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Abstract: Fuel catalytic additives have been tested for many years. Herein, their influence on the
overall efficiency of combustion engines is investigated, and their pro-ecological impact is assessed.
The majority of this research concerns diesel engines. Despite many advantages, to this day, the use
of catalytic additives has not become widespread. Wishing to clarify the situation, a research group
from the Wroclaw University of Science and Technology decided to investigate this matter, starting
with verification tests. This article presents the methodology and results of testing an actual diesel
engine, and evaluates the effects of the use of a fuel catalytic additive. The focus was on the
analysis of fuel consumption and exhaust gas emissions from a Doosan MD196TI engine. The tested
additive was a commercial fuel performance catalyst (FAMAX) with up to 5% ferric chloride as an
organometallic compound. The proportion of the mixture with the fuel was 1:2000. These studies
provide an energy and ecological assessment of propulsion in inland vehicles relative to current
exhaust emission standards. The tests were carried out in accordance with the ISO 8178 standard,
albeit on a much broader scale regarding engine operation than required by the standard. In this way,
a set of previously published data was more than doubled in scope. Detailed conclusions indicate
the positive effect of the tested fuel additive. The emission values decreased, on average by 16.7% for
particulate matter (PM), 10.1% for carbon monoxide (CO), and 7.9% for total hydrocarbons (THC).
Unfortunately, the amount of nitrogen oxides (NOx) increased by 1.2%. The average difference in
specific fuel consumption (BSFC) between the fuel with additive and pure diesel fuel was 0.5%,
i.e., below the level of measurement error. The authors formulated the following scientific relationship
between the thermal efficiency of the engine and the operation of the catalyst: the effect of the catalyst
on the combustion process decreases with the increase of the thermodynamic efficiency of the engine.
This conclusion indicates that despite the proven positive effect of catalysts on the combustion
process, they can only be used in markets where engines with low thermal efficiency are used,
i.e., older generation engines.

Keywords: diesel engines; fuel additives; specific fuel consumption; emissions

1. Introduction

Diesel engines are widely used, especially in heavy road transport and various non-
road applications such as construction machinery, agricultural tractors as well as in sea
and inland navigation.

The main factor determining the suitability of an internal combustion engine to a
selected application is compliance with the appropriate regulations. In the European Union,
the use of engines for off-road applications, including inland navigation, is subject to the
Regulations of the European Parliament of 14 September 2016, which came into force
on 1 January 2019. The exhaust gas emission levels, referred to as Stage IIIa, have been
changed to new Stage V values. The changing legal situation has resulted in a lack of
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demand for engines in the power range from 130 to 300 kW. In Poland, none of the
companies distributing internal combustion engines for inland navigation was able to
deliver a brand new engine meeting the above requirements.

This situation has brought about the need to work on the adaptation of existing engines
to make them compliant with current requirements. Actions involving structural changes
are usually difficult and time-consuming; therefore, it was decided to use a modified fuel
in the first step of meeting the standards, which, according to current knowledge, changes
the combustion process by accelerating thermo-chemical reactions.

One of the known methods of accelerating the combustion process in diesel engines is
the addition of homogeneous combustion catalysts to diesel fuel [1]. Homogeneous com-
bustion catalysts have several features that favor their use: they dissolve homogeneously
in diesel fuel, show high catalytic activity in supporting the combustion of hydrocarbons,
even at low levels, i.e., of the order of ppm, secondary emission problems are negligible or
nonexistent, and additives do not precipitate out during storage or engine operation [2].
In many studies, favorable results were observed using metal ions such as iron [3–8], bar-
ium [9,10], cerium [11–15], manganese [16], copper [17], platinum [18–20], and sodium [21].

One solution is a catalytic fuel additive containing organometallic metal or nanoparti-
cles. It was developed and researched by Zhang, Ma, and Zhu [1,22]. The creators of the
technology argued that such a solution ensures the best mixing with diesel fuel. A con-
clusion was also published about the advantages of iron in catalysts over other metals
due to its low environmental impact. During combustion with such a catalyst, iron oxides
are produced, which are less toxic than other metal oxides [23–25]. The publication [26]
illustrates the effectiveness of promoting the combustion process thanks to the use of iron
picrate, which is an organometallic compound made under controlled conditions from
compounds containing iron and picric acid. This fuel performance catalyst (FPC) was
commercially introduced by Fuel Technology Pty Ltd.; Perth, Western Australia [27].

Commercialization increased the availability of the product, further research is be-
ing conducted on the impact of FPCs on engine operation indicators. Many laboratory
experiments and in situ tests have been carried out, especially by the Center for Energy
at the University of Western Australia. Research at this institution focused on two is-
sues: the first was to assess the effect of using ferric picrate as an additive to diesel fuel,
and the second was to evaluate its impact on the combustion process and on biodiesel
emissions [1,4,6,22,28]. The research resulted in the systematization of knowledge about
fuel additives, and confirmed previously published results regarding their effectiveness.
The conclusions emphasized that the effect of FPCs depends on the size of the engine and
the form of operation. Savings in fuel consumption ranged from 1.1–7.0% [22,28,29]. In the
same publications, one can also find correlations among fuel efficiency and engine speed
and load. This fact was recognized by the authors as follows: levels of emission reduction
with the use of FPC catalysts are more significant in inefficient engine operation modes.
In [30], fuel consumption during the operation of Caterpillar 793C trucks transporting
soil in a mine in Western Australia was measured. It was shown that fuel consumption
decreased by 2.5% with a confidence level of 97%. In addition, in the same field trial, a re-
duction in the emission of PM particulates by 39.5%, carbon monoxide by 22.5%, and UHC
hydrocarbons by 15.3% was observed, as well as an increase in NOx emissions by 8.3%.

On the basis of experimental and theoretical analyses, in [4], the authors described
attempts to explain the mechanism of operation of a fuel catalyst containing iron. It ap-
pears that under the influence of heat (a temperature of just 523 K is sufficient) in a diesel
engine, iron picrate decomposes and releases iron atoms into the reaction zone. This pro-
motes the oxidation of fuel molecules and increases the reaction rate, as well as increasing
the flame zone. As a consequence, there is increased heat transfer to the unburned fuel,
resulting in a shorter combustion time and a more complete process. Iron atoms, as non-
flammable particles, are ejected along with the exhaust gases and do not pollute the
ambient air. These conclusions are consistent with the literature based on the observation
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that a small amount of iron in the flame may support ignition and increase the rates of
combustion of hydrogen [31,32], carbon monoxide [33], and methane [34].

In other tests, the same research group [3] explained the effect of FPC catalysts on the
soot formation mechanism. It was found that the sizes of the primary soot and aggregates
from the catalyzed diesel fuel were consistently smaller than those of pure diesel fuel.
This means that the FPC affects the combustion process, thus making the process close to
the complete; as a result there is less soot in the exhaust gas. These results are consistent
with studies by other authors [35–37] who demonstrated soot oxidation by the deposition
of FPC inside the soot particles. It was shown that a small amount of transition metals or
metal oxides can significantly increase the oxidation rate of soot. The authors of [3,22] also
showed the economic benefit of using FPCs.

Fuel-borne graphene quantum dots have also been shown to reduce fuel consumption
by 14% when compared to pure diesel fuel [38].

In view of the broad but varied advantages of the use of FPCs, the authors of this
study decided to undertake research on the transformation of an inland navigation engine
in order to meet the current Stage V exhaust emission standards.

A study was conducted on one of the available FPC additives, distributed under the
name Fuel Maximizer (FMAX) with the composition shown in Table 1.

Table 1. FMAX composition [39].

Ingredient Proportion wt%

Naphtha Petroleum 60–100%

Naphthalene 3–7%

Organometallic Compounds 1–5%

1,2,4-Trimethylbenzene 0.1–1%

The percentage of ferric chloride in FMAX is in the range of 1–5%.
An additional intention of the present research was to assess the uneven interest

of various markets in the aforementioned additive despite its technical and economic
advantages. This article presents the results of tests performed in a laboratory on an engine
built in accordance with ISO 81789, although the scope of the tests is much more extensive
than what is required by the standard.

The obtained results concern various indicators of engine operation, but most of all,
they refer to fuel consumption and exhaust gas emissions, which are directly correlated with
thermal efficiency that, in turn, defines the nature of the combustion process. Fuel consump-
tion and emissions of particulates, nitrogen oxides, carbon monoxide, and hydrocarbons
were analyzed according to load and engine speed. The differences in fueling with standard
diesel oil and diesel fuel with FMAX additive are presented.

The scope of the tests went far beyond mere approval tests, as measurements were
carried out on 32 engine operating characteristics, thereby providing a comprehensive
image of the field of operation. The innovative part of the tests was the use of an engine
with a thermal efficiency that was more than twice as high as that presented in other
publications.

This article summarizes the advantages of FPCs in the form of reducing the average
(i.e., over the entire engine operating range) emissions of particulate matter (PM) by 16.7%,
carbon monoxide (CO) by 10.1%, and total hydro carbons (THC) 7.9%, and specific fuel
consumption (BSFC) by 0.5%, as well as the disadvantage in the form of an increase in
nitrogen oxide (NOx) emissions by 1.2%. The most important conclusion in comparison
with the research of others is as follows: if the efficiency of the engine is higher, the impact
of the fuel catalyst on the efficiency of the combustion process is smaller.



Energies 2021, 14, 54 4 of 14

2. Research Methodology
2.1. Measurement Procedure

The test methodology adopted for the verification of the FPC catalyst was based
on engine tests in the full range of engine operation. Such a method enables a realistic
assessment of the effects of the use of a catalyst without narrowing the operating field
according to the engine application (in this case, a marine engine).

Extensive research is an important aspect of this project, because the obtained data,
their analysis, and conclusions are responses to the effect of the use of a fuel catalyst for an
entire family of engines, and not only for the type or model of engine used in a specific
facility or industry. This test methodology covers the ISO8178 standard but its range
is wider.

It should be emphasized that the test results contained in this publication can be
grouped according to application. The only narrowing of the standardized scope of tests
was the use of an eddy current dynamometer, which made it impossible to perform
dynamic tests; nonetheless, the use of such a device is acceptable for tests of nonroad
engines. The present research was related to the Commission Delegated Regulation (EU)
2017/655 of 19 December 2016 supplementing Regulation (EU) 2016/1628 of the European
Parliament with regard to the monitoring of gaseous pollutant emissions from in-service
internal combustion engines installed in nonroad mobile machinery. These regulations
refer to tests performed in accordance with ISO 8178 carried out on a test stand with the
use of a laboratory dynamometer.

It should be noted that the established research methodology was different from
that which is in force today for other applications, e.g., light motor vehicles. The Real
Driving Emissions (RDE) procedure is more widely used to verify of the EURO VI stan-
dard. The authors of this publication are aware of these solutions, emphasizing, however,
that their research was carried out in order to modernize nonroad engines to meet the Stage
V standard. Extensive documentation and an analysis of RDE tests are presented in [40].

The bench was equipped with a brand new Doosan MD196TI internal combustion
engine powered by either:

1. Standard fuel-pure diesel, or
2. Diesel fuel with catalytic additives (in a proportion of 2000: 1).

The experiment plan sought to undertake measurements of 39 aspects engine perfor-
mance, as indicated in Table 2.

Table 2. Matrix of test measurement points.

Engine Speed, rpm
Brake Mean Effective Pressure, MPa

0.05 0.16 0.27 0.38 0.49 0.60 0.71

1000 1 2 3 4 5 6 -

1200 7 8 9 10 11 12 13

1400 14 15 16 17 18 19 20

1600 21 22 23 24 25 26 27

1800 28 29 30 31 32 33 -

2000 34 35 36 37 38 39 -

The order in which the measurements were carried out was in accordance with the
numbering in Table 1. The variables with the highest load (0.71 MPa) and extreme engine
speeds (1000, 1800 and 2000 rpm) were not measurable using the applied engine.

In addition, despite multiple repetitions and support from the manufacturer of the
measuring devices, data for emission tests in points 1, 2, 7, 14, 21, 28, 34 were not suc-
cessfully obtained. Therefore, the aforementioned points were not taken into account
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when drawing up the conclusions. Thus, all calculations and analyses were based upon
32 measuring points.

Measurements of the engine operation indicators at each point consisted of achieving
and stabilizing the set load and rotational speed values, and then recording the measured
values for 4 min.

The data were recorded on a computer dedicated to the laboratory stand. They were:

1. Engine speed.
2. Engine torque, transferred to engine power.
3. Fuel consumption by hour, converted into specific fuel consumption.
4. Concentrations of exhaust components, verified in emission values.

All calculations and analyses were made in accordance with ISO 8178. Thus, for each
measuring point, according to the duration of the measurement, the values of rotational
speed and torque were calculated, and then the average power value was determined.
Having measurements of fuel consumption over time and relating them to average power
values, specific fuel consumption (BSFC) was determined.

Assessments of the mass emissions of individual components of exhaust gases at
each measurement point were performed taking into account the measured concentration
values. As a result, the values of specific emissions were obtained.

2.2. Fuel

Pure diesel and the same fuel with the FPC were evaluated in terms of their physical
and chemical properties; see Table 3.

Table 3. The physical and chemical parameters of tested fuel samples.

Parameter Test Methods Unit
Quality

Requirements of
Decree

Pure Diesel Fuel with Catalyst
22.3 mg/L

Density at 15 ◦C PN-EN ISO 12185:
2002 kg/m3 800.0 ÷ 840.0 810.5 810.5

Sulfur content PN-EN ISO 20846:
2012 mg/kg max.10.0 4.8 4.8

Water content PN-EN ISO 12937:
2005 mg/kg max. 200 50 30

Cold filter plugging point PN-EN 116:
2015-09

◦C max. −32 −37 −38

Cloud point PN-EN ISO 3015:
1997

◦C max. −22 −38 −39

Flashpoint PN-EN ISO 2719:
20016-08

◦C over 55.0 60.5 60

Kinematic viscosity at 40 ◦C PN-EN ISO 3104:
2004 mm2/s 1.500 ÷ 4.000 1.708 1.647

Polycyclic aromatic
Hydrocarbons

PN-EN ISO 12916:
2016-03 %(m/m) max. 8.0 1.4 1.3

Cetane number PN-EN ISO 5165:
2003 - min. 51.0 53 53.1

Lubricity HFRR PN-EN ISO
12156-1: 2016-04 µm max. 460 420 430

Oxidation stability PN-EN ISO 15751:
2014 -05 h min. 20.0 >30 >30

Oxidation stability PN-EN ISO 12205:
2011 + Ap1: 2013 g/m3 max. 25 4 <2
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Table 3. Cont.

Parameter Test Methods Unit
Quality

Requirements of
Decree

Pure Diesel Fuel with Catalyst
22.3 mg/L

Copper strip corrosion
(Cu/3 h/50 ◦C)

PN-EN ISO 2160:
2004 class 1 class 1 1a 1a

FAME content PN-EN ISO 14078:
2014-06 %(v/v) max. 7.0 <0.5 <0.5

Total contamination PN -EN ISO 12662:
2014-05 mg/kg max. 24.0 <12 <12

Carbon residue on 10%
distillation residue

PN-EN ISO 10370:
2014-12 %(m/m) max. 0.30 <0.10 <0.10

Ash content PN-EN ISO 6245:
2008 %(m/m) max. 0.010 <0.001 <0.001

Cetane index PN-EN ISO 4264:
201O/A1: 2013 - min. 46.0 50.7 51

Manganese content PN-EN ISO 16576:
2014-12 mg/l max. 2.0 <0.5 <0.5

Distillation-recovered at 180 ◦C PN-EN ISO 3405:
2012 %(v/v) max. 10.0 0.5 0.7

Distillation-recovered at 340 ◦C PN-EN ISO 3405:
2012 %(v/v) min. 95 98 98.5

FPC was mixed with fuel in a proportion of 1:2000. This mixing ratio was chosen as a
result of previous tests of vehicles in standard operation. Previous studies showed that a
1:2000 ratio yielded significant changes in PM emissions.

The results in Table 3 are consistent with those presented in the literature, and indicate
a slight effect of the addition of FPC on fuel properties [2]. The fuel with the catalytic
additive met the requirements of the EU fuel decree, although it is worth noting the factors
that may have an impact on the combustion process, such as “distillation recovered at
180 ◦C”, which was 40% higher for FPC fuel than for pure fuel; this variable contributes
to the acceleration of the combustion process and ensures more complete combustion,
and thus, lower emission of toxic components in exhaust gases. The advantage of using
FPC may also be due to the lower kinematic viscosity, i.e., an approx. 3.5% reduction,
and the lower water content for the FPC fuel, i.e., an approx. 30% reduction.

The researchers also observed an increase in the lubricity and viscosity in the fuel
with the additive. The complexity of the problem of research on the increase in viscosity in
enriched fuels and, consequently, the increase in the life-span of the fuel equipment, is fully
described in the literature [41]. Therefore, one could expect an increase in the life-span of
the fuel equipment used in the analyzed case; however, this aspect was not the subject of
this study.

2.3. Test Stand

The Doosan MD196TI diesel engine was tested; see Table 4 and Figure 1.

Table 4. Technical specifications of the Doosan MD196TI diesel engine [42].

Parameter Specification

Bore × Stroke 123 mm × 155 mm

Cylinders arrangement In line, 6

Displacement 11.051 dm3



Energies 2021, 14, 54 7 of 14

Table 4. Cont.

Parameter Specification

Fuel system Diesel, Direct injection

Governor type of injection pump Mechanical variable speed (R.Q.V)

Injection timing (B.T.D.C) 16◦ ± 1◦

Fuel injection nozzle opening pressure 1st: 16 MPa, 2nd: 22 MPa

Mean effective pressure 1.303 MPa

Rating output 235 kW @ 2000 rpm

Specific fuel consumption @ rated power 218 g/kWh

Emission standard Stage IIIa
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Figure 1. Diesel engine on the test stand in a laboratory at the Wroclaw University of Science and Technology.

The device loading the engine was an eddy current brake. The characteristics of the
dynamometer made it possible to force a maximum torque of 2000 Nm against the 1300 Nm
required for this engine. The dynamometer was able to operate at the highest engine speed,
i.e., 5500 rpm vs. the rated speed of the test engine, i.e., 2000 rpm. The measurement
accuracy was ±5% for torque and ±2% for speed. Fuel consumption was measured using
an AMX2400 fuel meter, manufactured by ODIUT Automex. Fuel flow measurements were
conducted with both a gravimetric system and a Coriolis fuel flowmeter. Compatibility
between both methods was within 1%, even at very low flows. The measurement accuracy
of the basic gravimetric method was ±0.01 g/s. The stand was placed in the research
laboratory of the Wroclaw University Science and Technology.

The concentrations of exhaust gas components were measured using a portable emis-
sion measurement system. Results were further subjected to postprocessing with the AVL
Concerto 5 software, together with an AVL PM-PEMS iX. The accuracy of the emission
test was ±1%, with repeatability in the range of 0.3% of the full scale. Raw exhaust gas
with a flow of about 3.5 dm3/min was sent to a heated filter via a heated pipe, where it
was divided into two gas streams which were subsequently directed to appropriate meters.
FID analyzers for the assessment of THC and CH4, UV-RAS for the measurement of NO
and NOx, and NDIR for the assessment of CO and CO2 content, as well as an O2 probe,
measured the concentrations of exhaust components with pressure compensation in ppm
or %vol. The obtained values were visualized via a user interface and processed using
software provided by the device manufacturer; other tests using these tools are described
detail in [40]. The accuracy of the emissions measurement equipment is shown in Table 5.
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Table 5. Technical specifications of the gas analyzer employed in this study.

Parameters Unit Range Accuracy

CO Vol, % 0–10 ±0.01

PM ppm 0–100% ±1

THC ppm 0–10,000 ±1

NOx ppm 0–500 ±1

The research scheme is shown in Figure 2.
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3. Results with Discussion

In accordance with the ISO 8178 standard and by way of completing the experi-
ment plan, measurements were made at 32 points. The obtained results, given in mean
values, are presented below, ensuring final conclusions related to the fulfillment of the
scientific purpose of this research.

For the operating parameter of specific fuel consumption (BSFC), Table 6 shows the
average values for the tested fuels, ranging from 185 g/kWh to 266 g/kWh, regardless of
the fuel used.

Table 6. Average specific fuel consumption for fuel tested.

Average
Specific Fuel Consumption

g/kWh +/−1%

Pure diesel 209

Diesel with FPC 208

Relative difference, % 0.5

The difference shown in Table 4 is smaller than the measurement error, and therefore,
cannot be considered significant. The difference in BSFC values between the combustion
of pure diesel and fuel enriched with the catalyst is also smaller than the values obtained
by Zhu, Ma and Zhang in [22,28,29], which ranged from 1.1–7%. To explain this, it should
be emphasized that the presented tests covered a BMEP range from 0.16 to 0.71 MPa,
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while the tests presented in the works of Zhu, Ma and Zhang covered a range from 0.13 to
0.41 MPa, i.e., an older generation engine was applied in their study. During their tests,
fuel consumption was recorded in the range from 185 to 266 g/kWh, while in the case of
research presented in [22,29], these values ranged from 325 to 625 g/kWh. This means that
the average values of BSFC in the test conducted by the authors of this study were more
than twice as low. Therefore, it can be concluded that, since the calorific values of the tested
fuels were comparable, the efficiency of the tested engine was two times greater than that
of the engine tested by researchers from the University of Western Australia [30].

To illustrate the details of the obtained results, an example data set in graphical
form for various loads (BMEP) and at a constant rotational speed of 1200 rpm, which is
recommended by the manufacturer for continuous operation, is presented in Figure 3.

Figure 3. Brake-specific fuel consumption vs. brake mean effective pressure for pure diesel and fuel
with catalytic additive at an engine speed of 2000 rpm.

The trend of changes in specific fuel consumption is typical for diesel engines. In eval-
uating two different fuel samples, i.e., with and without a fuel catalyst, the results showed
a reduction in BSFC in the case of the former. The amounts of these differences depend
on engine load. For lower load values, the difference was 6%, and for higher loads, it was
within the 3–5% range. The overall reduction in fuel consumption with FPC, as well as
the load-dependent trends (BMEP), can be explained using data from other publications.
The observed phenomenon is similar to that discussed in publications [4,15], where the
authors explain that at low load, cerium oxide particles are freely distributed in the fuel,
which causes greater accumulation of oxygen around these particles and improves the
combustion process. This is especially true for spaces in the combustion chamber with
oxygen deficiency. In turn, iron chloride particles, evenly distributed in the fuel injected
into the cylinder, go to the vapor fuel zone, where they are the heat generators that initiate
the combustion process [30].

In general, the demonstrated variability of the impact of FPC on BSFC with the change
in BMEP is consistent with the observations presented in [1,4,22,28,29].

By assessing the emission of exhaust gas components of the tested engine at individual
measuring points, the average values presented in Table 7 were obtained.

Table 7. Average emissions of exhaust gas components for various fuels.

Average Emissions, g/kWh

NOx PM CO THC

Pure diesel 7.32 0.18 1.29 0.89

Diesel with FPC 7.41 0.15 1.16 0.82

Relative difference, % +1.2 −16.7 −10.1 −7.9
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The total increase in NOx emissions (Table 5) measured during the FPC fuel test can be
explained by considering that NOx formation in diesel engines occurs due to the reduction
of nitrogen as a component of ambient air participating in the fuel combustion process.
This reduction is largely dependent on the peak flame temperature, which was higher for
the FPC fuel than for the pure fuel; it is the result of a lower water content in the tested fuel
and a higher level of distillation at 180 ◦C, as shown in Table 2.

The reduction in PM emissions is the most noteworthy effect of the use of catalytic
additives. The results in Table 5 show that the average PM emission value for the FPC
enriched fuel was 16.7% lower in comparison to pure diesel. This observation is consistent
with evidence published in the literature [35–37].

The recorded reduction in CO emissions amounted, on average, to over 10%, and is
evidence of a more complete use of oxygen in the combustion process. In turn, the reduction
in the average THC emission may be explained by the higher burning rate induced by FPC,
which significantly reduced the time for the formation of THC structures.

Obtaining a similar image of emission changes at all measuring points, for the pre-
sentation of detailed results, the data for the load characteristic at an engine speed of
2000 rpm, which is the speed for the maximum power of the tested engine, were selected;
see Figures 4–7.
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The nature of changes in NOx emissions (Figure 4) with changes in engine load is
uneven. For average values, i.e., 0.4–0.5 MPa, when the highest efficiency occurs in practice,
the greatest differentiation of the NOx emission values can be observed.

The data in Figure 5 show a strong influence of FPC on PM emissions, especially
in low and high load regions. This also resulted in a large difference of mean values
(Table 5) compared to a lack of significance in the areas of average BMEP. This observation
is consistent with data in the literature, i.e., it has been shown that small quantities of
transition metals or metal oxides can drastically increase the oxidation rate of growing
soot [35–37].

The greatest differences in the values of CO emissions among the combustion processes
of the tested fuels occurred with the lowest and highest loads (Figure 6). These changes
are consistent with the changes for BSFC and PM, and are in contrast to those for NOx,
which is in line with the theory of internal combustion engines. In terms of average loads,
there were similar (statistically insignificant) values of carbon monoxides emissions. These
results demonstrate greater oxidation of CO to CO2 in areas with low oxygen excess.

The reduction in average THC emissions (Figure 7) with FPC was 7.9%, but this value
varied at different load points, similar to BSFC, PM and CO. The most visible changes



Energies 2021, 14, 54 12 of 14

in THC occurred in the regions of lower thermal efficiency, i.e., especially at low and
maximum loads.

4. Conclusions

The objective of this research, the results of which are presented herein, was to verify
the effects of catalytic additives on combustion engine fuels. Fuel consumption and the
emissions of toxic compounds in exhaust gases of a real diesel engine were assessed.
The research was carried out as part of a project seeking to adapt the propulsion of inland
vehicles to the requirements of the Stage V standard for nonroad engines. Tests were
carried out on a brand new Doosan MD196TI diesel engine, and were performed according
to the ISO 8178 standard. The tested additive was a commercial fuel performance catalyst
(FAMAX) with up to 5% ferric chloride as the organometallic compound. The proportion
of the mixture with the fuel was 1:2000.

As a general conclusion, the benefit of the use of a fuel performance catalyst is
supported; this is in line with results obtained by other researchers. In this approach,
catalytic fuel additives reduced the average specific fuel consumption by 0.5%. This change
is statistically insignificant in view of the measurement error. However, the average
emission values decreased, which underlines the ecological importance of the use of the
additive. Notably, 16.7% lower PM average values were recorded for the fuel with the
additive compared to pure fuel. For carbon monoxide, the average values also decreased
by 10.1%, as did total hydrocarbons (THC) by 7.9%. However, the use of the fuel additive
resulted in an increase in nitrogen oxide emissions, the average value of which increased
by 1.2%.

In a detailed assessment, it turned out that the changes in the tested parameters
varied depending on the engine load, and the trends of these changes were comparable for
different rotational speeds across the entire engine operating range. The demonstrated vari-
ability of the engine work indices according to load allow the authors to make a scientific
conclusion about the relationship between the use of a fuel additive and thermal efficiency,
namely: the influence of the fuel catalyst on fuel consumption and exhaust gas emissions
decreases with the increase in the thermal efficiency of the engine. The demonstration
of this relationship was possible thanks to the adopted research methodology. It was
shown that for low load values, the difference in terms of fuel consumption between the
use of pure fuel and the fuel with additive was 6%; for higher loads, it decreased to 3%.
It should be pointed out that there was a minimum in terms of this differentiation, which
corresponded to the lowest value of fuel consumption; this is consistent with the highest
thermal efficiency of the engine. The overall reduction in fuel consumption with the FPC,
as well as the load-dependent trends (BMEP) can be explained using data from other
publications. The observed phenomenon was similar to that discussed in [4,15], where the
authors explained that at low load, cerium oxide particles are freely distributed in the fuel,
which causes greater accumulation of oxygen around these particles and improves the
combustion process. This is especially true for spaces in the combustion chamber with
oxygen deficiencies. In turn, iron chloride particles, evenly distributed in the fuel injected
into the cylinder, go to the vapor fuel zone, where they are the heat generators that initiate
the combustion process [30]. This method of interpretation was based on detailed tests of
exhaust gas emissions, the values of which were lower (except for nitrogen oxides) with
the use of catalytic fuel additives.

The authors intend to continue research on fuel additives, especially given the down-
sizing trend of internal combustion engines and the application of such additives in hybrid
vehicles. In line with current research trends in this area, the authors also plan to identify
the relationship between the size of catalyst particles and the effects of their use. Therefore,
in the near future, the laboratory of the Faculty of Vehicle Engineering at the Wroclaw
University of Science and Technology is planning an in-depth analysis of individual fuel
components, including catalytic additives, whereby the results published in this work will
serve a basis for further research.
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