles at the end of the production line. At least
one verification per 5000 vehicles produced or once per
year, whichever comes first, shall be performed on each
CoP vehicle family (vehicles within the same family have
the same fuel type, combustion type, engine displacement,
transmission type, etc.). The vehicles shall conform to the
Euro 6 emission limits according to a precise statistical
procedure and testing protocol, which considers the emission results of a set of three up to sixteen vehicles (Fig. 1).
The Type Approval Authority (TAA) shall select randomly
the vehicles until a pass or fail decision is reached according to the statistical procedure. It is responsibility of the
TAA to audit the CoP documentation at least once per year
and to perform additional physical tests in case it is not
satisfied with the auditing procedure or at least once every
three years.

Fig. 1. Overview of the procedure to check the conformity of the vehicle
for a Type 1 test [1]

3. Real Driving Emissions (RDE) regulation
Following the approach used to assess the emissions
performance of heavy-duty vehicles under real life operation through Portable Emissions Measurement Systems
(PEMS), the EU has developed the Real Driving Emissions
(RDE) regulation for LDVs in the period 2011-2018. The
RDE aims at securing low tailpipe emissions of passenger
cars and light commercial vehicles under real traffic operation under normal conditions of use.

4

The RDE, which has been introduced in the EU legislation through four regulatory packages (RDE1: EU 2016/
427, RDE2: EU 2016/646, RDE3: EU 2017/1154, and
RDE4: EU 2018/1832), is applicable for all new vehicles
since September 1st 2018. Vehicles tested under the RDE
regulation need not-to-exceed (NTE) certain nitrogen oxides and solid particle number limits over a route that complies with a series of testing boundaries (ambient temperature between –7°C and 35°C, maximum altitude of 1 300
m.a.s.l., test duration between 90 and 120 minutes, at least
16 km driven on urban, rural and motorway conditions,
etc.). The RDE boundary conditions were set in a way to
cover most of the driving situations within the EU while
allowing PEMS to be used within their optimal operating
conditions. The fact that on-road tests complying with the
RDE requirements can be performed in countless combinations of ambient and traffic conditions, driving styles, and
payload largely limits the potential of cycle optimization
(as occurred in the past when vehicle emissions were
checked only under the NEDC test protocol). The fact that
RDE NTE limits need to be met under a wide range of
conditions has become a major driver of current engine and
after-treatment systems development over the last years [8].
RDE1 describes the testing procedure, provides the
technical requirements for PEMS and defines the ex-post
emissions calculations and evaluation methods. RDE2
introduced the NTE compliance request to the urban driving on top of the entire RDE trip and set new boundary
conditions for diving dynamics and cumulative positive
elevation gain. The extended documentation package,
which consists of a description of the base and auxiliary
emissions strategies to be shared with the TAA was introduced in RDE2 as a way to prevent defeat devices. RDE3
comprised a provision to include emissions during cold
start operation in the final RDE emission values, and set the
technical parameters to assess emissions of plug-in hybrid
electric vehicles. RDE4 introduced the In-Service Conformity (ISC) provisions to evaluate the emissions performance
of vehicles during their normal life as well as modifications
to the ex-post evaluation methods to ensure practicality and
effective emissions testing.
The NTE limit is the Type I test limit multiplied by
a conformity factor (CF) that includes a margin accounting
for the additional measurement uncertainty of PEMS relative to standard laboratory equipment. NOx CF was set by
RDE2 and modified in RDE4, whereas the PN CF was
introduced in RDE3. The RDE regulation includes a procedure to review the margin in light of technological improvements of PEMS. The JRC has developed a methodological framework for the revision of the NOx margin [9]
that uses the error propagation rule and takes into account
the uncertainties of gas analysers, exhaust mass flowmeters,
and global positioning system. The NOx margin applicable
to new type approved vehicles from January 2020 was set
at 0.43 considering a worst-case scenario for zero NOx drift.
In order to support best practices and avoid wrongdoings during on-road emissions tests in the context of the
RDE regulation, the JRC has developed a guidance document [10] covering all aspects of PEMS testing from installation (Fig. 2) to calibration and execution of tests.

COMBUSTION ENGINES, 2020, 180(1)
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Fig. 2. PEMS installation [2]

4. In-Service Conformity (ISC)
From September 1st 2019, the ISC provisions will be
applicable to all new vehicles to ensure that LDVs comply
with their emission limits throughout their normal life (up
to a mileage of 100 000 km or five years, whichever occurs
first) and not only at type-approval. ISC, which was introduced by EU regulation 2018/1832 of November 5 th 2018
(RDE4), defines the procedures and responsibilities to
check tailpipe emissions compliance during RDE as well as
WLTP Type 1 and Type 6 tests.
In order to prioritize the ISC testing, the Granting TypeApproval Authorities (GTAA) will perform risk assessments based on remote-sensing (Fig. 3), simplified measurement systems and/or other sources of tailpipe emissions.
The outcome of the risk assessment shall be
a list of vehicle families with potential issues regarding
their emissions performance that will undergo detailed
scrutiny through actual ISC testing.

ISC testing at least on 5% of their families every year (with
a minimum of two families). In order to strengthen the ISC
procedure, the GTAA is additionally responsible to audit
the ISC testing performed by the manufacturer and accredited laboratories. The ISC procedure allows, for the first
time in history, that consumer and environmental organizations, for example, officially confront the emissions compliance of vehicles through accredited laboratories.
The results of ISC tests will be pooled together into
a publicly accessible electronic platform hosted by the European Commission (different user profiles will have different
access to data privileges). An ad-hoc ISC statistical procedure has been developed to robustly assess the emissions
compliance of a given vehicle family while minimising the
testing burden, the environmental risk (compliance with ISC
but incompliance with NTE limits), and the manufactures’
risk (incompliance with ISC but compliance with NTE limits). For RDE and WLTP Type 1 tests, the ISC pass-or-fail
decision requires a minimum of three vehicles and is reached
with a maximum of ten vehicles depending on the number of
individual failed tests (Fig. 4). A simplified statistical approach is used for WLTP Type 6 test where a decision may
be reached after three tests.

Fig. 4. Decision chart for the ISC statistical procedure applying for typeapproved vehicles from January 1st 2020 (UND: undecided) [4]

Fig. 3. Remote-sensing instruments are placed in the road-side and provide
an instantaneous reading of vehicle emissions passing-by [3]

ISC tests shall be performed by vehicle manufacturers,
GTAAs, and may be additionally performed by third parties
through accredited laboratories. The accreditations seek to
guarantee that vehicle inspection (ISO 17020) and emissions compliance checks (ISO 17025 and) are fair, properly
executed, and that instrumentation fully complies with the
regulation requirements. Accredited laboratories will have
access to transparency lists, which contain the necessary
information to perform testing in type-approval like conditions (road load settings, how to enable dyno mode, gearshifting pattern, etc.). Manufactures will need to perform

COMBUSTION ENGINES, 2020, 180(1)

On top the statistical procedure described above, an additional clause is defined for outliers, i.e., vehicles that emit
pollutants way above the NTE limits. The presence of outliers in ISC tests may lead to a direct fail outcome for the
whole family even if the minimum number of tests is not
yet reached. The presence of two intermediate outliers
(emissions > 1.3 * NTE limit) or one extreme outlier (emissions > 2.5 * NTE limit) in a sample shall lead to
a fail of the sample.
Within 10 days of the end of the ISC testing, the GTAA
shall start detailed investigations with the manufacturer in
order to decide whether the ISC family passes or fails the
ISC procedure. In case of excess emissions, the manufacturer shall provide to the GTAA a description of the ‘possible cause of the failures, which parts of the family might be
affected, whether other families might be affected, or why
the problem which caused the failure at the original ISC
tests is not related to in-service conformity, if applicable’.
In the case a vehicle family does not comply with the emissions limits comprehensive remedial measures shall be put
5
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in place by the vehicle manufacturer to restore effective and
durable after-treatment systems. The plan describing the
remedial measures shall be provided to the GTAA within
45 working days including a demonstration of the effectiveness and durability of the proposed measures and a
communication plan to vehicle owners and repair workshops.
Within 15 working days, the GTAA needs to accept or decline the remedial plan. If the GTAA does not accept it, it is
entitled to take all appropriate measures to restore conformity, including withdrawal of the type-approval and notify its
decision to all Member States and the Commission. Member
States shall take measures to ensure that the approved plan of
remedial measures is applied within two years to at least 90%
of affected vehicles registered in their territory.
In order to foster transparency, the ISC regulation foresees that the GTAA needs to make publicly available and
free of charge, a report containing all the results of all the
finalised ISC investigations of the previous year, by the 31
March of each year.
The JRC is currently working on accrediting its testing
procedures for RDE and WLTP (ISO 17025) and for vehicle inspection (ISO 17020) in order to be in the position to
actively participate in ISC testing.

The new type-approval framework introduces also an
effective market surveillance system to control the conformity of vehicles already in circulation. In this sense,
Member States as well as the European Commission will
name Market Surveillance Authorities responsible to perform independent vehicle compliance tests on vehicles
already on the market. The European Commission oversight of the whole type-approval procedure includes taking
measures (e.g., ordering vehicle recalls, giving fines, and
even revoking type-approval certificates) against noncompliant vehicles. The Commission shall also audit the
procedures put in place by approval authorities to grant
type-approvals, and execute conformity of production at
least once every five years.

5. New Type-Approval Framework and Market
Surveillance
EU regulation 2018/858 of May 30th 2018 describes the
new framework for the type-approval and CoP of motor vehicles in the EU that will replace Directive 2007/46/EC from
September 1st 2020. As overall goals, the new framework
pursues raising the technical quality and robustness of the
type-approval procedure, facilitate its enforcement, prevent
market distortions, increase transparency, minimize the administrative burden, and foster the independence of authorities in
order to ensure a high level of safety and environmental performance of light and heavy-duty vehicles.
The new framework entitles Member States to act
against non-compliant vehicles on their territory without the
need to wait for the GTAA to take action.
In order to strengthen the collaboration among Member
States, the regulation foresees the creation of an advisory
Forum for Exchange of Information on Enforcement that
shall include representatives of national authorities and the
Commission.

Fig. 5. New Vehicle Emissions Laboratories (VELA 10 and VELA 11)
building plan [5]
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Fig. 6. NOx emissions/NOx standards (Compliance Factors) over laboratory and on-road tests. Horizontal red lines indicate limits or recommended
thresholds for Compliance Factors. Green and red dots represent individual Euro 5b and Euro 6b vehicles, respectively [6]

The JRC will be the European Commission Service responsible for the execution of the market surveillance tests
(emissions and safety) as well as inspection of the work of
technical services (peer-review mechanism). New personnel, facilities (Fig. 5), and instrumentation have been allocated at JRC to start carrying out Market Surveillance activities from September 1st 2020.
Since early 2017, the JRC has been carrying out independent tailpipe emissions compliance checks on LDVs in
the laboratory and on the road, following standard and
alternative NEDC, WLTP and RDE procedures [11]. The
alternative laboratory tests include back-to-back NEDC and
WLTP tests (i.e., with warm engine), setting the test cell at
10°C and 30°C, modifying the speed trace, etc. The outcomes of such activities aim at contributing to the development of robust vehicle screening methodologies and
testing protocols in the context of upcoming Market Surveillance obligations.
The work conducted at JRC also focus on developing
and enhancing testing protocols and data processing tools to
COMBUSTION ENGINES, 2020, 180(1)
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identify vehicles that present emission patterns which could
be caused by potential use of defeat devices (Fig. 6).
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Highest efficiency and ultra low emission – internal combustion engine 4.0
In the future, the simultaneous reduction of pollutant and CO2 emissions will require significantly enhanced powertrain
functionalities that cannot only be adequately represented by the ICE (internal combustion engine) alone. Both automated transmissions
and especially powertrain electrification can help to meet efficiently those extended requirements. The extended functionalities are no
longer applied exclusively with the ICE itself ("Fully Flexible Internal Combustion Engine"), but distributed across the entire powertrain
("Fully Flexible Powertrain"). In addition, the powertrain will be fully networked with the vehicle environment and thus will utilize all
data that are useful for emission and consumption-optimized operation of the ICE.
Combustion engine and electrification often complement each other in a synergetic way. This makes it extremely sensible for the
combustion engine to evolve in future from a "single fighter" to a "team player". If one compares the requirements of such an ICE with
the definition of Industry 4.0, then there are extensive correspondences. Thus, it seems quite opportune to call such a fully networked
combustion engine designed to meet future needs as “Internal Combustion Engine 4.0 (ICE 4.0)”. This even more so, as such a name
can also be derived from the history: e.g. ICE 1.0 describes the combustion engines of the first mass-produced vehicles, ICE 2.0 the
combustion engines emission-optimized since the 1960s and ICE 3.0 the highly optimized "Fully Flexible Combustion Engine", which
currently offers a high torque and performance potential combined with low fuel consumption and pollutant emissions.
In addition to further improvements in fuel consumption, the "Combustion Engine 4.0" offers such a low level of pollutant emissions
that can best be described as "Zero Impact Emission". This means that such future ICE´s will no longer have a negative impact on the
imission situation in urban areas. With the e-fuels topic, the ICE also has the potential to become both CO2- and pollutant-neutral in the
medium and long term. This means that the ICE – also in passenger cars – will continue to be an essential and necessary cornerstone for
future powertrain portfolios for the next decades.
Key words: passenger car, gasoline, diesel, hybrid, powertrain

1. Introduction
The combustion engine is currently undergoing the most
turbulent phase in its more than 100-year of history. From
the undeniable enabler of individual mobility, the ICE is
partly driven into a negative image as an air polluter and no
longer being a future oriented technology. Particularly in
Europe, the combination of exceeding imission limits in
major cities with the emissions issue of the Diesel engine,
has had a lasting impact on the image of the ICE. Potential
city access restrictions not only generate anxiety scenarios,
but also increasingly determine the buying behavior of the
customer and thus, not at least, question the future of the
Diesel engine in passenger cars. In the public discussion,
however, most often neither the resulting losses in people’s
assets and the contribution of non-automotive pollutant
emitters to the imission situation are considered.
Looking at the challenges of the ICE in a technically rational way against a global background, it is probably less the
issue of pollutants, but rather the sustainable reduction of
CO2 emissions, that presents the biggest challenge, Fig. 1.

Fig. 1. Global and regional challenges for the ICE
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The fulfillment of the worldwide CO2 resp. fuel consumption fleet limits is hampered both by a strongly increasing portion of vehicles with high weight and driving
resistance (SUV boom) and thus unfavorable consumption
behavior compared to the passenger car as well as a still
restrained purchase behavior for XEV's.
In the US, low fuel prices give the customer a low economic motivation to buy CO2-efficient vehicles. In addition, since the US legislation is traditionally more pollutantoriented than emissions-oriented, a more modest transition
to electromobility is expected.
In Europe, on the other hand, demanding CO2 reductions in conjunction with declining Diesel and SUV shares,
requires a relatively rapid expansion of electrification just
to meet the CO2 fleet targets. In addition, the shift towards
electrification is enhanced additionally by the ongoing
discussions about bans for the ICE.
In China, above all, the imission situation in mega cities
and the resulting registration restrictions and exemptions
for new energy vehicles (NEVs) are a major motivation for
electric drives.
Although the United States, especially California, have
been at the forefront of low pollutant emission legislation
for decades, in future both China with its extremely low
thresholds in the test cycle (China 6b) and demanding durability requirements, and especially Europe with a very challenging RDE legislation will become the pacemakers.
The short- and medium-term technology trends can be
estimated in a first approximation from the already apparent
or expected legislation, where strong regional differences
are to be expected. Long-term trends, on the other hand, are
mainly due to the CO2 reductions required to meet the cli-
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mate goals. However, these must be seen as balance between the CO2 emissions of the transport sector ("Tank- toWheel") and the provision of primary energy ("Well-toTank"). Although the division into individual sectors allows
the definition of separate target values, there is the risk that
over the time course the overall optimum of CO 2 reduction
will not always be achieved. For example, a reduction of
purely vehicle-related tank-to-wheel emissions by electric
vehicles only becomes effective in the total CO2 emissions,
if the well-to-tank emissions of the energy supply are reduced beforehand.
Of course, in addition to technical progress in development, a wealth of legal and political influencing factors
determines the long-term development of technology. The
issues of registration and access restrictions ("Diesel-Ban",
"ICE-Stop") certainly play a decisive role, Fig. 2.

Fig. 2. Main factors influencing the long-term global technology distribution [1]

In addition to the reduction of pollutant emissions, fulfilling the fleet CO2 limits is a key driver for electric vehicles, whose emission contribution is currently rated "zero".
Thus, a transition from a tank-to-wheel to a well-to-wheel
approach with today's powerplant CO2 footprint would
significantly reduce the lever of the electric vehicles in fleet
CO2 and, above all, reduce the attractiveness of plug-in
hybrids (PHEV). Similarly, advances in battery technologies are also competing the need for PHEV as a long-haul
solution, even though the general fast-charging issue of
increasing inventory of BEVs with very high battery capacity in long-haul operations is challenging.
The success of the fuel cell is much more determined by
the infrastructure than in the case of the battery-powered
vehicle. Here, in a global view, both the storage and the
distribution of hydrogen are still inhibitions. However,
vehicle refueling itself can be solved in a practical way by
the possible transfer of high energy contents within a brief
time.
With the ICE, on the other hand, the topics "Zero Impact Emission" and "e-Fuels” as well as “e-Gas" also make
it possible to operate the ICE practically pollutant-free and
CO2-neutral, thus bringing it to a level with renewable
sources in terms of environmental impact in a then fair
competition again.

2. A new generation of ICE´s
Basically, there are two options for meeting future CO 2
fleet targets and emission limits:
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• Electrification focus: The emphasis is placed on the
highest possible proportion of electrification (BEV +
PHEV), if necessary, a corresponding market penetration is
promoted with price support measures. In the case of conventional drives, the focus is primarily only on the adaptation to the legal boundaries, most of the CO 2 fleet reduction
is represented by BEV and PHEV.
• Balanced approach: In addition to the "marketable"
growth of BEV + PHEV, the further reduction of CO 2
emissions is the result of a significant advancement of ICE
based powertrains utilizing synergies with affordable electrification measures.
However, looking at the current evolution of CO2 fleet
levels in Europe – the progression of CO2 reduction is well
above the target corridor for meeting the fleet targets for
2020 due to rising SUV and falling diesel emissions – all
technical options for CO2 reduction will have to be exploited. In conjunction with the also tightened RDE requirements, this requires a sustainable improvement or new
development of ICE based powertrains.
Since the issue of real world emissions will increasingly
come into the focus, it is becoming more sensible to increasingly use the traffic and environmental information
available through the networking of the automobile to optimize fuel consumption and pollutant emission of the
powertrain. To use such a potential, it is necessary to integrate electrical functionalities into the powertrain in addition to refined ICE attributes.
If one compares these requirements to future powertrains with the definition of Industry 4.0, in Germany, then
surprising matches are found:
Definition Industry 4.0 [2] (in extracts, in the following
in italics):
• "Industrial production should be integrated with
modern information and communication technology". This
also applies also to automobile and optimized powertrain
management.
• "The technical basis for this are intelligent and digitally networked systems. With their help, a largely selforganized production is to be possible: people, machines,
equipment, logistics and products communicate and cooperate directly with each other in Industry 4.0”. This sentence describes in an analogous manner also autonomous
driving functions and the networking of the automobile.
• "Networking should make it possible to optimize not
just a single production step but an entire value chain".
Also in the automobile, it will be possible in the future, to
optimize not only the driving itself, but the entire transport
process including energy-optimal route selection, maximizing the recuperation potentials and automation of assistance
functions such as automatic parking.
• "The network should also encompass all phases of
the product's lifecycle – from the idea of a product to development, manufacturing, use and maintenance to recycling." In the future, the evaluation of the automobile and
the various drives will also be increasingly carried out on
a "lifecycle" basis involving production, operation and
recycling.
Thus, it is perfectly opportune to call an ICE designed
comprehensively for future needs as “Internal Combustion
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Engine 4.0 (ICE 4.0)”. But also from the history can be
derived such a name, Fig. 3.
“ICE 1.0” describes the combustion engines of the first
mass-produced vehicles. Affordability and reliability were
the defining parameters.
In California, the first emission limits for motor vehicles
were already set in the 1960s, which is certainly a decisive
milestone, e.g. defined as “ICE 2.0”.

Fig. 4. Pollutant emission of an EU6dtemp vehicle with Gasoline engine in
the WLTP

Fig. 3. Generations of ICE based passenger car power- train systems

In the following decades, the limit values for pollutant
emissions and fleet consumption target values to be proven
on the chassis dynamometer were steadily tightened and
required significantly increased variability, the "Fully Flexible Internal Combustion Engine – here described as “ICE
3.0”.
The future requirements regarding pollutant as well as
CO2 emissions, require significantly extended functionalities of the powertrain, which no longer can be mapped
exclusively within the ICE ("Fully Flexible Combustion
Engine") but must be distributed to the entire drive train
("Fully Flexible Powertrain"). In addition, the drivetrain
will be networked with the vehicle environment, enabling
all data useful for emission-optimal powertrain operation to
be utilized, and will increasingly be powered by CO 2neutral fuels from renewable sources – “ICE 4.0”.

Zero Impact Emission
In addition to the currently negatively biased image of
the ICE, the complex discussions regarding access restrictions for emission-critical zones are causing uncertainty
among the buyer. Especially the lack of clearly defined
future framework conditions becomes an existential threat
to the Diesel engine in passenger cars already short term.
In the medium and long term, a general sales stop of
ICE is increasingly being discussed, without considering
the untapped potential of future ICE-based powertrain systems. To remain accepted, at least in the European public
opinion, it is generally necessary for the ICE to lower its
pollutant emissions to a level that is no longer relevant for
the environment. With EU6dtemp incl. RDE, a decisive
step has already been made in this direction. It can be assumed that such vehicles will certainly fall below the imission limit values in today's imission-critical zones.
"Zero Impact Emission" means that emissions are so
low that they have no impact on air quality. To assess this,
Fig. 4 shows the emission characteristics of a standard
EU6dtemp vehicle with a supercharged DI Gasoline engine
in the WLTP cycle.
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With the Gasoline engine, a strong concentration of pollutant emissions on the non-warmed up or highly dynamic
engine operation is obvious. These relations are not only
valid for this single vehicle, but are also confirmed on
a broad statistical basis, Fig. 5.
If one looks at the pollutant emissions in warmed up
condition, then an emission level of only 2–5 mg/km is
observed, which is an order of magnitude lower then under
cold conditions. If a model simulation of critical imission
measurement points for Germany – e.g. the Neckartor in
Stuttgart [3] – is done then it can be seen that the vehicle
emissions only contribute by 0.2–0.5 µg/m3. This is uncritical compared to the legal limit (40 µg/m3) as well as compared to the emissions of the non-automotive sector (approx. 18 µg/m3). So for warm engine EU6d temp vehicles
could already be called „Zero Impact Emission“.
Starting from the EU6d temp status, the main challenge
for further emission reductions are with the improvement of
pollutant emissions at ICE start and in non-warmed up
operating range, as well as in the temperature management
of the exhaust gas aftertreatment. In addition, various
measures to limit pollutant emissions are required in the
upper load range.

Fig. 5: Emission behavior of EU6dtemp vehicles with Gasoline engines

For both concern areas, it makes sense to utilize synergy
effects with mild hybridization. If you set e. g. a suitably
designed 48V system to make the cold operation primarily
electrically and at the same time to condition the exhaust
aftertreatment by means of catalyst heating, the cold emissions can be significantly reduced. Since this mild hybridization also dampens emission-relevant dynamic peaks even
COMBUSTION ENGINES, 2020, 180(1)
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when warm (limitation of the ICE dynamics), it is possible
to achieve an emission level that justifies talking about
"Zero Impact Emission".

3. Electrification of the ICE
In the future, the simultaneous reduction of both pollutant and CO2 emissions will require significantly enhanced
functionalities of the powertrain, which can only be insufficiently represented by the ICE alone. Both automated
transmissions and electrification can help to efficiently
cover the extended functionalities. These functionalities are
no longer exclusively applied within the ICE itself ("Fully
Flexible Internal Combustion Engine"), but distributed
across the entire powertrain ("Fully Flexible Powertrain"),
Fig. 6.
Clever balancing of the complementary properties of
electrification and ICE results in a synergetic potential for
improvement in terms of reducing both pollutant and CO 2
emissions. Thus, in future the ICE will change "from a lone
fighter to a team player".
As a result, especially with a high degree of electrification, a simplification of the ICE will be also possible. If e.g.
the lowest load range of the ICE is replaced by purely electric driving or load shift by charging the battery, the layout
of the ICE can focus on the area of best specific fuel consumption respectively low specific pollutant emissions
(with Gasoline engine e.g. layout of the turbocharger for
higher mass flow, possibly omission of variable valve lift,
modified layout of variable compression, etc.).

ever, it is more sensible to reduce the torque and dynamic
demand of the ICE by means of the additional electrical
torque at least partially, especially with low engine speeds
(upper green area in Fig. 7). This not only allows avoidance
of operating ranges with unfavorable performance of the
ICE, but also additional synergy effects e.g. a modified
design of the turbocharger better matched to the higher flow
range (expansion of the stoichiometric operating range). In
view of the expected changes in RDE legislation [4], such
a "dynamic limitation" of the ICE also gains additional
importance for a robust RDE calibration. However, the
electrical torque is only temporary, according to the electric
energy available, which must be considered in the system
design accordingly.

Fig. 7. Interaction of ICE, Automated Transmission and Mild Hybridization (48V)

Depending on the respective ICE, transmission and
electrification strategy, different arrangements of the electric motor prove to be the respectively most favorable variant, Fig. 8. Both modular and dedicated solutions are used
[5, 6].

Fig. 6. From "Fully Flexible Combustion Engine" to "Fully Flexible
Powertrain" [1]

Already a sufficiently graded automated transmission
with a large spread helps to operate the ICE in most of the
driving situations in the respectively optimum map area –
usually best specific fuel consumption ("Sweet Spot Follower" – yellow area in Fig. 7). With appropriate hybridization, even at low power demand the load point can be shifted towards a high-efficiency range either by electrical recuperation and charging of the battery or, in the case of sufficient battery charge, driven purely electrically (lower green
area in Fig. 7).
In the upper load range, of course, the electrical torque
can be used to increase the total torque (dashed green line).
Regarding emission and fuel consumption reduction, how-
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Fig. 8. Electrification of ICE-based powertrain systems

4. Development of the Gasoline Engine
4.1. Challenges
Due to its in stoichiometric operation highly efficient
exhaust aftertreatment, the Gasoline engine has so far been
much less in the center of public emission discussions than
the Diesel engine. However, the new RDE legislation, especially the tightening of Package 3 and 4, represents
a huge challenge. Thus, e.g. the dynamic limitation introduced to restrict aggressive driving allows, to a certain
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extent, even extreme driving maneuvers such as full load
drive-off with cold engine. Consequently, reducing the
dynamics of the cold drive-off becomes a crucial criterion
for safely meeting future RDE requirements.
The strongest temperature and dynamic influence is obtained in the gasoline engine for the number of particles,
Fig. 9.

Fig. 9. Influence of start temperature and driving style on the engine-out
particulate emissions in the RDE city section – TGDI engines

Since particulate filters for Gasoline engines, at least in
the new or freshly regenerated state have significantly lower filtration efficiencies than Diesel particulate filters,
a reduction of the particle engine out emissions is still required despite the broad introduction of the particulate filter
also with Gasoline engine. By detail optimization both the
temperature and the dynamic sensitivity of PN generation
could be significantly improved from an EU6c status, Fig.
10 left, towards an EU6d status, Fig. 9 right.
Compared to the Diesel engine, the Gasoline engine has
a much higher sensitivity to higher exhaust gas back pressure, which gains in importance through the future requirement for stoichiometric operation in the entire map. Thus, the
trade-off between filtration efficiency and exhaust back pressure of the GPF becomes a defining parameter for the Gasoline engine. Fig. 10 shows an overview of different filter
types with respective filter soot loadings of 0, 1 and 3 g/l.

Finally, the elimination of scavenging strategies necessary to safely comply with RDE-NOx, requires appropriate
compensation in torque and low-speed response, which in
turn argues for a "cooperation" between ICE and powertrain
electrification.
In general, some measures for the robust RDE fulfillment are in trade-off with the CO2 emission, the central
future development focus of the Gasoline engine. This
increases the motivation to use low-cost electrification to
reduce CO2 emissions and to improve existing trade-offs,
for example with a different layout of the turbomachinery.
Since such mild hybridizations can also improve the robustness of emissions reduction in real world operation at
the same time, such systems will form a broad basis for
future ICE based powertrains.
4.2. Technology approaches Gasoline engine
The current technical mainstream of Gasoline engines –
extended expansion by Miller/Atkinson cycle concepts –
will continue in the foreseeable future, but will be further
optimized by improved charging systems. In addition to this
mainstream technology, however, a certain amount of technology diversification will remain. Variable Compression
Ratio VCR, Spark Initiated HCCI, advanced ignition and
Ultra High Pressure Injection UHP are additional focus
points, Fig.11.

Fig. 11. Technology roadmap Gasoline engine

Fig. 10. Trade-off between filter efficiency and exhaust back pressure with
different soot loadings

While in the past, high filtration efficiencies were almost inevitably associated with high backpressure (red and
yellow areas in Fig. 10), current developments are already
leading to much more favorable relations – green area in
Fig. 10 – although partially with compromises on filter size.
For gas-powered SI-engines this filter problem is eliminated, as from combustion side more or less no particle emission is generated thus increasing the attractiveness of Gas
engines additionally.
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Once knock can be limited or eliminated isolation of the
combustion chamber (“adiabatic engine“) can shift energy
from the low temperature to the high temperature level. In
combined processes these additional energy amounts can be
used. Peak efficiency levels of 45% up to 50% can be expected in the future.
Future emission requirements such as lowest particulate
emissions or stoichiometric operation in the complete engine map require advanced emission concepts beyond the
three way catalyst and the particle filter.
By using an electrically heated catalyst with extended
preheating/post heating functionality (“conversion management”) as well as by hybridization and connectivity
further significant emission reduction up to “Zero Impact
Emission” level is possible even for not fully warmed up
engines.
Synergy effects with hybridization allow an even more
fuel consumption-oriented design of the IC, especially of
the charging and combustion processes. Since in future, the
ICE must increasingly cover various levels of electrifica-
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tion, an expanded modularization will gain an increasing
importance even within the ICE. While in the past, different
torque and power levels of the ICE were usually covered
with different geometric displacements, the topic of charging enables a power and torque spread without changing the
engine geometric displacement. Miller and Atkinson cycle
allow a separation of geometric and effective compression
ratio. Thus, a widely spread power graduation can be displayed at the same geometric displacement within one engine family. The performance differentiation is primarily
based on the extent of "Millerization", the boost pressure,
the valve lift curves and the geometric compression ratio,
Fig. 12.

Niche applications with extremely high specific power
are made possible by using additional electrical charging.
With the increased electrical power of high-voltage full
hybrids, this alignment can be taken a step further, Fig.12
lower part. Since considerably higher electrical energies are
converted here, an intelligent, preferably predictive energy
management is required to assure reproducibility of the
acceleration behavior with limited battery capacity.
In contrast to the low speed range, the direct influence
of electrification in the rated power range is limited by
economically justifiable battery sizes (exception: Plug In
Hybrid). However, synergy effects – such as e.g. reduced
exhaust back pressure can be used by modified layout of
the gas exchange process respectively the turbocharger.
Nevertheless, future legal requirements such as stoichiometric operation in the entire map remain challenging and
require either a compromise with CO2 measures or additional expenses. A variety of measures is – either individually or in combination – is used to reduce the exhaust gas
temperature so far that an enrichment for component protection can be avoided. Fig. 13 shows an overview of the
stoichiometric power potential of the individual technologies and the cross-influence on the minimum specific fuel
consumption.
Active exhaust gas cooling in the form of an integrated
exhaust manifold is increasingly becoming the basic technology of turbocharged Gasoline engines, but is limited
towards higher performance by the high heat input into the
cooling system. Miller timing (early inlet valve closure)
provides a broad basis for the implementation of high geometric compression ratio and extended expansion and is
primarily used to reduce fuel consumption. Improved gas
exchange (Variable Turbine Geometry, "Series Compressor
Turbocharger" with intercooler) enables lower charge temperatures and better charging efficiencies. Cooled exhaust
gas recirculation improves both the stoichiometric power
range and the minimum fuel consumption, but at the same
time increases the heat input into the cooling system. Variable geometric compression ratio, especially in conjunction
with variable intake valve lift proves to be very effective
both in view of stoichiometric power and fuel consumption.
And finally, water injection – albeit with respective water
consumption – enables stoichiometric operation up to more
than 170 kW/l.

Fig. 12. Modular Gasoline engine concept with different electrification
levels

While high torque at low engine speeds is a prerequisite
for a fuel economy oriented powertrain layout, it usually
results in some compromises with the ICE layout. Thus, an
electrical torque assistance at low speeds allows a much
more focused orientation of the ICE to the main operating
range, Fig. 12 center. In most cases, the charging unit can
also be better adapted and if necessary also simplified and
the geometric compression ratio can be raised further.
Recovery of exhaust gas energy, for example by means
of electrified turbochargers (e-turbo) in combination with
the electrified powertrain, is a sensible addition to a further
increase in efficiency.
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Fig. 13. Measures to increase the stoichiometric power range, RON 95
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With increasing electrification, the focus of fuel consumption is shifting from the low load range (for example
2000 rpm, 2.0 bar BMEP) towards higher engine loads to
the area of minimum specific fuel consumption. Thus, the
ratio of maximum efficiency to maximum specific power
becomes a decisive engine parameter, Fig. 14.

Fig. 14. Trade-off between max. efficiency and max. specific performance

Looking at the state of the art, Miller/Atkinson concepts
represent the most attractive low-consumption solutions.
With advanced charging systems and refined combustion
processes, a significant shift of this trade-off is expected in
the future, especially towards higher specific performance.
However, the requirements of stoichiometric full load operation will result in increased differentiation in these specific
performance levels. Although the concept engines (hollow
circles in Fig. 14) are already designed for stoichiometric
operation, stoichiometric full load is only applied to a few
series engines yet.
While overall efficiencies of up to 45% appear feasible
in the medium term for current developments, in the research stage total efficiencies of more than 50% are conceivable in the long term with complex processes. This
significantly extends the trade-off between maximum efficiency and specific performance compared to the current
state of the art, Fig. 15.

The benchmark here are Formula 1 engines, which – not
restricted by the limitations of series solutions and emission
compliance – already achieve such efficiencies. If, on the
other hand, one considers the boundary conditions of series
engines, an increase in the compression ratio is a central
topic for improving efficiency. A technically comparatively
simple solution is a monovalent CNG engine that converts
CNG's high anti-knock properties into additional efficiency
improvements in addition to its chemical CO2 advantage.
This is a technically ideal solution that in future will also
offer the possibility of using CO2-neutral gas produced
from renewable energies distributed in basically existing
networks that are easy to expand. Unfortunately, this approach so far had poor customer and political resonance and
thus in the past a restrained market acceptance. Hopefully
CNG finally will achieve the importance it deserves.
Another much discussed approach are lean concepts.
Since there are additional question marks for any form of
lean operation due to the current NOx emission discussions,
avoiding knocking combustion as an enabler for higher
compression may be a more promising route. However,
many of the conventional knocking methods are based on
charge cooling and thus from the process point of view,
they are a thermodynamic loss which also increases the
required cooling capacity. A practically "knock-free" Gasoline engine would enable a significant paradigm shift: an
increasingly adiabatic engine which transfers the wall heat
losses into exhaust gas enthalpy and allows the respective
utilization of this exhaust gas energy in a subsequent expansion process, Fig. 16 upper part.

Fig. 16. Technology approaches for further increased efficiency of the
Gasoline engine

Such a knock-reduced Gasoline engine would be also an
ideal basis for homogeneous auto-ignition, Fig. 16 lower
part. As early as 2004, AVL had demonstrated that spark
ignition-triggered "auto-ignition" (AVL JCAI-Jet Controlled Auto Ignition) dramatically improves the robustness
and stability of conventional HCCI technologies. However,
since NOx emissions require lean exhaust aftertreatment,
such a system has not been prioritized furthermore but has
been switched to more emission-stable stoichiometric approaches. Another possibility for improving the knocking
behavior, and also the charge dilution tolerance, is, for
example, a pre-chamber spark plug, Fig. 17.
By appropriate alignment of the ignition jets, the combustion can be specifically accelerated in the direction of
knock-critical areas and thus the knocking behavior can be
Fig. 15. Trade-off between maximum efficiency and specific power of
Gasoline engines
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improved. An advancement of 50% mass fraction burnt
point of up to 8°CA was achieved.

Fig. 19. Impact of a knock reduced combustion process in the engine map,
no EGR

Fig. 17. Pre-chamber ignition

The most efficient measure to prevent pre-ignition and
knocking, however, is the introduction of the fuel only at
the end of the compression immediately before ignition,
Fig. 18. The local residence time of the fuel in knockcritical areas is too low to trigger pre-ignition or knock =>
practically "knock-free" Gasoline engine.

With an "ICE only" powertrain, the reduced full load
torque would require a shorter drive ratio for comparable
performance and thus equalize the fuel consumption benefits in the lower map range again. With a Hybrid, low-speed
assistance can be provided by an electrified powertrain.
Nevertheless, disadvantages would remain in the higher
load range.
A knock-reduced combustion method can fully exploit
the advantages of an increased compression in the lower
load range, but avoids the disadvantages in the higher load
range and at full load, Fig.19 right hand. Thus, such knockreduced combustion processes represent the next step in
Miller concepts.

Conclusions

Fig. 18. “Knock-Free Engine”; Ultra High Injection Pressure

However, the very late introduction and the necessary
preparation and distribution of the fuel requires extremely
high injection pressures. With injection pressures > 800 bar
and an adequate system design, a sufficient mixture formation quality and homogenization can be achieved even at
very late injection.
Fig. 19 shows the effect of such a knock-reduced combustion process in the engine map. With increasing the
geometrical compression ratio with a standard Miller combustion system, e.g. from 12 to 14, shifts the area of best
BSFC (“sweet spot”) towards lower engine loads, however,
compromises the high load behavior quite significantly
especially at low speeds, Fig.19 center.
COMBUSTION ENGINES, 2020, 180(1)

Regarding the improvement of real world emissions, the
transition to RDE proves to be much more effective than
lowering the certification values on the chassis dynamometer – by fulfilling the current RDE legislation, in real driving conditions, the RDE-induced widespread introduction
of the particulate filter on the Gasoline engine and the significantly tightened specifications for cold and high load
emissions result in essential pollutant reductions. It can be
assumed that such vehicles will certainly fall below the
imission limits even in today's imission-critical zones.
Since the extended boundary conditions of RDE legislation are no longer limited to statistically relevant driving
conditions only, but can cover virtually all possible modes
of operation, the short-term fulfillment of these requirements is an incredible challenge for the automotive industry.
The uncertainty of the future markets' reaction calls for
the development of modular structures of both with ICE´s,
transmissions and electrification components.
In the long term, new potentials of the ICE can be seen
with regard to both pollutant and CO2 emissions. In particular, synergy effects with electrification and the networking
of powertrain control with all vehicle-relevant traffic and
environmental information – "Internal Combustion Engine
4.0" – enables both further fuel consumption improvements
and an emission behavior that can be described as "Zero
Impact Emission". This means that future combustion engines will not have a negative impact on the pollutant imission situation. With the e-fuels theme, the combustion engine also has the potential in the medium and long term to
become both CO2-neutral and pollutant-neutral.
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Nomenclature
BEV battery electric vehicle
CNG compressed natural gas
DI
direct injection

ICE internal combustion engine
RDE real driving emission
SI
spark ignition
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Hydrocarbon species in SI and HCCI engine using winter grade commercial
gasoline
The study provides a qualitative and quantitative analysis of the C5-C11 hydrocarbon species generated in Spark Ignition –
Homogeneous Charge Compression Ignition (SI/HCCI) gasoline direct injection (GDI) engine at range of operating conditions. The
presented results and data were obtained from the combustion of winter grade commercial gasoline containing 2% w/w ethanol
(C2H5OH) for the engine operated in steady-state, fully warmed-up condition. The hydrocarbon analysis in exhaust gases was executed
on a Gas Chromatography-Mass Spectrometer (GC-MS) apparatus directly connected to the engine exhaust via heated line.
The highest concentration of the total hydrocarbon emissions was obtained under low load HCCI engine operation at stoichiometric
fuel-air ratio. The major hydrocarbon compounds detected in the collected samples were benzene, toluene, p-xylene, and naphthalene.
Benzene originates from the incomplete combustion of toluene and other alkylbenzenes which are of considerable environmental interest.
During the SI engine operation, increase of the engine speed and load resulted in the increase of benzene and the total olefinic
species with simultaneous decrease in isopentane and isooctane. The same trends are seen with the engine operating under HCCI mode,
but since the combustion temperature is always lower than SI mode under the same engine conditions, the oxidation of fuel paraffin in
the former case was less. As a result, the total olefins and benzene levels in HCCI mode were lower than the corresponding amount
observed in SI mode. Aromatic compounds (e.g., toluene), except for benzene, were produced at lower levels in the exhaust when the
engine speed and load for both modes were increased.
Key words: homogeneous charge compression ignition (HCCI), Gas chromatography-mass spectrometer (GC–MS), hydrocarbon speciation, regulated and unregulated emissions

1. Introduction
Individual hydrocarbon species from the combustion of
fuel such as oxygenated and polycyclic aromatic hydrocarbons (formaldehyde, acetaldehyde, benzene, 1,3 butadiene
and polycyclic organic material) have been reported as
health risk components.
Benzene enrichment from aromatic fuels is of considerable environmental interest. A risk assessment by Johnson
et al. [1] indicates that an exposure of 1–5 ppm in ambient
air for 40 years is associated with an increased risk of acute
myeloid leukaemia. Based on the epidemiological evidence,
benzene is considered as a human carcinogen (group 1) by
the International Agency for Research on Cancer (IARC).
Benzene and 1,3-butadiene are classified by the US Environmental Protection Agency (EPA) as group B2 probable
human carcinogen of medium carcinogenic hazards [2].
Although for Toluene the pronounced toxic effects of high
and long-term exposure are well-known [3, 4], the health
effects of short-term exposure remain uncertain. Toluene,
ethylbenzene and xylenes negatively affects the central
nervous system, disturbed coordination, causes drowsiness,
headache [5, 6] and mental disorders ATSDR [7].
Although, in modern vehicles corrective solutions in
eliminating pollutants are available, such as the use of catalytic converters, a preventive technology is always preferable, which requires a good understanding of the in-cylinder
air-fuel mixing and combustion processes. Detailed hydrocarbon emissions analysis, including speciation and quantification, is a powerful tool that can be used to understand
the significance of the fuel composition and additives, engine operating conditions and emission control hardware,
on the hydrocarbon component formation and help in the
optimization of the combustion process.

Gasoline-fuelled engines will continue to be one of the
main choices for passenger cars, therefore improving fuel
efficiency and reducing the emission of toxic non-regulated
yet compounds are of great importance [8]. Gasoline Homogeneous Charge Compression Ignition (HCCI) Engines
have the potential to reduce significantly nitrogen oxides
(NOx) emission and improve fuel consumption, under certain speed-load operating conditions in comparison to Spark
Ignition (SI) operating mode [9].
Studies on the analysis of the hydrocarbon species in the
exhaust gas of the SI engines started as early as the middle
of 1950s by Walker and O’Hara [10]. Much work has been
completed using the (GC–MS) technique by researchers in
automotive industry
One of the early studies on the hydrocarbons species in
the HCCI engine exhaust from the combustion of pure
hydrocarbon components was carried out by [11]. Three
different saturated hydrocarbons (n-pentane, n-hexane, and
n-heptane); were studied; and their ignitability was also
investigated. In the case of n-hexane fuel, at low-temperature combustion, olefins such as 1-hexene and 2-hexene
and aldehydes were the products of oxidation, and olefins
such as 1-butene, propylene, and ethylene were the product
of decomposition (Scheme I). In the case of n-heptane fuel,
the percentage olefins formed is less than the corresponding
percentage formed from n-hexane combustion; 2-ethyl-3methyl-oxetane and other cyclic ethers were also detected.
The results obtained from the n-pentane oxidation process
were similar to the results obtained from n-hexane, but the
accumulation of olefins and aldehydes during the lowtemperature oxidation period was greater than that seen in
n-hexane case.
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Scheme I. Oxidation and reduction of n-hexane

Kaiser et al. [12] showed that; the major primary products formed in the case of iso-pentane fuel, using HCCI
engine single cylinder, were; 17% 2-methyl-1-butene, 10%
3-methyl-1-butene, 9% 2-methyl-2-butene, 8% isobutene,
4% 2-butene, and 3% 3-methyl-tetrahydrofuran, in addition
to high yield formaldehyde (29%). In the case of iso-octane,
the major primary products were: 39% isobutene and 29%
formaldehyde.
The results of hydrocarbon speciation from HCCI engine revealed that the unburned fuel was the main product
seen in the exhaust followed by methane [13]. Oxidized and
decomposed products were also detected; the highest concentration of olefins resulted from the combustion was
ethylene and the highest concentration of aldehydes was
formaldehyde. Naphthenes and other aromatics were also
detected in the exhaust gases but with very small concentrations.
Dec et al. [14], drew detailed exhaust speciation measurements from an HCCI engine fueled with isooctane over
a range of air/fuel ratio. Similar to n-heptane, the unburned
isooctane was by far the largest contributor to the emissions
at all fueling rates, followed by formation of 2-methyl-1propene (isobutene), which is a known breakdown product
of isooctane. Different HC species were detected and identified as breakdown products of isooctane (e.g. methane,
ethylene, and propylene).
Shibata et al. [15] examined the effects of the fuel components structure on auto-ignition characteristics and HCCI
engine performance. Thirteen different hydrocarbons, four
different paraffins, three different naphthenes, and six different aromatics, were chosen for this investigation. The
results showed the relation between the hydrocarbon structure and research octane number. It was clearly shown that
the ignitability differences of the hydrocarbon were mainly
caused by the straight chain length of alkanes and side
chains, the ring size of naphthenes, and the Benzene ring in
aromatics.
Hunicz and Medina [16] provide comprehensive quantitative data on hydrocarbon species concentrations in exhaust gases from a (SI/HCCI) engine fuelled with gasoline.
A Fourier transform infrared gas analyser was used for
detailed speciation of hydrocarbons upstream and downstream of TWC. A fractions of selected species in HCs
emissions for variable operating conditions was detected
(CH4, C2H2, C2H4, C2H6, C3H6, C4H6, n-C5H12, isoC5H12
and C6H5CH3). However, emission of all species are higher
for HCCI combustion mode under late injection strategy
than for SI combustion.
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Yang et. al. [17] concluded that unburned hydrocarbon
emissions in HCCI engine are strongly dependent on the
parent fuel’s autoignition chemistry, with less dependence
on the peak bulk temperature, in contrast to the CO emissions.
In our previous work Elghawi et al. [18, 19], we reported on the relationship between the commercial gasoline fuel
components containing 2% w/w ethanol and the combustion products in the engine exhaust of carbonyl emissions as
well as vapour-phase and particulate-bound PAHs profile
generated by the same engine and using the same winter
grade commercial gasoline.
The objective of this study is to identify and quantify
the exhaust hydrocarbon species ranged from C5 to C11,
formed in the combustion of the winter grade commercial
gasoline during SI and HCCI combustion mode.

2. Experimental
2.1. The Engine
The experimental engine was a 3 L gasoline directinjection (wall guided) V6 engine; the engine specifications
are listed in Table 1. The engine was coupled to a Froude
EC 38 eddy current dynamometer. The valve-train was
modified to permit operation in HCCI mode by the provision of a cam profile switching mechanism. This cam profile switching (CPS) system was used to switch between SI
and HCCI modes. This system allowed on-line switching of
valve lift from 9 mm (SI operation) to 3 mm (HCCI) operation. The HCCI operation was achieved by internal EGR,
using negative valve overlap that trap exhaust gases in
order to retain enough energy for auto-ignition. The penalty
of HCCI operation by the trapping of EGR is typically the
limitation of its operating envelope (Fig. 1). At the low
boundary, it is limited by misfire due to limited tolerance
for EGR. Whereas, at the high boundary the limitation is
typically due to knock tendencies. The variable valve timing system of the engine made it possible to change the
valve timing for the inlet and exhaust valves within a 60
crank angle (CA) degree range. The HCCI starting procedure involves a warm-up period when the engine is operated in SI mode until the oil and coolant temperatures reach
90oC. In HCCI mode the engine was operated with a wideopen throttle significantly reducing pumping losses.
A DSPACE-based system coupled to a computer using
MATLAB/SIMULINK software was used to control the
engine parameters during operation and data acquisition.
The fuel flow rate to the engine was measured with the use
of an AVL gravimetric meter. The fuel injection pulse
width was adjusted by the engine management system to
maintain the required engine operation condition and A/F
ratio.
Table 1. Engine specification summary
Description
Engine type:
Bore:
Stroke:
Fuel:
Compression ratio:
Intake valve timing:
Exhaust valve timing:
Intake temperature:

Specification
Jaguar research V6, 24-V, GDI
89 mm
79.5 mm
Gasoline, RON 95
11.3
Variable
Variable
Variable
COMBUSTION ENGINES, 2020, 180(1)

Hydrocarbon species in SI and HCCI engine using winter grade commercial gasoline

amount of olefinic hydrocarbons (pentenes, hexenes, heptenes, octenes and nonenes).

Fig. 1. Selected points on speed/load map from this study

2.2. Gasoline Fuel used
The fuel used in this study was standard unleaded gasoline, its research octane number (RON) is 95. The properties of winter grade commercial gasoline containing 2%
w/w ethanol (C2H5OH) are listed in Table 2.
Table 2. Properties and composition of gasoline used as received from the
distributed company
Winter grade gasoline
Oxygen
Alkanes
Aromatic (total)
Toluene
p- and o-Xylene
Trimethylbenzene
Other aromatics
Alkenes
Additives

% w/w
0.74
57
36
12
11
10
3
5.7
<1.0

RON

120
145, 120
> 100

The composition and concentration of winter grade
commercial gasoline used in this study were analyzed by
GC-MS, Hewlett-Packard HP 5890 series II connected to
MS, TRIO-1. The gas-chromatographic parameters used for
speciation of the commercial gasoline used in this study
presented in Table 3, and the result of the analysis is shown
in Fig. 2.
Table 3. Gas-chromatographic parameters used for speciation of commercial gasoline
Parameters
Column:
Detector:
Oven
ramp:

Flow Rate:

HP 5890 series II
J&W Scientific DB-1: 50 m; 0.32 mm ID; 0.25 µm film
MS, TRIO-1
Ion Source 200 0C; 40: 450 amu
• 80 0C initial; 3 minutes hold
• 4 0C /minute to 250 0C
• 5-minute final hold (Flush)
• Total run is 50 minutes
6 ml/minute; He

Identifying the hydrocarbon components in the fuel is
the key step in speciation HCs in the engine exhaust. By
using retention time of some known compounds and the
NIST library together, the peaks in the chromatogram of the
analyte were identified and assigned to their proper compound. The fuel used consists primarily light aliphatic hydrocarbons (butane, pentane, methyl-pentane, hexane, methyl-hexane, heptane and octane), aromatic compounds
(toluene, p&o-xylenes and trimethyl-benzenes), and small
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Fig. 2. GC-MS characterisation of the components in used commercial
gasoline fuel

2.3. Analysis of Regulated Gases
A Horiba MEXA 7100 DEGR equipped with a heated
intake line was used to measure regulated emissions, including total hydrocarbon, carbon monoxide, carbon dioxide, NOx and oxygen in the exhaust. The heated line and
pre-filter are maintained at 190ºC. The analyzer equipped
with flame ionization detector (FID) was used to measure
total hydrocarbon in ppm methane (CH4) equivalent. The
measurement of HC represents wet HC concentration. Carbon monoxide (CO) and carbon dioxide (CO2) were analyzed by non-dispersive infrared (NDIR) detector and NOx
by a chemiluminescence detector (ClD). The λ (air/fuel
ratio relative to stoichiometric), temperature and pressure of
the exhaust gases at the engine exhaust manifold were also
measured. The system was calibrated using suitable bottled
span and zero calibration gases by using British Oxygen
Company (BOS) standards with different concentrations.
The calculations of specific emissions are based on the
Directive 1999/96/EC of the European Parliament and of
the Council of the European Union [20]. This document
describes the procedures and rules which should be applied
when gaseous emissions from internal combustion engines
are considered.
2.4. Speciation of Hydrocarbon C5–C11
Hydrocarbon speciation was performed online by a GCMS, Fisons GC 8000 series connected to MS, Fisons MD
800. The gas samples were introduced via the heated line at
200oC into a six port Valco valve outfitted with a 1ml sample loop. A 30-meter long x 0.53 mm i.d. capillary column
with a 3µm film thickness DB-1 was used, which allowed
the polar and non-polar compounds to be detected simultaneously. The column head pressure was maintained at
35 psi. The helium carrier gas flow rate was pressure controlled with a flow rate of 6 ml/min. The component standards were generally stable in concentration when the gas
was released from the cylinder at this flow rate. The temperature program settings (Table 4) permits to flush out the
heavier hydrocarbon to cope with different engine operational mode. Standard mixtures of paraffin’s, olefins and
HCs with known concentrations were used as a reference
sample. The retention time of each species were calibrated
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daily before each set of experiment by analyzing a standard
sample of gases that contain 15 components purchased
from British Oxygen Company (BOS). The concentration
of the components of standard sample were generally stable
when the gas was released from the cylinder at 6 ml/min
flow rate. The runtime was 22 minutes and the retention
time of detected species is given in Table 5. The chromatograms obtained for the emission products from both operation modes of the engine at the same speed and load points
at NMEP 4.0 bar and 2000 rpm engine speed and running at
lambda = 1 are shown in Fig. 3, and the hydrocarbon species (C5–C11) are presented in Table 4.
Table 4. Gas-chromatographic parameters used for detection of C5–C11
compounds
Parameters
Column:
Detector:

GC 8000 series
DB-1, 30 m; 0.53mm ID; 3µm film
MS, Fisons MD 800
Ion Source 200oC; 35: 200 amu
• 40oC initial; 2 minutes hold
• 10oC /minute to 200oC; 5 minutes hold
• 5-minute final hold (Flush)
6 ml/minute; He

Oven ramp:

Flow Rate:

Fig. 3. The chromatograms obtained for the emission products from HCCI
(upper) and SI mode (lower) of the engine at the same speed and load
points, and running at lambda = 1

Table 5. Retention time of standard sample components
Peak No
1
2,3
4
5
6
7
8
9
10
11
12
13
14
15

Compound
Iso-Butane
1,3-Butadiene + n-Butane
Iso-pentane
1-Pentene
n-Pentane
n-Hexane
Benzene
n-Heptane
Iso-octane
Toluene
EthylBenzene
p-xylene
Naphthalene
Methyl-naphthalene

Retention Time (minute)
3.231
3.401
4.161
4.321
4.471
6.012
7.233
8.173
8.785
9.534
11.54
11.72
18.19
20.66

The area of each peak represents the concentration of
that specific organic compound. Mass spectrometer (DM800) was used as a detector; the VG Mass-Lab software
was used to acquire and integrate the basic gas chromatographic data. These important compounds are the only
compounds that was possible to detect using J&W scientific
DB-1 column.
2.5. Engine Operation Conditions
One great challenge of implementing HCCI combustion
is the limited operating range in which HCCI combustion is
feasible compared to conventional SI operation. Sixspeed/load engine test points (Fig. 1) were selected for the
emissions speciation as shown in Table 6 and 7, where
NMEP is Net Indicated Mean Effective Pressure.

Table 6. Operation Conditions and Parameters of the V6 Engine in SI and HCCI modes (all for λ = 1.0)
Common conditions
Point
Speed
NMEP
rpm
(bar)
(1)
(2)
(3)
(4)
(5)
(6)

1500
2000
2500
1500
2000
2500

4.0
3.7
3.7
4.6
4.3
4.3

Total HC
ppm eq.
to CH4
1920
1760
1730
2260
1960
1430

CO
%

SI mode
CO2
NOx
%
ppm

0.63
0.88
0.75
0.69
0.76
0.70

13.84
13.74
13.80
13.84
13.81
14.36

420
830
1080
630
1040
1140

O2
%
1.06
1.05
1.02
1.09
1.07
0.86

Exh.
Temp
0
C
572
601
641
591
624
662

Total HC
ppm eq.
to CH4
3400
3040
2830
2660
2190
1640

CO
%

HCCI mode
CO2
NOx
%
ppm

0.52
0.55
0.68
0.62
0.63
0.47

14.01
13.92
13.92
14.17
14.21
14.39

42
75
114
166
104
163

O2
%
1.19
1.19
1.10
0.95
0.80
0.74

Exh.
Temp
o
C
382
384
398
402
404
432

Table 7. Operation Conditions and Parameters of the V6 Engine in SI and HCCI modes (all for λ = 1.0). Normalized emission values and fuel consumption
Common conditions
Point
Speed
NMEP
rpm
(bar)
(1)
1500
4.0
(2)
2000
3.7
(3)
2500
3.7
(4)
1500
4.6
(5)
2000
4.3
(6)
2500
4.3

20

HC
g/kWh
7.30
7.00
6.10
7.50
7.30
5.40

CO
g/kWh
34.8
41.4
36.6
35.2
36.4
35.4

SI mode
NOx
g/kWh
4.2
7.8
9.8
7.6
10.0
11.1

Fuel Consumption
g/hr
3500
3900
4400
4400
5100
5500

HC
g/kWh
12.70
10.10
9.10
8.90
7.40
6.00

CO
g/kWh
23.6
25.4
27.2
26.7
27.0
21.2

HCCI mode
NOx
g/kWh
0.20
0.09
0.10
1.40
0.80
1.30

Fuel Consumption
g/hr
3000
3300
3700
3800
4600
4900
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Table 8. Measured species in the exhaust at different conditions in SI and HCCI modes (ppm)
Testing point
Speed/ rpm
NMEP (bar)
Benzene
Toluene
C6H6 % in C1–C11
C7H8 % in C1–C11
Total HC (C1–C11)

Point (1)
1500
4.0
128
382
6.7 %
19.9%
1920

Point (2)
2000
3.7
141
331
8.0 %
18.8%
1760

Benzene
Toluene
C6H6 % in C1–C11
C7H8 % in C1–C11
Total HC (C1–C11)

38
608
1.1 %
17.8 %
3400

76
512
2.5 %
16.8 %
3040

SI mode
Point (3)
2500
3.7
151
319
8.7 %
18.4 %
1730
HCCI mode
81
447
2.8 %
15.8 %
2830

3. Results and discussion
3.1. Speciation and Quantification of Heavier
Hydrocarbon (C5–C11)
The benzene mole fractions increased by increasing the
operation load (Table 8). Benzene results from the incomplete combustion of toluene and other alkyl-benzenes, as
observed by Kaiser et. al. [21]. The formation of benzene
during combustion of the fuel used in this study that contains < 1.0 % benzene explains its observed enrichment in
the exhaust relative to other aromatic fuel components
available in this commercial gasoline fuel. Emission of
benzene increase by increasing the engine speed and load
and constitutes an appreciable fraction of the total emission
(Table 8). In our work; the observed benzene concentration;
is ranging from 38 ppm in case of HCCI mode point (1) to
165 ppm in case of the engine operation on SI mode point
(6). This difference in the concentration is due to the increased post-flame oxidation in SI mode, which explains
why in SI mode benzene formation is favoured over toluene. This behavior was also observed by Villinger et al.
[22].
Table 9. Hydrocarbon species (C5–C11) at NMEP 4.0 (bar) and 2000 rpm
engine speed, of the V6 Engine in SI and HCCI modes and for λ = 1.0
Hydrocarbon species
Iso-pentane C5H11
Benzene C6H6
1-pentene C5H10
n-pentane C5H12
n-hexane C6H14
Iso-octane C8H18
Toluene C7H8
Ethylbenzene C8H10
p-xylene C8H10
Naphthalene C10H8
Methyl naphthalene C11H10
Total C5–C11
Total C1–C11
Percentage of C5–C11/C1–C11

HCCI mode (PPM)
102
82
23
61
57
18
423
89
421
309
211
1796
2615
68.7%

SI mode (PPM)
38
148
27
46
33
83
344
123
305
251
97
1495
1860
80.3%

The engine operation at HCCI mode follows the same
trend as in the SI mode (Table 6 and 8), but since the combustion temperature is always lower for HCCI (Table 6),
the oxidation of fuel paraffin is less. As a result, the amount
of total olefins, methane and benzene are lower than in SI
mode, for instance the total HC at point (1) in HCCI mode
was 3400 ppm and in SI mode was 1920 ppm (Table 8).

Point (4)
1500
4.6
148
400
6.5 %
17.7 %
2260

Point (5)
2000
4.3
155
358
7.6 %
18.2 %
1960

Point (6)
2500
4.3
165
262
11.5 %
18.3 %
1430

79
434
2.9 %
16.3%
2660

91
334
4.1 %
15.3 %
2190

113
219
6.9 %
13.4 %
1640

Tailpipe studies observed that the exhaust benzene emissions are dependent on the benzene and the total aromatics
content of the fuel [23, 24]. Although benzene currently is
not regulated, it has raised health concern especially if
generated in appreciable quantities [25, 26].
For toluene as well as for the other aromatics (e.g. xylenes) except benzene, there is a decrease in the exhaust
concentration when both engine speed and load conditions
are increased, a trend seen in both combustion modes. In
the SI mode the concentration of toluene is always lower
under the same operation conditions. Both toluene and
xylene, are contributing in the formation of benzene due to
their aromatic based structure. Schuetzle et al. [27] showed
that a substantial increase in benzene concentration was
observed when toluene or xylene is added to the gasoline
fuel.
3.2. Formation of Hydrocarbon and regulated emissions
in SI and HCCI modes
In gasoline engines (SI/HCCI) under stoichiometric
conditions, the balance of the HC emissions from paraffinic
or alkanes, (more than half of the composition of the fuel in
this study) consists primarily of olefins formed by
β-scission of C-C bonds of the higher molecular weight
fuels; followed by H-atom abstraction. It was concluded by
Kaiser et al. [21, 28, 29] that for alkanes, β-scission and
H-atom loss reactions play important roles in determining
the combustion products emitted from the exhaust once an
alkyl radical is formed. To a lesser extent, disproportionation reactions forming methyl radicals may generate C2H4
from highly branched alkanes such as iso-octane [21]. Due
to the different molecular structures of parent paraffines,
the H-abstraction results in a variety of alkyl radicals. The
alkyl radicals are consumed in three parallel paths: (i) abstraction of another H-atom from an alkyl radical by another alkyl radical to form an olefin, (ii) abstraction of another
H-atom from an alkyl radical by oxygen to form an olefin
and a hydroperoxy radical, and (iii) oxygen addition to the
radical to form an alkyl peroxy radical (scheme II).
R − CH2 − CH2 − CH2 − R′ →
R − CH2 ° + CH2 °
′
(β − scission)
− CH2 − R
R − CH2 ° + CH2 ° − CH2 − R′ → R − CH3 + CH2
= CH − R
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O2 + CH2 ° − CH2 − R′ →
H − O2 ° + CH2
= CH − R
O2 + CH2 ° − CH2 − R′ →
O2 ° − CH2
= CH − R
Scheme II. -scission and hydrogen abstraction reaction of alkane

At high temperatures, paraffinic species are converted
into olefins through H-atom abstraction reaction, as in the
case of SI operation mode, in which there is a build-up of
methyl radicals that recombine into ethane. However, in
HCCI operation mode, no such reaction occurs, and therefore ethane was not detected in HCCI emissions [30].
Abstraction of H-atoms also occurs from alkenes at high
temperature of particular importance, the abstraction of
allylic H-atoms (H-atoms bonded to a carbon atom next to
a double bond). There are three types of H-atom abstraction
from alkenes that depend on the type of abstractable
H-atoms (Scheme III), these types are: (1) Abstraction of
primary allylic H-atom if it is bonded to a carbon atom that
bonded to two other H atoms. (2) Abstraction of secondary
allylic H-atom if it is bonded to a carbon atom bonded to
one other H atom; and (3) Abstraction of tertiary allylic
H-atom if it is bonded to a carbon atom bonded to no other
H atom. Abstraction of an allylic H-atom leads to the formation of a resonance-stabilized radical as it is shown in
scheme III.

Scheme III. Abstraction of an allylic H-atom

Aromatics constitute approximately one third of the
composition of the commercial gasoline used in this study.
These aromatics contribute to the high-octane rating and
high energy density. Due to the high stability of the aromatic rings, the H-atom abstraction is difficult and slow. As
a result, the induction period for aromatics oxidation is
longer than for saturated HCs [31]. An engine experiment
by Kaiser et al. [28] involving a mixture of ethylbenzene

22

and the three xylene isomers (ortho-, meta- and para-),
however, gave mainly aromatic emissions, which were
predominantly benzene, toluene and styrene. Gregory and
Jackson [32], investigated the mechanisms for the formation of exhaust hydrocarbon in SI engine, fueled with
deuterium-labelled the three xylene isomers. The aromatic
HCs produced by burning each of the three xylene isomers
were benzene, toluene, ethylbenzene, styrene and ethyl
toluene. The aliphatic observed included 1,3-butadiene,
ethane and ethylene [30]. The common low molecular
weight HC compounds emitted in both modes are methane,
ethylene, propylene, n-butane, 1-pentene and iso-pentane,
while the heavier molecular weight HC compounds are
benzene and toluene are emitted. Iso-octane, ethyl-benzene
and xylenes were detected but not measured.
However, at a lower temperature, the reaction between
methyl and oxygen favours the formation of methyl peroxide and aldehydes. Generally, alkanes react with oxygen to
form peroxy radicals. These radicals are stable at low temperature, and unstable at high temperature. So, in the case
of HCCI mode, because the temperature is lower compared
to SI mode, the radicals formed survive longer, and thus the
chance for the radicals to rearrange and form an aldehyde
and hydroxyl radicals are higher. To make a fuller comparison between SI mode and HCCI mode, and to check the
level of formaldehyde formed in the HCCI mode; it would
be useful to conduct investigation using Liquefied Petroleum Gas (LPG) fuel, in which there are only two alkane
components and no aromatics that complicate the picture
(this is quite feasible as LPG is readily available).
The raw emissions of NOx and HC are shown in Table
6, the opposite behaviour is exhibited with respect to the
residual gas content comparing SI to HCCI modes. The
emission of NOx is significantly reduced for lower loads
when there is increased residual gas fraction and thus
a diluted mixture, reaching extremely low concentrations.
HC emissions, on the contrary, rise significantly in this
region, which is very probably due to incomplete combustion. Data obtained on the contribution of C5–C11 (an indicator of the amount of unburned fuel) to the total exhaust
hydrocarbon with variation in engine speed and load values
for both SI and HCCI modes. The C5–C11 ratio is frequently
used to describe the extent to which fuels burn in an engine.
In this investigation, it was found that in HCCI mode the
proportion of species attributed to C5–C11 in total HC is
higher than in the SI mode.
The low combustion temperatures achieved at HCCI
mode operating points, almost completely avoids NOx formation compare to SI mode reduction but leading to combustion attenuation due to heat transfer in the near-wall
region. While NOx results measured in this study fall rather
dramatically as expected, somewhat surprisingly, however,
raw emissions of CO in HCCI mode are seen to be slightly
lower for all operating points when compared to SI mode.
The reduction in CO emission is likely caused by the recycling of burned gases and subsequent conversion into CO 2
in the next cycle [33]. One other result concerns the potential for exhaust gas to be used in fuel reforming to produce
hydrogen that would be helpful in the extension of the lower load range for HCCI operation. The exhaust gas tempera-
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ture remains between 382 and 432 C throughout the HCCI
operating region. This relatively high exhaust temperature
is partly due to high load and to a relatively low compression ratio. A quite substantial residual gas fraction of hot
gases is required and supplied by the NVO operation. Although not in all cases of HCCI operation exhaust temperatures be expected to be so high, in the cases presented here
this temperature level is fully sufficient for exhaust gas
after-treatment using a three-way catalyst or oxidation catalyst. This may be insufficient for a straightforward fuel
reforming process and may have to be boosted by some
initial partial oxidation in the reformer as in fuel reforming
for diesel engines.
As a result of this study and our previous work by
Elghawi et al. [18, 19], a full spectrum of hydrocarbon (C5
to C11), Carbonyls, vapour-phase and particulate-bound
PAHs profile generated in the combustion of gasoline during SI and HCCI combustion mode can be obtained.

4. Conclusions
The hydrocarbon emission is heavily dependent on fuel
composition, engine operation and combustion mode (i.e.

HCCI or SI). Engine-out emissions analysis showed that the
hydrocarbon content of HCCI exhaust (Low Temperature
Combustion Engine) contained more of the heavier species
(e.g. toluene, p-xylene, Naphthalene and Methyl naphthalene) than that observed in conventional SI operation mode.
Overall, HCCI operation resulted in improve fuel consumption and highly reduction in NOx compared to conventional
combustion (Spark-Ignited operation). The results also
show that the monocyclic aromatic hydrocarbon such as
toluene are present at higher concentrations in the exhaust
under HCCI operation than in the SI case. On the other
hand, benzene concentrations are higher in the SI exhaust.
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Simulation of the oil supply through the connecting rod to the piston cooling
channels in medium speed engines
The importance of the oil flow simulation in connecting rod oil channels during the engine development process is recently
increasing. This can be observed either in medium speed engines, where, as one of the traditional solutions, the oil for piston cooling is
supplied through the connecting rod, or in automotive engine VCR (variable compression ratio) connecting rods, where engine oil is
used to change the compression ratio of the engine. In both cases, precise numerical results are necessary to shorten the prototyping
period and to reduce the overall development cost.
The multi-physics character of the simulation problem basically consists of the interaction between the dynamics of the crank train
components and the oil flow. For the oil supply to the piston cooling channels through the connecting rod in medium speed engines,
being the objective of this paper, a major influencing factor is the oil pressure behavior in the piston cooling gallery providing periodical
interaction with its supply. At the same time, the connecting rod elastic deformation during engine operation can be regarded as
negligible and the planar motion of the connecting rod can be reproduced by combination of translational and rotational acceleration
fields in the CFD solver.
The paper includes the description of the applied simulation approach, the results and a comparison with the state-of-the art
calculation without consideration of the above-mentioned influencing factors.
Key words: oil flow simulation, piston cooling, connecting rod dynamics, medium speed engines

1. Introduction
The thermal load of the pistons in medium speed engines is on a high level which requires proper cooling. Such
cooling is typically realized by engine oil, which is provided to the piston cooling gallery transferring the heat from
the piston internal surfaces. The oil flow rate utilized for
piston cooling is therefore the major parameter to control
piston temperature and the durability of the piston itself.
Simulating the oil supply to the piston through oil passages in the connecting rod and the piston pin represents
a multi-physics problem. It basically consists of aspects of
fluid mechanics which describe the flow through oil passages and the piston cooling gallery as well as of the dynamics of planar or reciprocating motions of the connecting
rod and the piston and their influence on the oil flow.
Because of these various influence parameters, precise
determination of the oil supply through the connecting rod
for piston cooling during engine design is a very complex
task. Hence, simplified engineering calculations or simulations are typically applied. Correctness of such estimations
is subsequently verified by engine testing on the prototypes.
A precise simulative approach to solving such a problem includes e.g. coupling of 1D oil flow and multibody
system (MBS) simulation of the connecting rod. This was
recently done for the simulation of FEV’s VCR connecting
rod [1]. Such a simulation approach is necessary for a VCR
connecting rod, where deformation of the connecting rod
body influences the volume of the internal oil chambers and
thus the effective connecting rod length as well as the
switching process between the two compression ratios. It is
however a sophisticated and time consuming approach.
For the simulation of the oil supply through the connecting rod to the piston cooling gallery in a medium speed
engine with a conventional rigid connecting rod, a more
time effective and straightforward methodology is required.

The optimum simulation approach according to the authors
is a CFD simulation, which reproduces the effects of connecting rod movement by a combination of translational
and rotational acceleration fields. This can be performed
with enough precision, since the deformation of the connecting rod structure has only marginal influence on the oil
supply to the piston via the connecting rod oil drillings. In
parallel, the variable discharge pressure from the oil passages to the piston cooling gallery should be considered by
coupled CFD simulation of the oil sloshing in the piston
cooling gallery.
Such simulation has been recently performed during development of a new medium speed engine in the FEV
Group, which is the basis of this paper.

2. Modelling of connecting rod dynamics for CFD
simulation of oil flow in the crank mechanism
The kinematics and dynamics of a crank mechanism is
historically a well-known topic. The beginnings of such
considerations reach even back to the era of reciprocating
steam machines, being the predecessor of today’s internal
combustion piston engines.
Regardless of the very simple principle of transferring
the reciprocating movement of the piston into rotational
movement of the crankshaft, the planar movement of the
connecting rod is difficult to be precisely described by
mathematical functions, which can be effectively applied
either in order to understand the crank mechanism kinematics or for engineering calculations. Therefore, in the classic
approach, the connecting rod is reduced to a two-point mass
equivalent system, in which one realizes a translational
motion (along with piston) and the second one, being attached to the crankpin, the rotational motion – Fig.1.
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Fig. 1. Reduction of connecting rod to two-mass system [2, 3]

For the oscillating mass of connecting rod, the acceleration measured along cylinder axis (with a positive value for
the vector oriented from cylinder head to crankshaft) can be
expressed by following equation:
a C = ω2 r(cos(φ) + λ cos(2φ))

(1)

where: a C – acceleration of connecting rod oscillating mass,
ω – crankshaft angular velocity, r – crank throw radius, φ –
crankshaft angle, λ – crank radius to connecting rod length
ratio.
The centripetal acceleration a B of the rotating part can
be expressed easily by equation (2):
a B = ω2 r

(2)

The above-mentioned equations (1) and (2) are simplifications, not only due to reduction of connecting rod to twopoint mass system, but also due to the fact, that the motion
of oscillating masses described by equation (1) takes into
account only the first two elements of an infinite Tailor
sequence.
Such simplified considerations can be found in nearly
all textbooks related to basics of internal combustion engines (e.g. [2, 3], etc.). They are precise enough to understand or to calculate most of the effects of crank mechanism
motion. These are e.g. time dependent changes of the cylinder volume during combustion and gas exchange simulations, piston and connecting rod mechanical loads, crankshaft balancing considerations, hydrodynamic bearing
loads, torsional vibration excitations or bending loads of the
crankshaft.
However, this simplified approach for determination of
connecting rod movement is not sufficient for considerations where local mass forces acting along the connecting
rod shank are of significance. Such effects are important for
precise simulation of e.g. connecting rod buckling or the oil
flow in the oil channels supplying engine oil from the big to
small eye of the connecting rod.
For such considerations, the basics of rigid body mechanics for planar motion can be applied. Defining coordinate systems and basic locations acc. to Fig. 2, the acceleration of any point A can be described by equation 3 [4]:
aA = ⃗⃗⃗⃗
⃗⃗⃗⃗
a B + ⃗⃗⃗⃗⃗⃗⃗
a A|B

(τ)

+ ⃗⃗⃗⃗⃗⃗⃗
a A|B

(n)

Fig. 2. Coordinate systems and basic locations in crank mechanisms

Equation (3) can be expressed by use of angular velocity ⃗⃗⃗⃗⃗
ωβ and angular acceleration ⃗⃗⃗
εβ of the connecting rod by
the following relation:
a A = ⃗⃗⃗⃗
⃗⃗⃗⃗
a B + ⃗⃗⃗
εβ × ⃗⃗⃗⃗⃗⃗
rAB + ⃗⃗⃗⃗⃗
ωβ × (ω
⃗⃗⃗⃗⃗β × ⃗⃗⃗⃗⃗⃗
rAB )

where ⃗⃗⃗⃗⃗⃗
rAB is the vector of the position of point A in relation
to point B.
Application of accelerations according to equation (4)
expressed in the coordinate system X’Y’Z’ allows to simulate the effect of connecting rod dynamics in the CFD solver.
For such a case, the mesh of the connecting rod oil channels
is stationary, and the flow volume is subjected to accelerations according to above-mentioned general equation.
In order to express the normal (centripetal) acceleration
of point B in coordinate system X’Y’Z’, the effect of connecting rod tilting needs to be considered. The result of
such considerations is:
λ sin2 (φ) −
(
)
cos(φ)√1 − λ2 sin2 (φ)
a B = rω2 (−1)λ sin(φ) cos(φ) −
⃗⃗⃗⃗
(
)
sin(φ)√1 − λ2 sin2 (φ)
[
]
0

0
0

ωβ = [(−1)λω cos(φ)]
⃗⃗⃗⃗⃗

where: ⃗⃗⃗⃗
a A – acceleration of any point A of connecting rod,
a B – acceleration of point B subjected to rotational motion,
⃗⃗⃗⃗
(τ)
a A|B – tangential acceleration of any point A of connect⃗⃗⃗⃗⃗⃗⃗
(n)
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(5)

Taking into account that connecting rod angular velocity and acceleration are accordingly the first and the second
time derivative of the connecting rod tilting angle, after
simple considerations and mathematical transformations,
they can be expressed in coordinate system X’Y’Z’ as follows:

(3)

ing rod in relation to point B, ⃗⃗⃗⃗⃗⃗⃗
a A|B – normal (centripetal)
acceleration of any point A of connecting rod in relation to
point B.

(4)

(6)

√1−λ2 sin2 (φ)

εβ =
⃗⃗⃗

0
0
λ3 ω2 sin(φ)cos2 (φ)
1−λ2 sin2 (φ)
√1−λ2 sin2 (φ)

(7)

λω2 sin(φ)−

[

]
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The above-mentioned approach was developed for the
purpose of the CFD simulation presented in this paper.
Since similar considerations were not found in the relevant
literature, the simple multibody analysis was done with
FEV’s Virtual Dynamics simulation software in order to
cross-check the theoretical considerations.

The acceleration was checked at the connecting rod’s big
eye center (Fig. 3), at the small eye center (Fig. 4) as well as
at an arbitrarily selected point A (Fig. 5), and expressed in
coordinate system X’Y’Z’. The position vector of point A
relative to connecting rod length L was defined as:
0.25 L
rAB = [−0.05 L]
⃗⃗⃗⃗⃗⃗
0

(8)

In all three cases, the acceleration calculated analytically corresponds precisely with the results derived by the
MBS simulation proving the correctness of the approach
expressed by equations 4–7.

Fig. 3. Acceleration of the connecting rod’s big eye center expressed in the
connecting rod coordinate system calculated analytically by use of equations 4–7 (top) and simulated by use of MBS (bottom)

Fig. 5. Acceleration of connecting rod’s point A (see text) expressed in the
connecting rod coordinate system calculated analytically by use of equations 4–7 (top) and simulated by use of MBS (bottom)

3. CFD modelling of the oil flow in the crank
mechanism
The precise determination of the oil flow through the
connecting rod to the piston for cooling purposes and for
optimization of the oil flow path by means of CFD simulation requires a properly determined modelling methodology. One of the key points of such a simulation approach is
to use the exact geometry of the oil passages without any
simplification which would influence the flow. The exemplary geometry used for the simulation, which results are
presented in this paper, is shown in Fig. 6. It consists of the
connecting rod oil drilling, a piston pin bearing groove as
well as of piston pin and piston oil drillings.
The flow is described by transient Navier-Stokes and
continuity conservation equations:
ρ
Fig. 4. Acceleration of the connecting rod’s small eye center expressed in
the connecting rod coordinate system calculated analytically by use of
equations 4–7 (top) and simulated by use of MBS (bottom)
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D𝐮
Dt

= −∇p + ∇ ∗ τ + ρ𝐠

∂ρ
∂t

+ ∇ ∗ ( ρ𝐮 ) = 0

(9)
(10)
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D

where:
– material derivative, ρ – density, 𝐮 – velocity,
Dt
∇ ∗ – divergence, p – pressure, t – time, τ – stress tensor, 𝐠
– body acceleration.

Fig. 7. Oil flow and oil sloshing models coupling

Fig. 6. Geometry used in the oil flow simulation

In the Navier-Stokes equation, the body acceleration
factor was used to model the effect of connecting rod acceleration according to equations 4–7. The flow turbulence
kinetic energy was calculated with a k-ε turbulence model.
The flow has been assumed to be isothermal. The time
dependent part of the equations has been calculated with an
implicit method. For the equations discretization, the 2 nd
order upwind scheme was used. The SIMPLE algorithm
was used for linking the Navier-Stokes and the continuity
equation. The sets of discretized equations were solved
using the Gauss-Siedel method.
In order to obtain reliable results, a fine quality mesh
has been prepared. The numerical mesh consists of polyhedral elements. Prism layer has been included to properly
model the boundary layer and, as a result, to predict pressure drop with high accuracy. Wall y+ values has been kept
around 1. In the long oil drillings, the volume mesh has
been obtained from a surface elements extrusion operation.
With that, a more unfirmed mesh was generated.
For the inlet boundary condition, the stagnation pressure
was used. The value of stagnation pressure was derived
from a state-of-the-art 1-dimensional model of the engine
lubrication system. The discharge was assumed to be
a pressure boundary condition. The time dependent value of
pressure at the model discharge was calculated in a separate
CFD model for the piston cooling gallery, where the air-oil
mixture is subjected to the acceleration resulting from the
piston movement.
In order to conjugate both simulations, a couple of iterations has been performed. The mass flow is provided as an
input from the CFD oil flow model to the oil sloshing model of the piston cooling gallery. In return, the information
about average pressure at the end of the piston oil channel
has been transported back to the oil prediction analysis. The
coupling system is presented in the Fig. 7 below.
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3.1. Simulation of oil sloshing in the piston cooling gallery
Oil sloshing simulation was performed separately using
the Volume of Fluid (VOF) method, since the piston cooling gallery is only partially filled with oil. It describes the
flow with transient Navier-Stokes equations including interaction between phases.
In this case, two fluids have been involved, one of them
is engine oil, defined as a constant density liquid and the
second is air, defined as ideal gas.
The inlet boundary condition applied in the model was
the mass flow of oil flowing from the connecting rod bearing. It was exported from the simulation described in chapter 3. The assumed discharge boundary was constant pressure, where oil from the gallery spills into the crankcase.
Pressure deviation in the crankcase has been neglected.
Influence of heat transfer through walls was neglected as
well, considering the isothermal case. Analysis was run
long enough to reach repeatable flow conditions in every
rotation of the crankshaft.
Using this simulation, the transient pressure distribution
on the oil inlet has been obtained. In order to detect air
sucked from the oil gallery, the monitor was set in the drilling which supplies the oil to the gallery. As expected, air
was mixing with oil and part of it was entering the inlet
channel, but it was removed, when the flow reversed and
oil flow into gallery was reestablished.

4. Results
The presented methodology has been applied to the
simulation of the oil supply through the connecting rod to
the piston cooling gallery in one of the medium speed engines developed by the FEV Group. For the CFD simulation, the commercial software Star-CCM+ has been used.
The analysis has been performed for rated conditions, considering the geometry of oil passages shown in Fig. 6.
For the reference, a simulation without consideration of
the crank mechanisms dynamics and the variable oil discharge pressure caused by oil sloshing in the piston cooling
gallery has been performed. This reference simulation represents the state-of-the art approach, where it is assumed that
effects of acceleration and deceleration occurring in the crank
mechanism are compensating each other. By taking into
account 5 bar of absolute total pressure at the connecting rod
bearing and 1 bar (absolute static pressure) at the discharge
on the piston cooling gallery, the calculated oil mass flow for
the chosen example was on the level of 1.260 kg/s.
In order to determine the effects of crank mechanism
dynamics and oil sloshing in the piston cooling gallery,
additional two simulations have been performed, considering subsequently the above-mentioned aspects.
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4.1. Simulation considering crank mechanism dynamics
and constant discharge pressure at the piston cooling gallery
For this simulation, the dynamics of the connecting rod
was considered according to equations 4–7, but the oil
sloshing model was not taken into account. In the beginning
of the simulation, the piston was in the top dead center
position, and the simulation was run until the cycle-to-cycle
results variation has decreased to a minimum. The resultant
transient mass flow is shown in the Fig. 8.

mass flow values were repeatable, the solution has been
considered to be converged. The pressure behavior during
one cycle of crankshaft rotation is presented in Fig 9. Figure 10 shows the mass flow result of the converged simulation.

Fig. 9. Pressure behavior at the inlet to the piston cooling gallery

Fig. 8. Oil mass flow calculated with CFD model including the effect of
connecting rod acceleration

The average mass flow is 0.765 kg/s which is only 61%
of the value calculated in the reference simulation. The
explanation of such differences is the nonlinear behavior of
the pressure losses. During the acceleration of the flow by
the connecting rod movement these losses are significantly
bigger than during deceleration, and they don’t compensate
each other over the complete engine cycle. Additionally,
a significant backflow effect has been observed, which
amount is however a matter of concern.
The oil backflow typically results in a pressure rise in
the connecting rod bearing, which was not considered in the
performed simulation. This pressure rise should result in
a decrease of the amount of oil flowing back to the bearing.
The precise determination of the backflow is possible by
additional oil flow simulation inside the particular bearing
which is planned to be performed in the near future.
Assuming that backflow doesn’t exists at all, the simulated oil flow would be about 1.050 kg/s being 84% of the
oil flow calculated in the reference simulation.
4.2. Simulation considering crank mechanism dynamics
and the variable discharge pressure due to oil sloshing
Using the mass flow presented in the previous chapter,
the oil sloshing simulation has been performed. The base
result is the transient value of the pressure at the boundary
of the piston cooling gallery, which is effected by the oil-air
mixture behavior. Other results refer to e.g. the piston
crown cooling efficiency and the cooling gallery filling
ratio. The oil flow CFD model has been updated with new
discharge pressure boundary condition and run until the
cycle-to-cycle results variation has decreased to minimum.
Then, the simulations coupling has been introduced according to the scheme shown in Fig. 7. When both, pressure and
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Fig. 10. Oil mass flow calculated with CFD model including the effect of
connecting rod acceleration and the transient discharge pressure boundary
conditions

The average value of mass flow is 0.697 kg/s, which
means 9% of reduction in relation to the case, where the
discharge pressure was considered to be constant.
5. Summary
The methodology for the simulation of the oil supply
through the connecting rod to the piston cooling gallery in
medium speed engines, being under development in the
FEV Group, has been presented in this paper. Application
of the advanced simulation enables to more precisely predict the piston cooling performance already in the early
stages of an engine development process. A major point of
the approach is consideration of the influence of connecting
rod dynamics on the oil flow with a properly defined translational and rotation acceleration field integrated in the
CFD simulation. Moreover, the simulation of the oil sloshing occurring in the piston cooling gallery and its influence
on the discharge pressure from the oil supply passages has
been introduced into the model.
The presented results show that due to the effect of connecting rod dynamics, the average value of oil mass flow is
between 61 and 84% of the flow data determined without
consideration of crank mechanism accelerations. The reduction by at least 16% is caused by a nonlinear behavior of
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pressure losses, which during the acceleration of the oil
flow, caused by the connecting rod movement, are significantly higher than during deceleration. Due to this, a compensation of these effects doesn’t occur over one complete
engine cycle. Further reduction (up to additional 23%) is
caused by the oil backflow into the connecting rod bearing,
which, in the performed simulation, is believed to be overestimated. In order to define the backflow more precisely,
the oil flow behavior inside the crankpin bearing needs to
be investigated. This is planned to be included in the simulation process in the near future.
Consideration of the variable discharge pressure in the
oil supply passages of the crank mechanism showed a further 9% reduction of the resultant oil flow, which cannot be
predicted by simplified calculation techniques.

The development of the simulation of the oil-air mixture
in the piston cooling gallery additionally enables to predict
more precisely such parameters as cooling gallery filling
ratio, oil-air mixture backflow and piston cooling efficiency. All above-mentioned simulation approaches are essential to further improve the prediction of the piston temperature distribution and distortion.
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Environmental assessment of the exploitation of diesel engines powered by biofuels
Many factors, such as climate change and the associated risk of increasing the average temperature on the globe, energy security
and the finishing of fossil fuel deposits have caused other renewable energy sources to be sought. Transport, as a branch of industry
largely responsible for air pollution and greenhouse gas emissions in large cities, requires the necessary changes in the way vehicles are
powered. Until now, the fuels available at petrol stations use admixtures of first generation biofuels, such as bioethanol, as a 5%
additive to motor gasolines and biodiesel (FAME) as a 7% additive to diesel oil.
The article presents the idea of biorefinery installations, specifies the spectrum of substrates of the second and advanced
generations, which may be a biorefinery input, including waste oils that can be used to produce hydrogenated HVO vegetable oils and
other high-value products. The paper presents he existing biorefinery plant in Venice resulting from the transformation of a conventional
oil refinery in which HVO fuel is produced. The article also presents the parameters of this new biofuel and compared them with the
parameters of other fuels used to power self-ignition engines, such as FAME and diesel, along with discussing the prospects for HVO
fuel development in Europe.
Key words: biorefineries, biofuels, green diesel, bioeconomy, hydrotreated vegetable oil

1. Introduction
Progressive climate change caused, among others
greenhouse gas emissions (for example carbon dioxide) and
drastically decreasing fossil fuel resources have forced our
civilization to look for other, renewable energy carriers.
One of the renewable energy sources is liquid biofuels,
suitable for supplying internal combustion engines to replace conventional fuels like gasoline and diesel.
The currently existing first-generation biofuels for powering self-ignition internal combustion engines that are
commonly used in Poland and in the world are, for example, biodiesel, which are fatty acid methyl esters (FAME) –
including methyl esters of rapeseed oil (RME) – of oilseeds
obtained as a result of cold pressing processes, extraction
and transesterification. These biofuels are produced from
raw materials used in the food industry.
The concept of the next generation biofuels was created,
among others based on unsatisfactory results of firstgeneration biofuels in terms of emissions and environmental impact, both in the combustion process in internal combustion engines and in the WtW cycle ("Well to Wheel").
This cycle is related to the entire biofuel production process, taking into account every stage of it, including the
type of used raw material. Competing with the food market
for raw material is also a disadvantage. Second generation
liquid biofuels, among others for feeding self-ignition engines, they can be produced in installations called biorefineries, in which the feed is a widely understood waste biomass.

2. Biofuels from biorefineries
As a result of the review of the implementations and research works conducted in EU countries aimed at intensifying the processes of using RES, it turned out that these
works are dispersed and do not bring the expected effect,
both in the environmental aspect and in terms of energy
conversion savings. For this reason, a vision of an industry
based on raw materials of biological origin was created, to
which waste substances from primary and secondary pro-

cesses of using and processing biomass were also qualified
as defined in Directive 2009/28/WE [1]. Implementation of
this vision should lead to the transition towards the socalled “post-oil society” by clearly separating economic
growth from resource depletion and environmental impact.
After the consultations carried out in the member states,
the need to separate a new industrial branch defined as
industry based on biological raw materials ("Bio-Based
Industries"), which should strive to optimize land use and
food safety through sustainable, efficient (effective) raw
materials and to a large extent limiting the amount of waste
generated, industrial processing of renewable raw materials
into a wide range of products of biological origin, such as:
– advanced transport fuels,
– chemicals,
– materials,
– food and feed ingredients,
– energy [2].
As a result, “bio-industry”, the main component of the
EU economy called the “bioeconomy”, will play a significant role in stimulating sustainable growth and enhancing
Europe's competitiveness through the re-industrialization
and revitalization of rural areas, ensuring that tens of thousands of jobs in research, development and production over
the next decade [3].
One of the ways to mitigate the negative effects of local
ecosystems influence is the conversion of biomass and
organic waste to various products like chemicals, biomaterials and energy, to fully use the value of biomass,
creating the so-called added value and minimizing the
amount of generated or naturally produced waste substances. This integrated approach corresponds to the concept of
biorefinery and is gaining more and more attention in many
parts of the world.
Similar to conventional refineries where energy and
chemical petroleum products are produced, biorefineries
will produce many different industrial products from biomass. These products will be both LVHV (low-value and
large-volume), such as transport fuels and large-volume
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chemicals and other materials, and HVLV (high-value and
low-volume), such as specialty chemicals, such as cosmetics. In some types of installations, you can also produce
food and feed for animals [4].
Biorefinery systems are nothing more than a type of
open systems, where biomass, waste and energy are part of
the input streams to the system. Inside the system there are
a number of processes resulting in, among others exchanging the energy of the system with the environment in the
form of heat and work. As output streams from biorefinery
systems comes a number of products, such as fuels, chemicals both high-value, which are obtained in small quantities
and low-value, obtained in large quantities, feed and food
products, polymers and other materials, as well as energy
produced in cogeneration or trigeneration (heat, electricity
and cold) and process waste. It should be remembered that
this waste is a waste only for a specific biorefinery process.
For another biorefinery process, this waste may be a substrate [4]. The schema of biorefinery concept is presented in
Fig. 1.

PRODUCTS

MINERAL MATERIALS
Crude Oil

PETROREFINERY

Natural Gas

Energy (fuels, heat,
electricity)
Chemicals
Materials

Fig. 2. Basic schema of classic refinery plant [4]

BIOMASS
Wood, energy crops, grass,
waste

BIOREFINERY

PRODUCTS
Energy (fuels, heat,
electricity), chemicals,
materials, food and
animal feed

Fig. 3. The idea schema of biorefinery [4]

3. Waste fats
The processed vegetable fats and some animal fats can
be collected both in gastronomy and in other industries. The
processing of these fats is difficult due to the high content
of free fatty acids. However, their price is very attractive,
because it is only a fifth part of the price of fresh raw materials [5]. In one of the Austrian biofuel plants it is allowed
to add up to 10% of used fats to the raw material, provided
that the feedstock meets the quality requirements presented
in Table 1.
Table 1. Quality requirements of raw material to the transesterification
process in austrian biofuels plant [5]
Designation type
Water content
Free fatty acids content
Iodine number
Melting temperature
Sulphur content
Phosphorus content
Polymers content

Fig. 1. Biorefinery concept schema [4]

By definition, biorefinery is a complex technological
system that combines the processes of biomass conversion
and further processing of products of this conversion into
fuels and final chemicals, or for further processes. The
biorefinery (Fig. 3) is therefore the equivalent of crude oil
processing plants (Fig. 2), where the feedstock is crude oil
or natural gas and other fossil energy resources. These
resources are processed through petrochemical processes
for various types of products, mainly fuels as well as electricity and heat as well as chemicals and various materials.
In the case of biorefineries, the substrate is organic materials such as wood, energy crops, grasses and organic
waste, which are processed through biorefinery processes
that largely coincide with refinery processes used in conventional oil refineries. The biorefinery products also include fuels and energy in cogeneration or trigeneration,
chemicals and materials as well as food products and animal feed. The basic scheme of petrorefinery is presented in
Fig. 2, while Fig. 3 presents the general ideological scheme
of the biorefinery.
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Unit
% m/m
% m/m
–
°C
% m/m
ppm
% m/m

Permissible amount
0.5
3.0
115
50
0.02
10
2

Waste frying fats, expired food fats and oils stored for
a long time in unfavorable conditions, i.e. with the access of
air, humidity and sunlight, are characterized by different
physicochemical properties in relation to fresh fats. As
a result of the hydrolysis process, their acid number increases, oxygen processes change the peroxide number, and
free radical reactions affect the density and viscosity of fat.
Although these fats do not meet the requirements of the
food industry and are treated as troublesome waste, they
still contain significant amounts of unchanged triglycerides
and can therefore be a very valuable raw material for the
biofuel industry.
Initial purification of processed fats improves their color
and odor, and also allows to reduce the density, viscosity,
free fatty acid content and oxidized derivatives. Thanks to
this, methanolysis reaction is easier, limiting the tendency
to emulsion formation [6].
The obtained fatty acid methyl esters are characterized
by better physicochemical properties, falling within the
selected ranges given by the applicable fuel standard.
Diagram of an exemplary biorefinery installation producing a number of high-value products, such as various
types of chemical substances, fatty acid methyl esters
(FAME), hydrocarbon liquid, oleochemical products,
chemicals, engine fuels and heat and electricity in cogeneration or trigeneration, using waste feed fats as a substrate
are shown in Fig. 4.
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Fig. 4. Concept of biorefinery based on oily waste substances [4]

4. Biorefinery in Venice
An example of a biorefinery installation that uses waste
fats from the Venetian restaurants and not only is a biorefinery from the Italian company Eni in Venice.
In 2014, the first conventional oil refinery in Europe
was transformed into a biorefinery. In a difficult period for
the European refining industry, the Venetian refinery found
a way to re-use the catalytic hydrodesulfurization process.
Biorefinery produces biofuels with very high quality –
mainly green diesel (Green Diesel), but also "green petrol"
(green naphtha), LPG gas and potentially even aviation fuel
– all produced from biological raw materials. In this way, it
helps to meet the requirements of the EU Renewable Energy Directive and ensure that conventional fuels produced in
this biorefinery will have at least 10% share of components
from renewable sources (biocomponents) by 2020 [7].
In this biorefinery, about 360,000 Mg of vegetable oil is
produced annually. The value is to increase to the value of
600,000 Mg when the construction works, converting
a conventional refinery into a biorefininery, will come to an
end. Currently, palm oil is used for the production of biofuels and biocomponents due to its wide availability. This is
due to the existing low availability of second and third
generation raw material. However, these alternative fuels
have already been tested and biorefinery is preparing to
produce them in the near future [7].
Industrial research has confirmed which raw materials
that do not compete with the food supply chain, such as
used vegetable oils from around the country and animal
fats, are suitable for biofuel processing. For this reason, it is
advisable to talk about cooperation with public waste authorities in order to increase the collection of used oils from
households for use it in biorefineries. In addition, waste
products from the oily biomass refining process – i.e. "advanced" fuels, such as distilled fatty acids and glycerin –
should be re-used.
The process is based on innovative Ecofining technology, developed by Eni and tested in its laboratories. It produces very high-grade, sustainable biofuels without any of
the disadvantages which affect other fuels currently on the
market (fatty acid methyl esters – FAME). Consequently, it
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offers reduced particulate emissions and improved engine
efficiency in line with current legislation and EU directives.
The raw materials of biological origin used in the process
can be divided into first generation feedstock (vegetable
oils in competition with the food supply chain), second
generation feedstock (waste animal fats, used cooking oils
and agricultural waste) and third generation feedstock (oils
from algae or waste). Ecofining technology can also be
applied to second and third-generation feedstock, so anticipating any future changes in the regulations.
The Green Diesel fuel production process is based on
innovative technology by Eni and tested in laboratories.
Very high quality, balanced biofuels (advanced biofuels)
are produced here, in which there are no disadvantages that
currently exist on the market of biofuels, such as FAME.
Consequently, these fuels provide reduced particulate emissions and improve engine performance, all in accordance
with applicable EU regulations and directives.

5. Green Diesel – biofuel and biocomponent
The end product, known as hydrotreated vegetable oil
(HVO) or green diesel, is a very high-quality diesel with
excellent cetane levels (cetane number over 70, similar to
top quality diesel obtained from GtL processes). It has
a high heating value and is free from aromatic compounds
and heteroatoms (sulphur, nitrogen or oxygen). The product
is also immiscible with water and entirely compatible with
diesel produced from petroleum (to which it can be added in
a proportion of even up to 30% without any issues). Thus the
obtained fuel respects the strictest regulations and offers the
best performance for both engines and the environment [8].
The high calorific value of green diesel allows reduced
consumption of plant feedstock (initially palm oil, certified
to European standards) compared with traditional processes. In addition, in the near future, second and third-generation feedstock will also be able to be used, such as animal
fats, used cooking oil, agricultural waste, oil from algae and
other waste.
The main product of the HVO process is the, so called,
Green Diesel. It has to be noted that the HVO plant is a
type of biorefinery and thus allows for production of
a wide range of products from biofuels to biochemicals.
Except for Green Diesel, the HVO installation can be used
to produce Green Jet Fuel while Green Naptha and Green
LPG, together with propane, are the by-products of the
production process [7].
The raw materials used in this process may have the
same or lower quality in relation to the requirements in the
production of classic biodiesel, whereas the product obtained in the HVO fuel production process has better properties. The main advantages of the fuel obtained in the
HVO process are: high cetane number, high energy density
and lack of oxygen in the molecule of the obtained fuel.
The key advantage of Green Diesel fuel is its CFPP level (cold filter plugging point), which can drop to –20°C or
even –50°C (Table 2) regardless of the raw material used.
This in turn makes the HVO suitable for use in cold winters, even in Scandinavian countries, as well as jet fuel [9].
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Table 2. Comparison of properties of diesel oil, FAME fatty acid methyl
esters and HVO diesel (Green Diesel) [9]
Parameter
Bio Raw material [%]
Oxygen content [%]
Specific weight
Sulphur content [ppm]
Calorific value [MJ/kg]
Cold filter clogging temperature CFPP [°C]
Cloud point [°C]
Distillation range [°C]
The contribution of polycyclic
compounds [%]
Emissions of nitrogen oxides
NOx
Cetane number
Oxidation stability

Diesel
oil
0
0
0.84
< 10
43
–15

100
11
0.88
<1
38
–14

HVO
diesel
100
0
0.78
<1
44
do –50

–5
200–350
11

–5 – +15
340–355
0

do –20
200–320
0

Standard

+10%

–10%

51
Standard

50–65
Poor

70–90
Excellent

FAME

Research and comparative analysis of other fuels sold in
Italy confirmed the excellent properties of the Green Diesel
additive. Due to the fact that 15% of solid fuel is renewable,
this fuel significantly reduces emissions, reducing the number of unburned hydrocarbons and carbon monoxide by up
to 40%. In addition, a more durable production cycle helps
reduce CO2 emissions by an average of 5% [8]. Cold starting is easier and engine noise is reduced due to the high
cetane ratio, compared to the standard minimum of 51 (Table 2 and Table 3).

Fig. 5. Production capacity of HVO diesel in Europe [11]

HVO fuel is already known, manufactured and used in
some European countries. These countries chose the Green
Diesel fuel because of its favorable properties such as low
freezing temperature, and also because of the possibility of
exceeding the so-called "blend wall", meaning the threshold
for the maximum amount of biodiesel that can be mixed
with diesel. The concept of "blend wall" stands for the
quality specifications of fuels issued by engine manufacturers.

Table 3. Comparison of properties of classic biodiesel and Green Diesel
fuel (HVO) [10]
Biodiesel
Poor chemical stability

Variable quality depending on the
raw material used
High probability of bacterial contamination and resulting filter
installation
Low calorific value
Causes the dilution of the lubricating oil
Limiting the additive in diesel to
7% (the „blend wall”)

Green Diesel HVO
Excellent chemical stability and
excellent compatibility with
diesel
Constant quality regardless of
the raw material used
Waterproof and able to avoid
bacterial contamination
High calorific value and high
cetane number
It does not dilute the oil, its
distillation properties are
similar to diesel oil
It can be mixed with diesel oil
in an unlimited way. It can also
act as 100% biofuel.

6. Green Diesel development predictions in Europe
and in the World
In connection with the forecasted increase in the demand for biodiesel in the RED II by 35% by 2030, the
expansion of the range of raw materials used for the production of renewable fuels used in self-ignition engines and
the necessity of systematically increasing the share of advanced biofuels, it is expected that the demand for Green
Diesel (HVO) will grow steadily.
It is estimated (Fig. 5) that by 2025, HVO fuel production will increase twice on the European scale and will be
trippled on a global scale in relation to the base year 2018,
when HVO fuel production accounted for 17% of total
biodiesel production (data do not concern installations
producing HVO as a result of the co-hydrogenation process).
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Fig. 6. Forecast of HVO fuel consumption in European countries [11]

It is forecasted that in 2019, the consumption of HVO
fuel in European countries will reach a total of 3,209,000
Mg, with Sweden, Finland, France, Norway and Spain
being the largest consumers of this fuel (Fig. 6).

7. Conclusions
The Green Diesel fuel produced in the biorefinery in
Venice can be blended with diesel oil, making up 15% of
the mixture, and in this form it can be used in existing selfignition engines. This is possible due to a number of good
engine properties of this biofuel. This mixture maintains the
efficiency of the engine at the level of efficiency of the
engine powered by conventional diesel fuel, while it is also
responsible for a 4% reduction in fuel consumption compared to diesel with 5% FAME addition. The research
shows that the use of 15% Green Diesel blend with diesel
fuel reduces CO2 emissions by 5%, reduces hydrocarbon
emissions and CO by 40% and also reduces noise emissions
due to high cetane number.
Green Diesel is the first significant step towards more
and more advanced solutions that meet or even exceed the
strict Italian and European biofuel regulations. Italian legislation requires that as much as 10% of fuels sold in Italy
should be produced from renewable raw materials, of which
about 1.6% are to constitute the so-called advanced biofuels. Green Diesel fuel can be blended with conventional
diesel in large proportions to power vehicles equipped with
self-ignition engines. Due to the fact that it is obtained from
the hydrogenation of vegetable oils, it does not contain
COMBUSTION ENGINES, 2020, 18X(X)
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oxygen and is a pure hydrocarbon, unlike traditional biodiesel. It should also be noted that the European Commission has established mandatory criteria for sustainable development for biocomponents that cover soil, water and air
protection, ensuring socio-economic sustainability, while
preventing competition from the food supply chain.
Green Diesel meets all these requirements, and thanks
to the flexibility of its production process it can be obtained

from waste animal fats or household waste oil, as well as
from the so-called “advanced” sources such as suitable pretreated lignocellulose waste. Work is continuing on the
implementation of future European directives in the field of
the increasing use of advanced biofuels, which will definitely reduce the emissions of greenhouse gases and harmful compounds into the environment.

Nomenclature
CFPP
CI
EU
FAME
GtL
HVLV
HVO

cold filter plugging point
compression ignition
European Union
fatty acid methyl esthers
gas to liquid
high value low volume
hydrotreated vegetable oil

LVHV
LPG
RED II
RES
RME
WtW

low value high volume
liquid petroleum gas
Renewable Energy Directive II
renewable energy sources
rapeseed methyl esthers
well to wheel
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The impact of parameter modifications in the Diesel engine power system
on the emissions of harmful compounds
The article presents the results of emission tests and vehicle operation indicators fueled with diesel oil. The tests were carried out for
a passenger vehicle equipped with a diesel engine meeting Euro 3 emissions standard, moving in urban traffic. The measurements were
carried out using modern PEMS (Portable Emission Measurement System) enabling the emission of gaseous components from exhaust
systems of the tested object. On the basis of the conducted tests, the load characteristics were determined using the torque values
obtained along with the engine speeds. The measurement route included two cycles: urban driving and fast acceleration. The aim of the
study was to assess the impact of modifications to the control maps on CO, CO 2, PM and NOx exhaust gas emissions under real
operating conditions.
Key words: IC engine, chip-tuning, CI, PEMS

1. Introduction
The operation of the drive units in the currently manufactured vehicles corresponds to ECU electronic controlers.
(ECU – Engine Control Unit). In comparison to the mechanical solutions, these controlers take into account,
among others, the degree of wear of power system components. Thanks to this, it is possible to apply some necessary
compensations that allow a proper engine operation. Besides controling other parameters affecting the operation of
the drive unit, the electronic control introduces the possibility of changing the control algorithm. This procedure is
known as chip-tuning. The user's desired effect is to increase the power and torque generated by the engine without the need for mechanical changes. The side effect of the
change in the control algorithm is a change in the engine's
operating conditions that cause a critical increase in the
emissions of harmful compounds [1, 2].

road emissions results, it is possible to determine the fuel
consumption using the carbon balance method.

Fig. 1. The car used for tests

2. Parameter modifications in the engine power
system
2.1. Test unit
The unit under test was an Audi A4 passenger car manufactured in 2001. It is equipped with a self-ignition engine
with AWX pump injectors. The engine displacement is
1896 cm3. The maximum torque declared by the manufacturer is 285 Nm and occurs within the speed range 17502500 rpm, while the maximum generated power is 96kW at
4000 rpm.
2.2. Measuring apparatus
Figure 2 presents a mobile Axion R/S + device, manufactured by Global MRV, which was used to carry out the
measurements. It is intended for research in the real traffic
conditions and classified in the PEMS (Portable Emissions
Measurement Systems) group. The device allows testing
both CI and SI engines. To measure the mass flowing
through the air motor, an external Semtech EFM flowmeter
was used as shown in Fig. 3.The analyzer enables synchronization with the GPS positioning system as well as communication with the vehicle OBD. Based on the obtained
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Fig. 2 View of the Axion R/S + mobile device

Fig. 3. Semtech EFM flowmeter
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2.3. The test route in Poznań
The measurements of exhaust emissions were carried
out during rapid acceleration of the car from 0 km/h to 90
km/h along the test route in the urban traffic conditions
shown in Fig. 4. The vehicle traveled the same route three
times. Once for every set of control maps. The vehicle was
heated to a coolant temperature of 90°C at the start of the
measurements. The measurements were made on the same
section of the route at a constant external temperature.

Fig. 6. The course of the boost pressure – modification 2

3. Research results with analysis

Fig. 4. Test route in Poznań

2.4. Parameter modifications in the engine power system
Parameter modifications were carried out within the
speed ranges in which the drive unit reaches the highest
power and the highest torque. Within the range of maximum torque, the fuel dose increased by 23%, while at the
speed at which the engine reaches the highest power, the
fuel dose increased by 15%. Whereas the two modified sets
of control maps have the same injection maps to define the
amount of injected fuel, they have different recharge pressure. The changes are shown in Fig. 5 for modification 1
and Fig. 6 for modification 2 [5].

3.1. Power and torque measurements
Measurements of power and torque were made with the
Dynomet portable road test bench, characterized by
a measurement error of 2%. The measuring device was
mounted next to the wheel of the vehicle as shown in Fig.
7. Before performing the measurements, the dynamometer
was configured with the following parameters:
 ambient temperature,
 atmospheric pressure,
 the dynamic radius of the wheel,
 mass of the vehicle with passengers.
The measurement results are in Table 1.

Fig. 7. Assembly of the road test bench
Table 1. Results of power and torque measurement

Fig. 5. The course of the boost pressure – modification 1
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3.2. Measurement of emissions in the city traffic
Figure 8 shows the course of change of the fuel dose injected for one cycle of work as a function of engine speed.
The maximum fuel dose stored in the original torque limiter
map determines the maximum amount of fuel that can be
injected into the combustion chamber. The area above the
straight line consists of points that refer to engine work
with modified maps. The closed field encompasses an area
of change in the boost pressure and shows the engine work
in which the boost pressure was modified. The chart shows
the dependence of the fuel dose on the rotational speed,
since the value of the boost pressure generated by the turbocharger depends on the engine speed and the fuel dose.
During the measurements, the engine worked mainly within
the same range of rotational speed and amount of fuel dose.
This means that the engine worked mainly in unchanged
areas of the engine map, and that the changes in the burned
fuel result mainly from changes in the time interval of the
car run. The points visible in the fields of the modified
engine work determine the results obtained during the exhaust emission tests at the moment of acceleration. This
issue will be described in detail in the next paragraph.
70
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The emissions of the 1.9 TDI engine with the AWX factory mark during acceleration from 0 km/h to 90 km/h is
shown in Figure 10. The emissions of nitrogen oxides from
an engine operating on the first set of modified maps increased by 2.7%, while operating on the second set of modified maps the nitrogen oxide emissions decreased by 2.5%.
In both modified sets of maps, the excess air ratio was significantly reduced, which means that blends formed in the
combustion chamber were richer. On the basis of the course
shown in Figure 11, it can be concluded that together with
the decrease of the excess air coefficient, the concentration
of nitrogen oxides in the exhaust gas increases. The mass
number of the particulate matter PM emitted by the engine
also increased in the case of the modified engine control
maps. In the case of the first modification, with a lower
boost pressure, the increase is by 88%, while in the case of
the second modification, with a larger amount of air supplied by the turbocharger, the increase is by 16%.
Original

0
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Fig. 9. Changing the rotational speed during acceleration
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0.4
0.2
0.0

Fig. 8. Engine work points during car run

3.3. Emissions measurement during acceleration.
Figure 9 shows the course of rotational speed during acceleration from 0 km/h to 90 km/h while making emissions
measurements. The figure shows how the driver changed
gears while taking measurements.
During the second measurement, the change from the
first to the second gear was made faster than in the case of
the first and the last measurements. This means that during
the second measurement the motor was more loaded until it
reached the rotational speed of 2,600 rpm. The first gear
has a higher gear ratio than the other ones, hence the load
on the drive unit is higher and the acceleration takes more
time.
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NOx

PM

CO

Fig. 10. Emissions of toxic compounds during acceleration

The biggest changes were observed during measurements of carbon oxides emissions. In the case of the first set
of maps, the increase in emissions increased by 776%,
which is significant in comparison to the original software.
When measuring the emissions from the engine working on
the second modification, this increase also occurred, but
definitely to a lesser extent than compared to the first set,
which was 146%.
During the acceleration of the car with the first set of
modified maps, the driver changed the first gear to the second one faster than in the case of the original maps and the
second modification. For this reason, in order to increase
COMBUSTION ENGINES, 2020, 180(1)
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the accuracy of the test, the emissions of toxic components
were measured from the rotation speed above 2600 rpm on
the second transmission ratio to the end of the measurements. Measurement results show no change in the particulate matter emissions, contrary to emissions of nitrogen
oxides and carbon monoxide which changed. The emissions
of nitrogen oxides within this range of rotation speed increased for each set of modified control maps. It is consistent with the course shown in Fig. 11. The measurement
results of the carbon dioxide emissions (Fig. 12) indicate
that the highest emissions appear during engine operation
on the first set of modified maps.

Fig. 11. Dependence of CO, HC, NOx, De concentration on the λ excess
air ratio for the SI engine[3,4].
Original
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Carbon dioxide emissions [g]
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60.00
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Fig. 12. Carbon dioxide emissions during the test in similar engine operating conditions

Original

Modification 1

Modification 2

1.200

669%

1.000

[g]

0.800

13,5%
3,2%

0.600
163%

0.400
88%

16%

0.200
0.000
NOx

PM

CO

Fig. 13. Emissions of toxic compounds during acceleration in similar
engine operating conditions
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4. Summary
The tested car was equipped with one of the most popular SI engine, which was a 1.9 TDI VW engine. Due to its
durability, it is often subjected to power boosting. Its durability is also the reason why there are so many depleted cars
still in use whose worn piston-cylinder units significantly
increase the emissions of harmful compounds as the outcome of burning engine oil. The wear of these parts, combined with the increased boost pressure and the increased
fuel dose, leads to an increase in the indicated pressure, and
thus a higher performance power. The increase of the indicated pressure facilitates the increase of the so-called
"blows" in the crankcase. The desecration of the crankcase
is most often directed to the intake manifold. Together with
the gases that permeate from the combustion chamber into
the crankcase, small quantities of engine oil permeate into
the crankcase ventilation system. The increase of the indicated pressure facilitates blowing. As a result, the amount
of engine oil fed to the combustion chamber along with the
gases entering the crankcase is higher, which is also the
reason why the emissions of harmful compounds increase,
too. During the tests, emissions were measured along the
route that reflects the traffic in the urban cycle and the acceleration when the engine was operating at the highest
load. The measurement results in the urban cycle indicate
that the car worked mainly in the unchanged areas of the
control maps. By contrast, with modified maps controlling
the boost pressure and the amount of injected fuel, the
measurement results of emissions during rapid acceleration
clearly show that such modifications increase the emissions
of toxic compounds. While boosting the engine power by
applying chip-tuning at a very low AFR coefficient, the
carbon monoxide emissions of the tested car during the
acceleration was greater than the emissions from 7 cars
controlled by the original set of maps. Applying a higher
charge with the same amount of injected fuel increased the
emissions of CO, which was higher than CO emissions
from 2 cars controlled by the original set of maps. The
particulate matter emissions increased by 88% and 16%
respectively for the first and the second set of modified
maps. These values are very high, however it has to be
pointed out that in the homologation process the test car
met the Euro 3 emission standard, so it is not equipped with
a PM filter. The emissions of nitrogen oxides increased in
the case of each modification, but higher values occurred
for the first one, where the amount of supplied air was
much smaller. The increase is respectively 13.5% and 3.2%
for the first and the second set of modified maps. Although
power and torque reached their highest values while the
engine operated on the first set of modified maps, its emissions were significantly greater than the emissions from the
engine operated with the original set of control maps. The
engine operated with the second set of modified control
maps generated approximate values of power and torque,
but the emissions from the engine running on these algorithms was much smaller than from the engine running on
the first set. Treatments such as chip-tuning may, despite
providing similar values of power and torque, harm the
environment to a different extent. While defining more and
more restrictive standards for the homologation of new
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cars, it has to be pointed out that attractive purchase price
of the older cars, their low maintenance cost and servicing,
encourages their owners to apply power-boosting measures.

Therefore, the concentration of toxic compounds in the
exhaust gases should be carried out both before and after
the applied modifications.

Nomenclature
CI
compression ignition
CNG compressed natural gas
DI
direct injection

LPG liquified petrolum gas
SI
spark ignition
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Diagnostic and reliability model of an internal combustion engine
The article presents a diagnostic and reliability model of an internal combustion engine that allows to assess the reliability status of
the engine’s systems for a two-state model of operation and maintenance: functional – failed. The proposed diagnostic model is a
qualitative-quantitative probabilistic model combining the reliability states of the engine systems with the values of the vibroacoustic
diagnostic signal parameters. The conducted diagnostic and reliability experiments and simulation tests showed that based on the
developed diagnostic and reliability model, it is possible to determine the reliability states of the engine.
Key words: diagnostics, internal combustion engine, diagnostic and reliability model

1. Introduction
The basic task of technical diagnostics is to assess the
technical condition or correctness of the tasks performed by a
technical object without its disassembly. The technical condition of the object is most often defined by a set of parameters
defining the features of its elements, e.g. their geometric
features, their mutual position, unbalance, quality of cooperation, etc. In complex mechanical objects, it is not always
possible to fully assess the status of individual elements [4].
In operational practice, especially in the operation system of technical facilities, including internal combustion
engines, the exact value of the state (wear) of individual
elements of the object is often not required, as it is sufficient to receive qualitative classification of the state of the
object or its systems. The qualitative assessment comes
down to determining the reliability state of the object, systems and assemblies in the form of a binary evaluation:
functional or failed.
A study of mutual relations between diagnostic parameters and the damage process described by means of reliability indicators was carried out based on correlation and regression studies for a locomotive engine [11]. The conducted correlation research allowed to choose parameters of the
vibration signal, which best represent the process of engine
damage [7, 10].
The aim of the work is to present the concept of a diagnostic and reliability model that allows to assess the technical
(reliability) state of the internal combustion engine systems,
adopting a two-state model of operation and maintenance:
functional – failed. To determine the parameters of the diagnostic and reliability model, diagnostic and reliability tests of
internal combustion engines were carried out based on a
passive-reliability diagnostic experiment [2, 3, 8].

2. The general diagnostic model of the object
The general model of the object can be presented, for
example, in the form of a diagram, the so-called black box
shown in Fig. 1 [5, 6].
Y()

X()

S()

Z()
Fig. 1. Diagram of the object general model

This model can be described by the equation in the
form:
S() = [(Y(), X()] + Z()

(1)

where: Y() – a set of operational parameters, also called
input parameters, which can include, for example, the load
status of the object, the amount of energy consumed, etc.,
Z() – a set of environmental parameters, which include,
among others, various kinds of interference in the surroundings of the object, the condition of the environment (temperature, humidity of air), etc., X() – a set of features
characterising the state of modules (sub-assemblies) of the
object, their state of regulation, etc., S() – a set of output
parameters generated during the operation of the object:
related to its function (torque, rotational speed, etc.) and
accompanying parameters (vibrations, noise, thermal processes, etc.),  – measure of aging of the object.
Set of operational (input) parameters Y()
A set of operational (input, control) parameters of the
object Y() is a collection of elements:
Y() = {y1(), y2(),.....,yn()}

(2)

where: yi(), i = 1,2,..,n – parameters characterising the
object’s operating status (state of regulation). These parameters can be: load, power supply status, rotational speed,
operating conditions, state of regulation, etc.
It was assumed that during subsequent measurements
(realisations), i.e. for subsequent time periods n, elements
of y1(), y2(),..,yn() of the set Y() are constant. The
constant value of operational parameters for subsequent
diagnostic measurements is a condition of repeatability of
results for the same values of state parameters. Constant
values of parameters from the set Y() were obtained by
providing a determined energy state described by: constant
speed and constant control settings. Assuming that:
y1(n) = const, y2(n) = const,........, yn(n) = const
for subsequent diagnostic measurements n; n = 1, 2,....,j,
the set Y() is a set of constant input parameters independent from n, which can be written as:
Y(n) = const
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Set of environmental parameters Z()
Set of environmental parameters (interferences) Z()
that can affect the working conditions of the object is
a collection of elements:
Z() = {z1(), z2(),......., zn()}

(3)

where: zi(), i = 1,2,..,n – parameters influencing the object’s functions and recorded output parameters (diagnostic
signals) generated during the operation of the object. These
parameters are related to the conditions of how the object is
mounted, conditions of surroundings, instability of the test
conditions, interferences in the measuring equipment, influence of other cooperating objects, etc.
The adopted criterion regarding the environmental parameters (interferences) is to minimise the influence of
interferences on the measured parameters of diagnostic
signals, i.e.:
Z() = min
or providing a comparable level of interference for subsequent diagnostic measurements (realisations) n, n = 1,2,
...., j, i.e.:
Z() = const
Set of technical condition parameters – features of the
object X()
The set of technical condition parameters (features) of
object assemblies X() contains the following features:
X() = {x1(), x2(),.....,xk()}

(4)

where: xi(), i = 1, 2, .., k – features describing the reliability status of the k of object’s assemblies. For the constructed diagnostic and reliability model, in which the binary
reliability model was assumed, each xi can take values of 0
or 1 (functional, failed).
Set of output (diagnostic) parameters S()
The set of output parameters S() is a set of measured
diagnostic parameters containing the following elements:
S() = {s1(), s2(),.....,sn()}

(5)

where: sij() – the value of the i-th measured diagnostic
parameter for the j-th measurement (time n).
The output parameters are obtained as a result of measurements of the diagnostic signal parameters made in the
time interval n. These measurements can be made, for
example, from the beginning of the service life 1 to k,
which is the end of operating time, in n moments in time.
We assume that the i-th output parameter (i = 1, 2, ..., n)
contains the values from the linearly ordered set of U i
called the range of variability of the i-th output parameter.
If in the process of perceiving the value of the object’s
features (indirectly by means of diagnosing) the following
were assumed:
Y(n) = const
and
Z(n) = const

42

than general diagnostic model has the form:
S() = f[X()],

(6)

which means that if we assume constant conditions of the
object’s operation and constant values of the environmental
parameters (interferences), then the object’s output parameters will only be a function of the technical condition parameters (features) of the object.

3. Diagnostic and reliability model
The diagnostic and reliability model is a model combining the reliability states of object systems with the values of
diagnostic signal parameters, therefore for its elaboration
the following were determined:
– space of reliability states of the object,
– equations of binary (reliability) states of the object,
– model equations.
Construction of state space
The state X of the object is described by the set of status
parameters of individual object systems:
X={x1, x2, x3, ......., xk}

(7)

During the implementation of tasks, the object changes
its properties, which is manifested in the changes in the
values of the features that describe it. In practice, changes
in the values of features are generally perceived in discrete
form (due to periodic measurements of diagnostic parameters).
Construction of model equations
Diagnostic parameters assume values in space:
n
U = × Ui
i=1

(8)

where: Ui (i = 1, ..., n) – is the range of variability of the ith diagnostic parameter.
Values of diagnostic parameters s = [s1s2... sn]  U are
dependent on the physical state of the object x = [x1, x2, ...,
xk]  W. The ideal situation would be if the system of recorded diagnostic parameters depended in a deterministic
and unambiguous manner on the selected system of states
of the object. Then this relationship can be expressed functionally in the following form:
s1 = f1 (x1, x2,...,xk)
s2 = f2 (x1, x2,...,xk)

(9)

sn = fn (x1, x2,...,xk),
or shorter with vector notation:
s = f(x)

(10)

In order to identify functional relationships between the
signal parameter vector and the object’s state vector, taking
into account the specificity of the experimental issues,
probabilistic and statistical methods must be used. The use
of the probabilistic model is required due to the existence of
interferences caused mainly by the practical limitation of
both the finite number of parameters of the diagnostic signal and the finite length of the object’s state vector.
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X1

X2

.

Xz

.
..

.
..

.
..

Xz1

states of assemblies

Xzmk

..
X2m1

As a probabilistic model, a system of qualitative regression equations with additive random errors was chosen:

states of systems

X21

(11)

Table 1. Description of states at the level of engine systems and assemblies

X1m1

s = f(x1, x2,..., xk, )

blies that make up individual systems. An analogous assumption was made as for systems where the states of the
assemblies are binary and the system of n diagnostic signals
remains constant. It was also assumed that the parameters
of the diagnostic signals s = [s1, s2,...,sn] are determined by
the state of the assemblies that make up the individual object systems.
Let xij denote the state of the j-th assembly of the i-th
system (i = 1, 2,....,k), which takes the values 0 or 1; in this
case the description of states can be summarised in the form
of Table 1.

X11

Construction of binary states
In practice, as already mentioned, the exact value of the
status of individual elements of the object (e.g. the value of
clearance) is not always important, as the qualitative classification of the state of the object, its systems or assemblies
is sufficient. The binary classification of the states of the
object, its systems or assemblies takes place by means of
established permissible limit states.
Let ‘0’ indicate the state ‘functional’, while ‘1’ indicates
the state ‘failed’. The task is to determine the relationship
between reliability states of systems or assemblies of an
object xi{0,1}, i = 1, 2, ..., k with output parameters (signals) including a random error:

.
..

s1  10  11 x1  12 x 2 ....1k x k   1
s2   20   21 x1   22 x 2 .... 2 k x k   2

(12)

s n   n0   n1 x1   n2 x 2 .... nk x k   n
It should be noted that in the given system of equations
the dependent variables s1, s2, ..., sn are of quantitative type,
and the independent variables x1, x2, ..., xn are of qualitative
type (binary).
Based on experimental data, the parameters of the probabilistic regression model can be estimated, as a result of
which a system of regression equations is obtained:


s1   10   11 x1   12 x 2  1k x k

s2   20   21x1   22 x2  2 k xk

s1   i10   i11 x i1   i12 x i 2 .... i1mi x imi   i1
(13)


sn   n0   n1 x1   n2 x 2  nk x k
The above set of equations can be written as the following matrix:
ŝ T = β̂x T

(14)

where: ŝ – transposed matrix of diagnostic signals, β̂ –
regression coefficient matrix, x T – transposed matrix of the
engine states.
The system of regression equations determined on the
basis of experimental data was used to determine the states
of the object, its systems or assemblies coming from the
population for which this system of equations was determined.
With the vector of signals s of the tested object and the
matrix β̂ of the estimated parameters of the model, the reliability states of individual object systems were estimated
from the transformed dependence (14) in the form of:
T

x T = β̂−1 x T

(15)

4. Construction of the diagnostic model at
the object’s system level
Assuming the decomposition of systems into assemblies, one can determine the vector of states of the assem-
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The approach described earlier at the systems level was
used to build this model. It is assumed that the change in
the state of any of the assemblies of the i-th system affects
the change of at least one of the output signals. The goal is
to estimate object states at the assembly level based on the
diagnostic signal vector. After adopting the same assumption for assemblies, as before for systems, the task is to
determine the relationship between reliability states xj 
{0,1} (j = 1, 2, ..., mi) of the assemblies of the i-th system
and signals s = [s1, s2,..., sn].
As a probabilistic model for the i-th system of the object, a system of regression equations with additive random
errors and binary states of assemblies was adopted:

s2   i20   i21 x i1   i22 x i2 .... i2 mi x imi   i2

(16)

sn   in0   in1x i1   in2 x i2 .... inmi x imi   in
In the given system of equations, the diagnostic signals
s1, s2,...,sn are of the quantitative type, while the states xij, j
= 1, 2,..., mi take binary values.
The introduced model parameters for the i-th system:
 i10

i 20
i  
 ...

 in 0

 i11 ...  i1mi 
 i 21 ...  i 2 mi 
... ...
... 

 in1 ...  inmi 

(17)

and interference of diagnostic signals that are unknown:
i = [ei1, ei2, …, ein]

(18)

It is obvious that the actual parameter values i and interference values cannot be calculated. It is assumed, however, that the interferences have a normal distribution with
an expected value of 0 and unknown, but equal, variances.
With this assumption it is possible to estimate the parameters of the probabilistic regression model, based on experimental data, as a result of which a system of regression
equations for the i-th system of the object can be obtained
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s1   i10   i11 x i1   i12 x i 2  i1mi x imi

s2   i 20   i 21 x i1   i 22 x i 2  i 2 mi x imi

urement (the first realisation of a given parameter) separately
for each signal parameter, according to the following formula:
(19)


sn   in 0   in1 x i1   in 2 x i 2  inmi x imi

which can be written as the following matrix:
ŝ T = β̂i xiT

(20)

where: ŝ T – transposed matrix of diagnostic signals, β̂ –
matrix of regression coefficient for the i-th system of the
object, x T – transposed matrix of states of the assemblies of
the i-th system.
Having the given signal vector s of the examined object
and the matrix β̂i of the estimated parameters of the model,
it is possible to estimate the states of individual assemblies
of the i-th system, using the formula:
T
xiT = β̂−1
i s

(21)

Knowledge of the coefficients of the system, however,
does not allow to estimate the discrepancy between the
estimated and actual states of the assemblies, the more so
because the estimated states do not take binary values, but
are real numbers. To determine the intensity of the relationship between the actual parameters of the diagnostic signal
s and estimated values ŝ the coefficient of determination
R2 = R2 (s, ŝ) was used.
The determination coefficient, as a normalised measure
of linear relationship between the diagnostic signal and the
states of the assemblies that make up the subsequent systems of the object, is the basis for the selection of equations. Equations with determination coefficients that are as
close as possible to 1 should be chosen. The low value of
the determination coefficient indicates a weak relation between the actual parameters of the diagnostic signal s and
the estimated values ŝ [1].
The diagnostic states of the object s are a vector of random variables with the expected value:
E(s T ) = βi xiT

(22)

Coefficients β̂ of the model:

n
si,j
=

si,j
si,1

(24)

n
where: si,j
– normalised value of the i-th signal parameter
for the j-th measurement (realisation), si,j – actual value of
the i-th parameter for the j-th measurement (realisation),
si,1 – actual value of the i-th parameter for the first measurement (realisation).
As a result of normalisation, dimensionless parameter
values are obtained, thus it is not necessary to consider
various ranges of their values and various units. The normalised parameter values are an indicator of the parameter’s changes for subsequent realisations and a measure of
the sensitivity of the individual parameters to changes in the
state of the engine.
On the basis of reliability data (acquired during the experiment), a binary matrix of reliability (qualitative) states
of individual engine systems was created, assuming ‘0’ as
the ‘functional’ state and ‘1’ as the ‘failed’ state of the
engine, for the same values of locomotive mileage as in
case of the measurement of the signal vector.
For such prepared data, calculations were made based on
a developed digital simulator. Linear regression calculations
were performed separately for each parameter of the vibration signal treated as a (dependent) variable. The reliability
states (0 or 1) of individual engine systems were used as
independent variables. As a result of the calculations, values
of regression coefficients were obtained, and then according
to the relationship (12), systems of regression equations.
An example of the equation with a constant value for
Ask (effective value of vibration acceleration) is the equation (27) and without this constant – the equation (28).

Ask = 1.175 – 0.19·KOR – 0.38·PAL
+ 1.1435·SMA – 0.505·WYM – 0.248·GLO
+ 0.4037·ROZ – 0.027CHL + 0.4656·POZ

(25)

Ask = – 0.134·KOR – 0.338·PAL
+ 2.1531·SMA – 0.409·WYM – 0.145·GLO
+ 0.9606·ROZ – 0.639·CHL + 0.2518·POZ

(26)

that estimates the states of the assemblies of the i-th object’s system as functions of a random sample, are random
variables – estimators of the actual values of the object’s
parameters. These estimators, obtained on the basis of the
minimum of the sum of squares, are unbiased.

where: KOR – crank system, PAL – fuel system, SMA –
lubrication system, WYM – scavenging system, GLO –
engine heads, ROZ – timing system, CHL – cooling system, POZ – other engine systems.
The presented equations (25) and (26) allow, based on
the measured effective value of vibration accelerations, to
determine the reliability status of the internal combustion
engine systems.

5. Model identification

6. Model verification

T

ŝ =

β̂i xiT ,

(23)

The identification of the diagnostic and reliability model
at the object assembly level was based on the results of the
diagnostic observation of an internal combustion engine of
a rail vehicle under operating conditions. The scope of the
research was carried out according to the principles of the
passive-reliability experiment [7].
The columns of the matrix of observation results contain
observed diagnostic parameters; the rows contain the realisations of parameters, which were normalised to the first meas-
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Regression coefficients , calculated on the basis of experimental data, created a matrix of regression coefficients,
from which a square matrix was selected, for which the
signal parameters obtained the highest values of the determination coefficient R2 [9].
For the example shown, these were the following parameters of the vibration signal:
Aav – average value of vibration acceleration,
Ask – effective value of vibration acceleration,

COMBUSTION ENGINES, 2020, 180(1)
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Pd =

ne
ns

(27)

where: Pd – probability of correctness of the diagnosis, ne –
number of engine system states for which the state determined from the calculation is consistent with the state registered in operation, ns – total number of engine system
states.
For the presented example, the probability of a correctness of the diagnosis amounts to Pd = 0.75.

7. Conclusions
The article presents a developed diagnostic and reliability model of a complex mechanical object, for which validation of results and verifications was carried out on the
example of the internal combustion engine systems of a rail
vehicle. This model has been developed assuming that on

COMBUSTION ENGINES, 2020, 180(1)

the basis of the vector of the vibration signal parameters it
is possible to assess the technical condition of a complex
object by adopting a two-state model of operation and
maintenance.
Calculations for the thrid measurement
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Calculations fo tfe fourth measurement
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Calculations for the fifth measurement
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State of systems

Xav – average value of vibration displacement,
Xsk – effective value of vibration displacement,
Xsz – peak value of vibration displacement,
Kx – shape coefficient of vibration displacement,
fx – rice frequency of vibration displacement,
Hv – harmonic factor of vibration velocity.
The matrix obtained from the regression coefficients with
the biggest R2 is a square matrix with 8 columns and rows. In
the presented example, the assessment of the engine’s condition at the level of its main systems was adopted.
A system of non-constant regression equations was
adopted for further analysis. Such a set of equations, assuming that all the engine systems are functional, does not
contain any terms and the equation equals zero, which
means that the whole engine is in functional state. However, when an engine system or systems fail, then the equation
has terms corresponding to these failed systems.
Matrix  of regression coefficients with the largest R2
was inverted and multiplied by columns corresponding to
subsequent measurements (realisations) of the transposed
matrix of standardised signal symptoms. After multiplying
the inverted matrix of the regression coefficients by normalised values of the signal parameters, the theoretical
states of individual engine systems were obtained. These
were then normalised to the maximum obtained value.
Figure 2 presents exemplary results of calculated theoretical states and actual states of engine systems observed in
operation.
The actual statuses observed in operation are shown in
the figures in the form of bars taking the value ‘0’ (‘functional’ state) and the value ‘1’ (‘failed’ state). The calculated states of the engine systems are shown in the form of
points connected by a line. If the calculated value of the
system state equals to xi > 0, then the system is in the
‘failed’ state; if, however, the calculated value of the system state equals to xi  0, the system is in the ‘functional’
state. The presented results of calculations were satisfactory
while assessed with values of diagnostic signal parameters
known from operation.
Based on the results of the calculations of the state of
the engine systems obtained in the presented example, the
probability of correctness of the diagnosis was calculated
according to the formula (27). It can be considered as an
indicator of the model’s compliance with the real object.
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Fig. 2. The results of calculations of the engine systems states for the third
measurement in operation of engine

The verification of the developed diagnostic and reliability model of a complex mechanical object allows to
specify the following conclusions:
 for a complex mechanical object, it is possible to determine a diagnostic model binding the parameters of the
vibration signal – quantitative assessment – with the parameters of the state of its systems – quality assessment,
 on the basis of the presented and verified diagnostic and
reliability model, with knowledge of the signal parameters, it is possible to determine the (binary) reliability
states of the internal combustion engine and its systems,
it is possible to use the developed diagnostic and reliability
model for other complex mechanical objects.
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Compression-ignition engine fuelled with diesel and hydrogen engine acceleration
process
The paper presents the results of research consisting in acceleration of a diesel engine powered by diesel and hydrogen. The test
stand included a diesel engine 1.3 Multijet, hydrogen cylinders and measuring equipment. Empirical tests included engine testing at idle
and at specified speeds on a chassis dynamometer, vehicle acceleration in selected gears from specified initial values of engine
revolutions was also tested.. Selected parameters of the diesel fuel combustion and injection process were calculated and analyzed. The
paper is a preliminary attempt to determine the possibility of co-power supply to diesel and hydrogen engines.
Key words: hydrogen, compression-ignition engine, acceleration process, diesel fuel

1. Introduction
Combating the greenhouse effect is the most important
challenge facing humanity over the next decade. In the field
of combustion engines, this is done by tightening the emission standards, increasing the combustion efficiency to
maintain fuel economy and searching for new low-emission
fuels. One of the possibilities of improving the parameters
and pro-ecological properties of engines is the use of hydrogen as a fuel. In many publications the results of the
research were presented, showing the benefits and possibilities related to the use of hydrogen as a fuel, among others,
in the form of reduction of toxic exhaust gas components
emission. [1–4].
Hydrogen (H) is an alternative to traditional fuels and
can be used to power automobiles in two ways:
– as a fuel in a traditional engine, which is the source of
thermal energy,
– in fuel cells to generate energy to drive an electric motor
[5, 6].
Hydrogen can be used as a stand-alone fuel or as an 'additive' to other fuels. It is characterized by favourable properties in relation to hydrocarbon fuels such as: no carbon,
high combustion rate, wide flammability range. Hydrogen
is currently considered to be the most environmentally
friendly energy carrier and it is predicted that hydrogen will
be the fuel of the future [2, 5]. It is assumed that in 2050,
20-25% of passenger transport will be serviced by vehicles
powered by this gas [7, 8]. A separate issue is how to obtain
hydrogen and the ecology of this process.

supply system, which allows the vehicle engine to be supplied with other alternative fuels without the need to change
the fuel in the main fuel tank every time. [9].
The INDIMICRO 602 system by AVL was used to indicate the engine in dynamic conditions. It included a computer
with AVL software, AVL measuring module and AVL
transmitter. The basic functions of this system include [9]:
– recording the pressure course inside the cylinder – using
the AVL GH13P piezoeletric sensor installed in the
glow plug nest of the first cylinder,
– recording of the crankshaft position signal,
– analysis of injection parameters – using an analogue
signal of injector control after conversion into a digital
signal.
The tests were carried out on Dynorace chassis dynamometer designed for two axle drive vehicles type DF4FSHLS, consisting of a control system and a load generating
system. The vehicle is shown on the chassis dynamometer
in Fig. 1. The elements of the test stand are shown in Fig. 2.
Table. 1 Technical data of the test engine (1,3 Multijet) [9]
Maximum power [KM]
Maximum power [kW]
Total capacity [cm3]
The number of cylinders
Diameter of a cylinder [mm]
Piston stroke [mm]
Rotations on neutral gear [rot/1’]
Maximum moment [Nm]
Maximum moment [kgm]
Rotational speed at maximum moment [rot/1’]

75
55
1248
4
69.6
82
850 ± 20
190
19.4
1500

2. Research site and research methodology
2.1. Research site
The tests were carried out on a stand consisting of a diesel engine 1.3 Multijet built in a Fiat Qubo vehicle meeting
the Euro 5 standard, to which hydrogen was supplied from
the cylinder to the inlet channel by means of wires. The technical data of the engine is presented in Table 1 into nonreturn valves. The pressure of hydrogen dosed was regulated
by a valve and read on a manometer, and the flow rate was
measured by means of a digital mass flow meter Vogtlin,
located in the pipe directly supplying the gas to the system.
Additionally, the test stand was extended by an external fuel

Fig. 1. Research car, Fiat Qubo with engine 1.3. MultiJet
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Table 2. Compression-ignition engine operating parameters
Engine operating parameters DF
ns [rpm]
2000
Position sensor for accelerator
29
lever [%]
Fuel temperature sensor [oC]
48
Bus pressure sensor [bar]
614
Injected quantity ON
13.55
[mm3/cycle]
Charge pressure sensor [mbar] 1241
Air flow meter [mg]
313

2500
21

3000
31

3500
32

4000
36

48
704
16.57

48
834
18.74

48
946
19.03

48
1022
19.76

1400
451

1542
549

2000
584

1664
477

Motor operating parameters DF+ H at 20 ln/min flow rate

IMEP1 [MPa]

0,96
0,90
0,84
0,78
0,72
0,66
0,60
0,54
0,48
0,42
0,36
0,30
0,24
0,18
0,12
0,06
0,00

4000 rpm

Fig. 3. Amount of injected fuel depending on the rotational speed at the
supply of diesel and diesel with the addition of hydrogen
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Fig. 5. Pressure inside the combustion chamber for idle operation, with
diesel (black colour), diesel and H (green colour), additionally the table
shows the average index pressure (IMEP1), maximum combustion pressure (PMAX1), maximum pressure rise speed (RMAX1) and engine speed
(SPEED)
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Table 2 shows the engine operating parameters diesel
fuelled with diesel and hydrogen fuelled diesel at selected
speeds. The values of acceleration lever position, fuel temperature, bus pressure, amount of injected fuel, charge pressure and air flow are presented.
The addition of hydrogen slightly reduces the amount of
injected diesel fuel at most engine speeds. The difference is
within the range from 0.31 to 0.75 mm3/cycle. Detailed data
are presented in Fig. 3.
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Fig. 4. Mean indicated pressure for 100 subsequent working cycles of the
engine powered by diesel oil (black colour) and diesel oil and HHO (green
colour) at idling speed; additionally, the tables show minimum, maximum,
average values and standard deviation for mean indicator pressure
(IMEP1) and engine speed

3. Analysis of test results obtained
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2.2. Research methodology
Tests were carried out to determine the effect of hydrogen addition (fed to the inlet channel) on the operating
parameters of a ZS motor. The measurements were carried
out during the acceleration of the vehicle for two variants of
operation, i.e. for diesel oil and for diesel oil with the addition of hydrogen fed to the engine intake system. The pressure in the combustion chamber, engine speed and fuel
injection parameters were recorded. The hydrogen flow was
set at 20 ln/min. Engine tests included engine idle and at
specific rotational speeds of 2000 rpm, 2500 rpm, 3000
rpm, 3500 rpm, 4000 rpm in vehicle driving conditions on a
chassis dynamometer. The vehicle was then loaded with
rolling resistance forces. An additional variant of the tests
was acceleration of the vehicle on a chassis dynamometer
in gear II and IV from the initial engine speeds of about 840
rpm and 2000 rpm respectively.
The research cycle included the following steps:
1. temperature stabilisation of the motors
2. engine speed stabilisation as indicated in the table.
3. hydrogen flow stabilisation

PCYL1 [MPa]

Fig. 2. Research site: 1. The view inside the vehicle with research apparatus: computer with AVL software, measuring module AVL and AVL
converter, 2. Hydrogen cylinder, 3. The view of the engine compartment
with the hydrogen supply location
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Fig. 6. Engine idle running with diesel supply; The courses of developing
heat (Q1) and amount of developed heat (I1), mean indexed pressu-re (IMEP1) are presented
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Fig. 11. A vehicle driving with engine rotational speed of about 2000 rpm
in the fourth gear, with diesel fuel with the addition of hydrogen; The
courses of developing heat (Q1) and amount of developed heat (I1), mean
indicator pressure (IMEP1) are presented

SPEED
rpm
2012.4
2017.3
2023.1
2.94
0.146

14
13

SPEED
rpm

12
11

SPEED
rpm

1245.5

IMEP1
MPa

1220.8

IMEP1
MPa

0.879

PMAX1
MPa

0.821

PMAX1
MPa

9.04

8.92

RMAX1
MPa/deg

RMAX1
MPa/deg

0.698

0.587

10
9

PCYL1 [MPa]

IMEP1 [MPa]

IMEP1
MPa
0.548
0.620
0.666
0.038
6.05

Min
Mean
Max
Std
CoV%

1,5
1,0
0,5
0,0
-30

100

Fig. 7. Engine idle running, diesel fuelled, with the addition of hydrogen,
The courses of developing heat (Q1) and amount of developed heat (I1),
mean indexed pressure (IMEP1) are presented
1,30
1,24
1,18
1,12
1,06
1,00
0,94
0,88
0,82
0,76
0,70
0,64
0,58
0,52
0,46
0,40
0,34

100
50
0
-50
1000
500
0
-500

INJ_SIG1

I1 [kJ/m3]Q1 [kJ/m3deg]
0

8

-90

1500
1000
500
0
0,3
0,2
0,1
0,0

Pc [MPa]

1,5
1,0
0,5
0,0

Pi [MPa] SPEED [rpm]

100
50
0
-50
1000
500
0
-500

INJ_SIG1

I1 [kJ/m3]Q1 [kJ/m3deg]

Compression-ignition engine fuelled with diesel and hydrogen engine acceleration process

IMEP1-Df

8
7
6

PCYL1-Df

5

PCYL1 Df+H2

4

IMEP1 Df+H2

3
2
0

10

20

30

40

50
cycle [-]

60

70

80

90

1

100

0
-360

Fig. 8. Mean indicated pressure for 100 subsequent working cycles of the
engine powered by diesel oil (black colour) and diesel oil and HHO (green
colour), a vehicle driving with engine rotational speed of about 2000 rpm –
gear 4; additionally, the tables show minimum, maximum, average and
standard deviation for average indicator pressure (IMEP1) and engine
speed

-300

-240

-180

-120

-60
0
60
Crank Angle [deg]

120

180

240

300

Fig. 12. Internal combustion chamber pressure during vehicle acceleration
for second gear at engine speed 1245 rpm, for diesel (black colour) and
diesel and H (green colour), in addition the table shows the mean index
pressure (IMEP1), maximum combustion pressure (PMAX1), maximum
pressure rise speed (RMAX1) and engine speed (SPEED)

12

SPEED
rpm

11
10

SPEED
rpm

2019.9

9

IMEP1
MPa

2020.4

IMEP1
MPa

0.650

PMAX1
MPa

0.616

PMAX1
MPa

7.41

7.20

RMAX1
MPa/deg

20

RMAX1
MPa/deg

0.417

16

8

SPEED
rpm

3657.4

IMEP1
MPa

3631.1

IMEP1
MPa

1.61

PMAX1
MPa

1.65

PMAX1
MPa

13.72

14.11

RMAX1
MPa/deg

RMAX1
MPa/deg

0.820

0.818

14

7

PCYL1 [MPa]

PCYL1 [MPa]

SPEED
rpm

18

0.384

6
5

PCYL1-Df

4

PCYL1 Df+H2

3

12
10
PCYL1-Df

8

PCYL1 Df+H2

6

2

4

1

2
-120

-60
0
60
Crank Angle [deg]

120

180

240

300

0
-360

1,5
1,0
0,5
0,0
-30

-20

-10
0
10
Crank Angle [deg]

20

4000
3000
2000
1000
1,2
0,8
0,4
0,0

30

8

0

20

IMEP1 SPEED
MPa
rpm
Min
0.55 1984.75
Mean
0.62 2006.72
Max
0.67 2039.33
Std
0.04
17.79
CoV%
6.05
0.89

6

Pc [MPa]

Pi [MPa] SPEED [rpm]

200
100
0
-100
1000
500
0
-500

INJ_SIG1

I1 [kJ/m3]Q1 [kJ/m3deg]

Fig. 9. Pressure inside the combustion chamber at engine speed about 2000
rpm – gear 4, at diesel fuel supply (black colour) and diesel oil and H
(green colour), additionally the table shows average indexed pressure
(IMEP1), maximum combustion pressure (PMAX1), maximum pressure
rise speed (RMAX1) and engine speed (SPEED)
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Fig. 10. A vehicle driving with engine rotational speed of about 2000 rpm
in the fourth gear, with diesel fuel supply; The courses of developing heat
(Q1) and amount of developed heat (I1), mean indicator pressure (IMEP1)
are presented
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diesel and H (green colour), in addition the table shows the average indicator pressure (IMEP1), maximum combustion pressure (PMAX1), maximum pressure rise speed (RMAX1) and engine speed (SPEED)
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at maximum, with diesel supply; The courses of developing heat (Q1) and
amount of developed heat (I1), mean indexed pressure (IMEP1) are presented are presented
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Fig. 15. The vehicle acceleration in the second gear with the throttle open
at maximum, with diesel fuel with the addition of hydrogen; The courses
of developing heat (Q1) and amount of developed heat (I1), mean indexed
pressure (IMEP1) are presented

Figures 4 to 7 show the engine operating parameters at
idling speed supplied with diesel (black colour), diesel and
hydrogen (green colour). The tables show minimum, maximum, maximum, average and standard values for mean
indexed pressure (IMEP1), maximum combustion pressure
(PMAX1), maximum pressure rise speed (RMAX1) and
engine speed (SPE-ED). In the range of average values of
measured parameters it was found that the average value of
average indexed pressure (from 100 consecutive cycles of
engine operation) increased by about 144% when the engine was supplied with diesel and hydrogen at the same
time. The maximum value of the average indexed pressure
increased by 136% with simultaneous increase of the average engine speed. The addition of hydrogen also increases
the maximal speed of pressure rise, the maximum value of
the heat transfer rate and the amount of heat transfer coefficient. These parameters increase by 76%, 17% and 87%
respectively in relation to the diesel supply. Figure 3.3
shows the course of pressure inside the combustion chamber at a speed of approx. 800 rpm. The maximum value of
pressure inside the combustion chamber increased by approx. 24% in the case of ON+H engine power supply relative to ON power supply alone.
Figures 8 to 11 show the engine operating parameters
for a vehicle travelling in fourth gear at engine speed of
about 2000 rpm, supplied with diesel (black colour) and
diesel and hydrogen (green colour). The value of the average pressure indexed in the case of diesel oil supply with
the addition of hydrogen slightly decreased. The pressure
inside the combustion chamber decreased by 2.8%. The
addition of hydrogen to the combustion process also affects
the reduction of the maximum heat discharge values and the
amount of heat discharge, respectively by 17.5% and 6.9%.

Figures 12 to 13 show the engine operating parameters
for a vehicle being driven in the second gear with the fuel
delivery control unit open at the maximum speed of 1245
rpm and 3657 rpm, respectively, for diesel (black colour)
and diesel oil and hydrogen (green colour) – the vehicle
was loaded with rolling resistance and inertia resistance
forces. It was noted that the maximum pressure inside the
combustion chamber at a speed of 1245 rpm decreased by
about 1.3%, and for 3657 rpm it increased by about 2.8% in
the case of ON+H engine power supply relative to ON
power supply alone. Additionally, it can be stated that the
maximum values of the heat discharge course and the
amount of heat discharge decreased by 28% and 8%, respectively, in relation to the diesel supply – Fig. 14 and 15.

4. Conclusion
On the basis of the conducted research, the influence of
the addition of hydrogen administered to the inlet system on
the operation of a compression-ignition engine was evaluated. When the engine is simultaneously supplied with diesel
oil and hydrogen added to the intake manifold, the average
indexed pressure increased at idling speed by about 144%
in relation to the supply with diesel oil only. The amount of
heat produced, the maximum combustion pressure and the
maximum rate of pressure rise also increased.
On the basis of the presented initial measurements it
was stated that for the engine operating at idling speed, the
addition of H affects the increase of engine parameters. For
engine operating conditions other than idling, a decrease in
heat output, heat output, pressure inside the combustion
chamber and average indexed pressure was observed. In the
course of the research, hydrogen expenditure was selected
so that in all engine operating conditions it did not have an
extremely negative impact on engine operation – so that
there was no explosion of gas deposited in the intake manifold. The original maps of diesel fuel injection time control
have not been modified. At present, it seems that hydrogen
supplied to the intake manifold may influence the improvement of engine energy parameters, but in order for
this influence to be safe and observable outside the idle
gear, it is necessary to modify both the dose of hydrogen
and the dose of diesel oil each time to the engine operating
conditions. It should also be considered whether it would be
possible to replace hydrogen with Brown HHO gas obtained from the on-board gas generator.

Nomenclature
ON
diesel
H
hydrogen
SPEED engine speed
IMEP mean indexed pressure
PMAX1 maximum combustion pressure

DF
ZS
Q1
RMAX1
I1

diesel fuel
compression ignition
developing heat
maximum rate of increase of combustion pressure
amount of developed heat
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Simplification of the procedure for testing common rail fuel injectors
The paper presents a simplified methodology for generating the characteristic curve of fuel doses for common rail injectors, which
consists in limiting the number of measurements on the test bench and calculating missing data using predefined (array) functions of the
Microsoft Excel spreadsheet. This allows checking the method of fuel delivery in a wide spectrum of predefined pressures and atomiser
opening times, while reducing the arduousness and time-consumption of the active experiment phase. The proposed solution is
particularly useful in problematic situations when standard manufacturer's tests, referred only to selected work points, make it
impossible to clearly assess the technical condition of the injector.
Key words: common rail injector, fuel doses characteristic curve, simplification of test procedures

1. Introduction
All tests of fuel injection apparatus requiring the dismantling of its actuators from the engine belong to invasive
methods [13]. The most reliable and precise way to diagnose fuel injectors are test-bench tests, which are performed
on dedicated test benches [11]. They are universal bench
devices equipped with single or multiple measuring chain
systems. They can be compact in design or modular, enabling the installation of equipment compatible with the
capabilities and the profile of operations of a given car
workshop or service company. The benches have all the
necessary adapters and connectors, both for fixing the fuel
injector and connecting the hydraulic and electric lines. This
allows not only for diagnostic tests, but also for thermochemical flushing, i.e. the process of internal cleaning under high
pressure and at elevated detergent temperature [12].
Standard tests of the common rail fuel injector are performed in automatic cycles or, much less often, with manual settings. Usually they include several operating points for
different pressures of the supplied fuel and atomiser opening (actuation) times, according to the manufacturer's recommendations [8]. Unfortunately, many years of workshop and laboratory practice indicates that such measurements may prove to be insufficient, primarily due to improper fuel dosing in other areas of engine operation. Detection of these irregularities is possible, but after preparing
the full characteristics of the fuel doses. Despite the undoubted benefits, this function is rarely used, only in justified cases, which results from the arduousness and timeconsumption of the test phase. As a result, the process of
checking a set from one engine becomes problematic and
economically unjustified. Therefore, an own methodology
was proposed, the idea of which is based on limiting the
number of measurements to the necessary minimum and
calculating the remaining data in the environment of a popular spreadsheet.

2. Methods
2.1. Test object and test beds
The test was carried out on the example of a Bosch
CRI1 electromagnetic fuel injector (Fig. 1), which was
dismantled from a Fiat 1.3 JTD 16V MultiJet diesel engine
with an operating mileage of 158 thousand km.
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Fig. 1. CRI1 Bosch fuel injector design
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Fuel injectors of this type are commonly used in the
combustion engines of passenger cars, working at maximum fuel injection pressures of up to 140 MPa [16]. Because the manufacturer has made available the technology
for their diagnostics, while offering a set of original spare
parts, they can be regenerated to almost full extent [14].

entered into a Microsoft Excel spreadsheet, after which the
missing data were estimated in indirect points.
2.2. Predefined (array) functions
For the calculation of fuel injector fuel doses d that were
not included in the experiment phase, predefined functions:
LINEST and TREND, were used. The first of them allows
you to fit a straight line to a set of points, but it can be successfully used to determine the coefficients in the multiple
regression equation in the form of a polynomial. For this
purpose, a column of t-values raised to the appropriate
power is prepared for each word, or array operations are
used, but the order of the exponents should be reversed by
creating the following formula:
= SUM(LINEST(known_d`s; known_t`s^{1\2} ∗
t^{2\1\0})

(1)

On the other hand, the TREND function is used directly
for data interpolation (e.g. polynomial, rational), hence the
following expression is used to calculate its value at any
selected point of the discrete interval:
= SUM(TREND(known_d`s; known_t`s^{1\2});
Fig. 2. Test bench STPiW-3 [17]

t^{1\2})

(2)

In the next step, the addresses of the cells in which the
results of the measurements were entered are substituted,
i.e. the ranges of data known_t`s and known_d`s, as well as
the value of the sought indirect argument t.
Formulas (1) and (2) can be used interchangeably because they offer the same quality of approximation [5]. In
addition, when dividing a discrete area into two parts, low
degree polynomials are used to create the so-called spline
[6]. In this way, the risk of interference and oscillation
(local extremes) that could occur with a single interpolation
function [4] is eliminated.

3. Analysis results and discussion

Fig. 3. Microscope Meiji FL150/70 [19]

The following systems and instrumentation were used in
the repair process:
– STPiW-3 test bench (Fig. 2),
– 3-phase Bosch gear (CRR 120 pneumatic generator and
CRR 220 electric generator, CRR 420 digital sensor,
LAB/SM135 power supply, CRR 320 torque wrench),
– Meiji FL150/70 microscope (Fig. 3),
– MIC-40700 multimeter,
– ultrasonic baths (Carbon Tech Ultrasonic Bath S15/C2,
Elmasonic S10H),
– vices and gear required for the disassembly and assembly phase.
In order to prepare a full characteristics of the fuel doses
in a simplified way, measurements on the test bench were
carried out at the predefined actuation times (main nodes) t
[μs]: 200, 300, 600, 1200. The obtained test results were
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3.1. Preliminary tests
Before starting the tests on the STPiW-3 test bench, the
fuel injector was dismantled into its components, which
were subjected to baths in ultrasonic baths and thoroughly
dried.
During the microscopic examination, traces of initial
frictional wear of the surface of plunger and barrel assemblies were found, which due to increased resistance limited
the dynamics of the operation of the needle with the atomiser (Fig. 4). This negatively affects the fuel delivery process and uneven engine operation, in particular at idle or
when setting low loads [7]. This type of defect is found
very often and is detected even at low operational mileage
[1]. In addition, valve seat deformation (Fig. 5) was observed, which leads to an overestimation of the volume of
fuel going to the overflow. The occurrence of this malfunction results from various reasons, including the wrong ball
travel [22]. However, this parameter was checked after the
plunger and barrel assembly, guide piston and control valve
assembly were replaced. Both in the mechanical AH (Ger.
Ankerhub) and electric AHe (Ger. Ankerhub elektrisch)
tests, the result was 0.051 mm, which is within the manufacturer's acceptable range (0.0030–0.060 mm) [18]. Then
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the fuel injector was mounted on the STPiW-3 bench,
where it successfully passed the approval procedures, including leakage and electrical tests.

the predefined functions are much more flexible than the
classic interpolation methods that are being implemented in
a spreadsheet environment [9]. Hence for t = 1000 μs we
obtained:
52.4 = SUM(LINEST(36.6: 60.3; 600: 1200^{1} ∗
1000^{1\0})

(5)

or
52.4 = SUM(TREND(36.6: 60.3; 600: 1200^{1});
1000^{1})

(6)

For obvious reasons, conducting two-way calculations
is not required, but it does not pose any major difficulties
and allows you to control the results obtained at every stage
of this process. The correctness of the formulas can also be
checked in another way, namely by substituting any selected root node. In this case, the value of the interpolating
function must be equal to the measurement result at this
point [3]. For example, for t = 1200 μs, we obtained:
Fig. 4. Friction wear traces on the needle

𝟔𝟎. 𝟑 = SUM(LINEST(36.6: 𝟔𝟎. 𝟑; 600: 1200^{1} ∗
1200^{1\0})

(7)

or
𝟔𝟎. 𝟑 = SUM(TREND(36.6: 𝟔𝟎. 𝟑; 600: 1200^{1});
1200^{1})

Fig. 5. Valve seat deformation

3.2. Main tests
Table 1 presents the results of measurements carried out
on the test bench. The data obtained in the calculation process is also specified, the course of which is discussed on
the example of selected fuel doses at fuel injection pressure
pinj = 140 MPa.
The introduction of cell addresses in formulas (1) and
(2) allowed to estimate the value of interpolation polynomial for the first indirect argument t = 250 μs:
7.6 = SUM(LINEST(5.8: 36.6; 200: 600^{1\2} ∗
250^{2\1\0})

(3)

or
7.6 = SUM(TREND(5.8: 36.6; 200: 600^{1\2});
250^{1\2})

Figure 6 shows the characteristic curve of fuel doses for
the tested injector d = f(t), which were generated based on
all results. By contrast, the measured points are marked in
colour, and the calculated points are left without any fill.
The shape and course of individual curves should be assessed positively because they do not overlap or intersect
the entire working area in question [20]. This indicates that
there are no irregularities in the fuel delivery process [2]. In
addition, the implementation of pre-defined functions simplified the active experiment phase and enabled the estimation of correct fuel doses values at any atomiser opening
time. For example, according to Bosch diagnostic coordinates, the pilot dose VE (Ger. Voreinspritzung) and idling
LL (Ger. Leerlauf) should be within 0.3–4.1 mm3/inj at
t = 260 μs, pinj = 80 MPa and 0.3–3.9 mm3/inj at t = 420 μs,
pinj = 30 MPa [15]. In both cases these requirements were
met because the values dVE = 3.9 mm3/inj and dLL = 2.3
mm3/inj were obtained.
It is worth emphasising that the detection of irregularities
in this area would require the dismantling of the fuel injector
again and fuel delivery correction. In addition to adjusting
the ball travel, the air gap between the control unit disc and
the coil body, the needle travel, and the valve spring force
should be checked. The steps included in respective stages
regulation match the standard Bosch procedures.

4. Conclusions
(4)

The fuel doses for the remaining atomiser opening times
were calculated in a similar way. However, in the case of
the second discrete interval, the formula was simplified due
to the smaller number of measuring points. In this aspect,
54

(8)

Despite the variety of diagnostic methods, more and
more often directed at conducting measurements under the
conditions of real operation on the engine, the basis of
modern research laboratories are test benches. They enable
a comprehensive assessment of common rail fuel injectors,
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Table 1. Results of test-bench test and calculations for CRI1 Bosch injector
Injection pressure,
pinj [MPa]
Lp.
Actuation
time,
t [μs]
1
200
2*
250
3
300
4*
400
5
600
6*
800
7*
1000
8
1200
* analytically estimated data

Fuel dose
d [mm3/inj.]
140

120

100

80

60

40

30

5,8
7,6
9,9
16,4
36,6
44,5
52,4
60,3

5,2
6,2
7,8
13,1
32,0
40,2
48,5
56,7

4,5
5,1
6,4
11,0
28,3
36,1
44,9
53,2

3,1
3,8
4,9
8,7
22,2
29,7
37,2
44,7

1,7
2,4
3,5
6,6
16,8
24,1
31,3
38,6

0,2
0,8
1,5
3,5
9,7
16,2
22,6
29,1

0,1
0,4
0,8
2,0
5,7
11,9
18,2
24,4

d [mm3/injection]
70
140 MPa

65

120 MPa

100 MPa

80 MPa

60 MPa

40 MPa

30 MPa

60
55
50
45
40

35
30
25
20
15
10
5
1250

1200

1150

1100

1050

1000

950

900

850

800

750

700

650

600

550

500

450

400

350

300

250

200

150

0

t [μs]
Fig. 6. Fuel doses characteristic curve for the injector tested

indicating at the same time areas of their incorrect operation
[10]. Therefore, improving test procedures seems to be the
most reasonable, taking into account technical criteria (accuracy, repeatability, durability), as well as economic ones
(cost, efficiency, labour consumption). The proposed methodology can be useful to meet them, as it has been used in
laboratory and workshop practice.
One of the most important advantages of a spreadsheet
is the ability to automatically recalculate all formulas after
changing the input variables [21]. In this way, a quick pre-

view of their effect on the final results is obtained, which,
with a wide set of implemented predefined functions, gives
a very useful tool for processing and presenting data. In the
analysed case, two of them were used, simplifying the active experiment phase by eliminating 28 measuring points.
In addition, calculations in the digital environment did not
require the presentation of the final form (formulas) of
interpolation polynomials, but only an estimate of their
values for each indirect argument.

Nomenclature
AH

mechanical measurement of ball travel (Ger. Ankerhub)
AHe electrical measurement of ball travel (Ger. Ankerhub
elektrisch)
COMBUSTION ENGINES, 2020, 180(1)

d
fuel dose
CRI1 first generation common rail injector made by Bosch
JTD multiJet Turbo Diesel
LINEST predefined linear regression function
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LL
pinj
t

idling dose (Ger. Leerlauf)
injection pressure
actuation (atomiser opening) time

TREND predefined interpolating function
VE
pilot dose (Ger. Voreinspritzung)
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