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ABSTRACT: The presented scientific study is focused on a
complex analysis of power output and emission parameters
concerning an experimental motorcycle. In spite of the fact that
there are at disposal considerable theoretical and experimental
results, which include also matters of the L-category vehicles, there
is, in general, a lack of data covering the experimental tests and
power output characteristics of racing, high-power engines that
represent a technological peak in the given segment. This situation
is caused by an aversion of motorcycle producers to publicize their
newest information, especially in the case of the latest high-tech
applications. The given study is focused on all the main results
obtained from the operational tests performed on the motorcycle
engine in two testing cases: first with the original arrangement of the installed piston combustion engine series produced and second
with the modified engine configuration proposed in order to increase the combustion process efficiency. Three kinds of engine fuel
were tested and mutually compared within the performed research work: the first was the experimental top fuel used in the world
motorcycle competition 4SGP, the second was the sustainable experimental fuel, the so-called superethanol e85 developed for
maximum power output and minimum emission, and the third was the standard fuel, which is commonly available at gas stations.
Applicable fuel mixtures were also created with the aim to analyze their power output and emission parameters. Finally, these fuel
mixtures were compared with the top technological products available in the given area.

1. INTRODUCTION
Complex analysis of the power output parameters in the case
of high-power motorcycles is always a theme of speculations
because these are the subject of competition on racing circuits
and it is fully understandable that the producers of motorcycles
do not like to disclose real potential of their technological
innovations. Therefore, there is a general lack of information
concerning engines that technologically top in this area. It is
well known that under pressure to achieve carbon neutrality, all
the top motorsport disciplines, including F1, MotoGP, or
WORLDSBK, are gradually switching to application of
sustainable fuels. For example, in the year 2021, F1 racing
cars were powered by E5 gasoline, whereby the designation E5
refers to a 5-percent content of ethanol. In 2022, motorcar
sport switched to E10 fuel, and from the year 2026, the fuel
should be 100% bioethanol. Motorcycle races should switch to
a sustainable fuel one year later, that is, in 2027. There are, at
disposal, in the professional literature, many detailed
descriptions of modifications proposed in order to increase
the specific power output of the series-produced engines, but
only a little information deals with modifications determined
for application of the sustainable fuel. Constructional adjust-

ments of the intake and exhaust systems, intended for
improvement of the engine volumetric efficiency, are very
effective in obtaining a specific power output. Many common
professional books present theoretical and experimental data
about aerodynamics of engine head manifolds. Although the
theory and practice of engine testing are closely connected
with technical progress in the area of internal combustion
engines, there are only few references relating to testing of
high-speed racing engines. This article presents an exper-
imental study1−3 focused on the high-speed series-produced
motorcycle engine,4,5 which was modified in accordance with
the FIM regulations for the 600 STOCK category in order to
obtain specific power output and to compare the output
parameters after application of sustainable fuels and their
mixtures.6−10
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2. EXPERIMENTAL CONDITIONS AND TECHNICAL
EQUIPMENT
2.1. Experimental Model. A Yamaha R6 motorcycle was

used as an experimental model, which was equipped with a
complete GYTR racing kit in accordance with the valid FIM
regulations for the 600 STOCK class. This is a racing class
determined for the series-produced motorcycles. The basic
technical specifications of the tested motorcycle engine are
summarized in Table 1.

All the modifications of the original engine are focused on
increasing the engine power output within the limits given by
the regulations. The shape and volume of the engine
combustion chamber is changed by the constructional
modification of the cylinder head in order to increase the
compression ratio, whereby, in this case, a special fuel is used
to prevent detonation combustion.11,12 The fuel injection
engine control unit (ECU) is replaced and the ignition
advance as well as the injection timing, and the length duration
maps are experimentally tuned as the functions of the engine
operational regime and load. No changes in the mechanical
components, which can reduce mechanical friction, are
allowed, so the only way for improvement of organic efficiency
(except for surface treatment), is through application of a
better lubricant. Only minor adjustments were made in the
arrangement of the intake system in accordance with the FIM
rules. The secondary throttles remained at their maximum
value since their role is not important within the required
engine speed range. The original air filter was replaced with a 3
mm sponge filter to reduce pressure losses.

To perform the power output analyses, the exhaust system
situated behind the engine head is completely replaced
according to the FIM (International Motorcycling Federation)
regulations with the AKPAROVIC GYTR exhaust system. The
exhaust pipe behind the engine head is made from titanium
tubes, and it is a classic ″4 into 2 into 1″ pipe. Two
intermediate secondary branches collect the primary exhaust
gases from the cylinders 1−2 or cylinders 3−4, and they
discharge the exhaust gases through Y-coupling into a common
exhaust pipe, which ends in the exhaust silencer. This
arrangement increases power output in a high range of engine
speed for engines with combustion order 1−2−4-3.13−15 The
silencer is of the absorption type, due to low back-pressure of
the exhaust gases. Minor adjustments were realized in the
layout of the intake system, with regards to the FIM rules.
Contrarily, a standard exhaust system equipped with a
catalyzer was used for the emission analyses.16

2.2. Experimental Fuels. The most important character-
istics of three different fuels used for the experimental analysis
are summarized in Table 2.

The first applied is the E85 fuel from ELF company. This
fuel is a leader in the given segment. It was developed
differently from superethanol and E 85 fuels, which are already
on the market, in terms of its stable quality and composition,
improved combustion rate, and significantly higher calorific
value. The ELF E85 fuel provides optimal knocking resistance
and excellent fuel reactivity, thanks to its exceptional RON
number. Therefore, this fuel enables optimized ignition timing
and it increases the engine power output. The second
experimental fuel is unleaded gasoline (UG), which fulfills
the valid European standards EN 228 and it is standardly
available at gas stations.17 The third tested fuel, namely, the 4S
GP fuel from the ELF company, is based on ELF’s experiences
in MotoGP. It offers maximum power output within the limits
of FIM regulations. The ELF MOTO 4S GP fuel regularly wins
the WSBK and WSS championships. Its specific content of
olefins gives the ELF MOTO 4S GP very fast combustion rate,
which is particularly effective at high engine speeds. At the
same time, also the fuel mixtures are the subject of the
performed power output analyses. They were created by
mixing of the above-mentioned fuels using the following
mixing ratios: E85_UG (50:50), E85_4SGP (50:50), and
UG_4SGP (50:50).
2.3. Measuring Equipment. The motorcycle engine was

tested in an acoustically isolated chamber equipped with a
cooler fan, which supplies air for cooling and intake of the
engine, and with an exhaust gas extractor, which removes
exhaust gases from the room.18−20 Inside the chamber was
installed the dynamometer Dynojet i250 (Figure 1), which was
dimensioned to a maximum power output value of 373 kW,
maximum speed of 200mph (322 kph), timing accuracy of
+/−1 microsecond, drum speed accuracy of +/−1/100th kph,
and rpm accuracy of +/−1/10th rpm. The measuring
equipment also includes sensors of ambient air temperature,
pressure, and humidity. Measuring of the engine speed is based
on the pulses sent from the ECU into the ignition coil of the
cylinder. Resolution, that is, accuracy of this measuring, is 1
rev/min. According to the data given by the manufacturer, the
accuracies of other quantities concerning the undercarriage
dynamometer are as follows: the timing accuracy is 1 ms, the
drum speed accuracy is 1/100 mph, and the engine speed
accuracy is 1/10 rev/min. Accuracy of the measured torque
values can be estimated to 0.2% of the full torque range, i.e.,
±2 Nm during the tests performed in a stable state using an
electric dynamometer. The fuel consumption is obtained by
measuring the weight. The acquisitions are supplemented with
measuring the air-fuel ratio, which is derived from the lambda
probe signal.21,22 Most of the tests are performed with the
engine clutch in 4th gear in order to ensure operational
stability over almost the whole engine speed range, what is
useful under engine load.23 The exhaust gas emissions were

Table 1. Tested Engine Data

type
four-stroke, inline four-cylinder, DOHC, 4 valves per
cylinder

capacity 599 cm3

bore × stroke 67 × 42.5 mm
compression ratio 13.1:1
ignition and
injection

GYTR technology

max. power output 87.1 kW/116.7 hP (14,500 rpm)
max. torque 61.7 Nm/45.5 lb-ft (10,500 rpm)
exhaust system AKPRAPOVIC racing GYTR

Table 2. Specifications of the Test Fuels

specification E85 UG (EN 228) 4SGP

octane numbers, RON (Mon) 108 (89) 95 (85) 100 (88)
density [kg/L at 15 °C] 0.79 0.72 0.725
oxygen [% m/m] 32 2.7 2.6
air/fuel ratio 9.32 14.7 14.33
vapor pressure [bar at 37.8 °C] 0.400 0.592 0.530
sulfur [mg/kg] <30 2.9 <10
lead content [g/L] <0.001 0.0025 <0.005
benzene [vol %] 0.1 0.83 <0.1
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measured using a mobile measuring system determined for
emission testing (TEXA).
2.4. Testing Cycles. The following driving cycles were

used for emission analysis of the experimental motorcycle:
• European driving cycle of type approval (ECE and

EUDC),
• World Motorcycle Test Cycle (WMTC).
The cycle ECE and EUDC consists of an urban (ECE) and

an extra-urban part (EUDC). The specifications of ECE and
EUDC test cycles are presented in Table 3. The urban part is

divided into two phases: ECE1�cold testing and ECE2�
testing at operational temperature. The full test starts with four

repetitions of the ECE cycle (Figure 2, left). ECE is an urban
driving cycle, also known as UDC. This cycle was proposed to
represent the urban driving conditions, for example, in Paris or
Rome. It is characterized by low speed of vehicle, low level of
engine load, and low temperature of exhaust gas. The EUDC
(Extra-Urban Driving Cycle) segment was added after the
fourth ECE cycle in order to take into consideration also more
aggressive driving modes with high speed of the vehicle. The
maximum speed limit of the EUDC cycle is 120 km/h. An
alternative EUDC cycle was defined for low power output
vehicles with a maximum speed limited to 90 km/h (Figure 2,
right).24−31

The World Motorcycle Test Cycle (WMTC) is a system of
driving cycles used to measure fuel consumption and emissions
of motorcycles. The methods are set out as a part of global
technical regulation established by the UN World Forum for
the Harmonization of Vehicle Regulations, also known as
WP.29. Testing according to WMTC is carried out for the
motorcycle with the maximum speed higher than 140 km/h,
and it is performed in three phases: cold WMTC1 (Part 1),
WMTC2 (Part 2), and WMTC3 (Part 3), Table 4.

3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1. Analysis of Engine Power Output and Fuel

Consumption. Analysis of the engine power output was
performed on a motorcycle with racing modification using the

Figure 1. Testing system with experimental motorcycle.

Table 3. Specifications of ECE and EUDC Test Cycles

characteristics ECE EUDC

distance [km] 0.9941 6.9549
total time [s] 195 400
tdle (standing) time [s] 57 39
average speed (incl. stops) [km/h] 18.35 62.59
average driving speed (excl. stops) [km/h] 25.93 69.36
maximum speed [km/h] 50 120
average acceleration [m/s2] 0.599 0.354
maximum acceleration [m/s2] 1.042 0.833

Figure 2. Characteristics of ECE testing (left) and EUDC testing (right); the vertical axis shows the speed of motorcycle [km/h] and the
horizontal axis shows the time [s].
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GYTR kit and the motorcycle dynamometer Dynojet i250.
The result obtained from measuring on the given device is a
dependence of the engine power output and torque on the
engine speed.31−45 However, for scientific purposes, the results
are presented in the form of the dependence of the brake mean
effective pressure (BMEP) on the relative mean piston speed
(Cs). This dependence is expressed in a dimensionless form,
applying the maximum values of the above-mentioned
quantities (BMEPmax = 1.29 MPa; Csmax = 20.54 m/s),
whereas it was measured in the steady state at maximum
engine power on 4th gear.

Figure 3 shows the measured dependence of the relative
brake mean effective pressure (BMEP/BMEPmax) on the

relative mean piston speed (Cs/Csmax) for the unleaded fuel
E85. Parameters of this fuel are listed in Table 2. This fuel tops
among the sustainable fuels. It provides a significant resistance
to engine knocking as well as excellent reactivity. This fact is
also reflected in the output characteristics of the experimental
engine, where it is possible to note a continuous increase and
only minimal decreases of BMEP in the whole spectrum of
relative mean piston speed. The highest BMEP values are quite
stable and the engine is characterized by excellent flexibility
within the maximally possible usable working range.

Figure 4 presents the measured dependence of the relative
brake mean effective pressure on the relative mean piston
speed for unleaded gasoline (UG). Parameters of this fuel are
in Table 2. This fuel is standardly available at gas stations and
used in common transport. From the analysis, it can be stated
that in the case of this fuel, the increase of BMEP is relatively
smooth but less distinctive than using E85 fuel and there are
two significant decreases in the area of 60% and 75% Cs/Csmax.
The maximum values of BMEP are relatively stable, and the

engine is characterized by limited flexibility since the usable
range of its operation is limited by the decrease at 75% Cs/
Csmax.

Figure 5 illustrates an experimental output presenting a
dependence of the relative brake mean effective pressure on

the relative mean piston speed for the 4S GP fuel, which is the
best fuel available on the market. This fuel offers maximum
power output within the limits of FIM regulations, together
with a very high combustion rate, which is especially effective
at high engine speeds. The increase of BMEP is the most
distinctive compared to that of the other tested fuels that are
characterized by the best acceleration of the tested vehicle.
This fuel enables a much faster achievement of the maximum
engine power output parameters that are maintained for a long
time and in a wide spectrum of the applied medium piston
speed. The maximum engine power parameters are also the
best, even if the changes in the area of maximum power are
moderate. However, much more important is a benefit in the
engine speed range.

As it follows from a mutual comparison of the parameters
among the individual fuels, the BMEP curve maintains
approximately the same shape, but, according to expectation,
it differs especially in the area of power increase. Hence, the
engine power increases mainly during acceleration and in the

Table 4. Specifications of the WMTC Test Cycle

specification WMTC part 1 part 2 part 3

distance [km] 4.07 9.11 15.74
total time [s] 600 600 600
idle time ratio [%] 17.0 7.3 2.5
average speed [km/h] 24.4 54.7 94.4
maximum speed [km/h] 60 94.9 125.3
average acceleration [m/s2] 0.685 0.582 0.468
maximum acceleration [m/s2] 2.51 2.68 1.56

Figure 3. Analysis of dependence of relative brake mean effective
pressure on relative mean piston speed for E85 fuel.

Figure 4. Analysis of dependence of relative brake mean effective
pressure on relative mean piston speed for unleaded gasoline (UG).

Figure 5. Analysis of dependence of relative brake mean effective
pressure on relative mean piston speed for 4SGP fuel.
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case of 4SGP fuel also in the maximum operational regime.
This fact can be considered as a potential disadvantage for the
standard engines, but the racing car engines are only rarely
exploited below 60% of their maximum power. On the other
hand, the standard fuel is not suitable for racing purposes.

Figure 6 illustrates the specific fuel consumption depending
on the relative mean piston speed. These values were more or

less stable for all three tested fuels, and they correspond to
setting of engine mapping. This figure clearly shows a visibly
higher fuel demand in the area of the critical engine speed
spectrum (50%). Consequently, after 60%, the fuel con-
sumption is stable and the combustion is significantly more
efficient below this value. This fact is caused by the so-called
engine flexibility, which defines the range of engine speed
between the maximum engine torque value and the maximum
engine power value. In this range of engine speed, the engine is
working optimally.
3.2. Emission Analysis. Emission analysis was carried out

for CO, NOx, and HC emissions (Figures 7, 8, and 9). These
emissions were measured for all 3 kinds of the applied fuel
using the EUDC and WMTC driving cycles. The individual
emissions of a regulated pollutant are expressed in weight per
kilometer traveled. As it follows from the emission analysis,
parameters of the E85 fuel are more favorable concerning the
CO and HC polluting substances. It can be assumed that due
to the higher oxygen content, the combustion process runs
better. Conversely, NOx emissions are moderately higher
compared to the 4S GP fuel. Thus, it seems that the fuel
management system and also the catalyzer capacity were not
proposed appropriately for application of biofuels with regard
to a fact that these fuels require a richer mixture composition.

In spite of this, there is a possibility for the newest high-power
motorcycles to apply a variable fuel map, which would ensure a
better combustion of the bio-component.

It is evident from the NOx analysis that in the case of the
applied E85 fuel, the emissions are increasing mainly on a long
straight route (WMTC3). Due to rapid vehicle acceleration
and dynamic driving style under these operational conditions,
the impact of combustion temperature at high-level engine
load and with high volume of exhaust gas flow reduces
effectiveness of the catalyzer.

The analyzed results indicate that in the case of the tested
fuels, a cold start (ECE1) clearly increases the CO and HC
emissions compared to the values obtained at warmed up
engine (ECE2). This situation can be caused by various
factors. First, the engine during a cold start needs a rich fuel-air
mixture that is outside the catalyzer optimal range. An
increased amount of the fuel condenses on the cold inner
walls of the engine or has not yet been evaporated. Second,
during the first moments of cold transition, the efficiency of the
catalyzer is too low due to rich AFR values.
3.3. Power Output Analysis of the Experimental Fuel

Mixtures. This experiment was performed in connection with
the actual trend in the field of motorsport (F1, MotoGP),
where the world’s vehicle manufacturers are constantly
working on the improvement of driving units. In 2021, racing
cars were powered by E5 gasoline. This designation means that
the fuel contains 5% of ethanol. In 2022, the sport switched to
E10 fuel, and during next years, the portion of bio-component
will be increased. According to the results obtained from the
experimental analyses described in Section 3.1, the best power
output parameters were obtained in the case of the 4SGP fuel.
For this reason, in the following experiment, the 4SGP fuel was
chosen as a comparative fuel determined for comparison with
the experimental fuel mixtures, which were created by mixing
of E85 with 4SGP in different ratios (30, 60, and 90%). The
main task was to create such a fuel mixture, which would be
similar to 4SGP fuel in terms of power output parameters; at
the same time, it would have a significantly higher content of
bio-components and thus a potential for future application in
the motorsport area.31

Figure 10 shows a dependence of the relative brake mean
effective pressure on the relative mean piston speed. The
comparative fuel is the pure 4SGP fuel (dashed line), and the
full-line curve represents characteristics of the engine when
using fuel, which was created by mixing 30% E85 with 70% of
4SGP. With regard to the comparative fuel, this fuel has a
higher content of bio-components what is in accordance with

Figure 6. Dependence of specific fuel consumption on relative mean
piston speed in [%].

Figure 7. CO emissions analyzed for the applied three fuels at various driving cycles.
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the future regulations valid in motorsport. The analysis shows
that the bio-component had a moderate effect on the increase
of BMEP, especially in the areas about 45−50% of the relative
mean piston speed. The area of maximum BMEP is slightly
lower, too. The overall analysis discovers that influence caused
by this percentage of E85 was acceptable from the point of
view of the output parameters.

In the next part of experimental investigation, the fuel ratio
was adjusted and the fuel mixture, which was compared to pure
4SGP, had a composition of 60% E85 and 40% 4SGP (Figure
11). Analysis of the results proves that there was a more
distinctive decrease of BMEP in the area of 50−55% Cs. There
was also visible decrease of the maximum BMEP in the range
of 70% Cs and more. The BMEP curve for the given fuel

mixture basically copies the curve for pure 4SGP, but the
problem is the missing maximum power output.

The last experimental fuel mixture, which was compared
with pure 4SGP, is the mixture of 90% E85 and 10% 4SGP
(Figure 12). The main task was to find out the influence of a
relatively small amount of 4SGP added to E85. Experimental
analysis confirmed a decrease of BMEP in the range 45−55%
of the relative mean piston speed. At the same time, a
significant decrease of BMEP was recorded in the whole range
of the maximum relative mean piston speed. However, when
this curve is compared with the curve valid for pure E85, it can
be stated that the 10% share of 4SGP represents an interesting
benefit for the output characteristics.

Figure 8. HC emissions analyzed for the applied three fuels at various driving cycles.

Figure 9. NOx emissions analyzed for the applied three fuels at various driving cycles.

Figure 10. Comparison of output characteristics for pure 4SGP
(dashed line) and for fuel mixture 30% E85/70% 4SGP (full line).

Figure 11. Comparison of output characteristics for pure 4SGP
(dashed line) and for fuel mixture 60% E85/40% 4SGP (full line).
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The experimental analyses were performed with a constant
setting of motor management in order to ensure an objective
comparison process. However, it is possible to assume that an
appropriate adjustment of engine mapping and compression
ratio could bring an improvement in application of the
biofuels.

4. CONCLUSIONS
This scientific research work was focused on the experimental
research of power output concerning the motorcycle racing
engine. There were described experimentally tested modifica-
tions of a standard engine using a GYTR kit in accordance with
the valid regulations. For scientific purposes, the results were
presented in the form of a dependence of the brake mean
effective pressure on the relative mean piston speed. This
dependence was expressed in a dimensionless form, using the
maximum values of the above-mentioned quantities. The
results obtained from the performed engine experimental tests
indicate an increase of engine power output parameters when
using advanced fuels. The best power output parameters were
achieved in the case of the top fuel 4SGP. At the same time,
superethanol e85 also had significantly better power output
parameters than the standard fuel available at gas stations.

In terms of engine gaseous emissions, the superethanol e85
clearly dominates. This fuel had 10 to 20% better emission
parameters than the 4SGP fuel and, on average, 30% better
results compared to the standard UG fuel. Therefore, it is
possible to assume that due to higher oxygen content in E85,
combustion of this fuel is more perfect. At the same time, for
all the tested motorcycles, there is an evident fundamental
difference between the emissions during the cold start of the
engine and in the engine operational regime. This fact is
mainly caused due to the fact that when the engine is warmed
up, it co-works optimally with the operational catalyzer.

In the third part of this work, the experimental fuel mixtures
were analyzed with the aim to create a fuel mix usable in the
motorsport area according to the regulations valid during the
following years. It can be stated that the addition of a lower
percentage (30%) of E85 has no significant effect on the
engine power parameters. Using a higher ratio of E85 (90%),
the deviations are significant and the engine would require a
complete change of mapping in this case.
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