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Abstract: The article discusses the use of a catalyst inside the cylinder, the task of which is to reduce
exhaust emissions from a diesel engine. The catalyst (platinum) applied to the glow plugs provided
an additional method of exhaust aftertreatment. Due to their usage, especially in urban driving,
passenger cars are characterized by small mileage between individual trips, so they often operate
from a cold engine start and work at a low engine temperature, which leads to reduced catalytic
reactor efficiency. For this reason, the efficiency of the internal catalyst was tested in relation to
the efficiency of the external reactor. This efficiency was determined based on exhaust emission
measurements (before and after the catalytic reactor) in two stages: stage 1: idling of a hot engine, and
stage 2: simulation of the NEDC test (valid for the selected test object). The tests were carried out on an
engine dynamometer, where the traffic conditions from the type-approval test carried out on a chassis
dynamometer could be replicated. The tests were carried out on a Euro 4 1.3 JTD MultiJet diesel
engine. The results (measurement of carbon monoxide, hydrocarbons, and the number of particles)
related to the assessment of the effect the catalyst in the cylinder were discussed. The obtained
catalytic reactor efficiency results, regardless of the type of research, indicated that it achieved the
check for highest efficiency in reducing the concentration of hydrocarbons, and the lowest—in relation to
updates the number of solid particles (as that is not its primary function). It is particularly significant that
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the in-cylinder catalytic converter was most efficient during the cold engine start, which happens
frequently in urban driving. The efficiency of the diesel oxidation catalytic reactor (DOC) during the

engine start-up and warm-up phases with the use of standard glow plugs reached values of 31.3%,
on the Aftertreatment Efficiency of a

Diesel Engine. Energies 2023, 16, 2826.
https:/ /doi.org/10.3390/en16062826

34.1% and 14.3%, respectively, for carbon monoxide, hydrocarbons and the particle number. On the
other hand, the determined efficiency of the DOC in a setup with the modified glow plugs was 28.9%,

35.7% and 12.5%, respectively. The proposed solution can be used to improve the combustion quality
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1. Introduction and Research Goals
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increasingly more often determined by its overall low environmental impact. Transport as
a system, along with means of transport, belong to the sector of the economy that generates
a lot of environmental pollution. In the last century, the primary source of propulsion
was, and still is, the internal combustion engine. An important element observed in recent
years in the development of transport systems, however, is the return to the concept of an
electric car.

Especially for electric and plug-in hybrid vehicles, the so-called trailed emissions
should be taken into account. The entire cycle of energy conversion, i.e., from source to
wheel (also called well to wheel), should be taken into account. Currently, fuel consumption
from the distributor to the wheel (tank to wheel) is commonly defined, whereas the cycle
from the source of extraction to the distributor (well to tank) is usually omitted.

In addition, in the European Union (EU-27), the average CO; emission generated in
the production of 1 kWh of electricity is about 230 g, and in Poland it is 700 g CO, /kWh [1].
Therefore, electric vehicles by themselves cannot be considered zero emission.

Before alternative fuel vehicles come close to surpassing internal combustion engines,
it must be said that spark ignition and diesel engines will continue to exist and will be the
main source of energy in transport for the time being (Figure 1). In some markets (Africa,
South America, Asia), and in some applications (aerospace and seafaring), the internal
combustion engine will continue to dominate. Taking this into account, it is necessary to
continue to develop and improve their design.
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Figure 1. New passenger cars by fuel type in the EU-27 (based on data from [2]).
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The introduction of the restrictive Euro 7 standard, and especially the Fit to 55 legisla-
tive proposals, practically eliminates the use of internal combustion engines as a source of
propulsion in means of transport starting in 2035.

The war in Ukraine and the stance of vehicle manufacturers belonging to the Euro-
pean Automobile Manufacturers’ Association (ACEA [3,4]) have led to the position of the
European Union being softened. This new emission norm is likely to come into force in
2025 and, fortunately, in a less restrictive form compared to the original assumptions, and
these emission limits in the Euro 7 will not be lower than in the Euro 6e. Engines will have
to comply with the emission norms at a cold start, during short periods of operation and in
real operating conditions (in the RDE test [5]).

For LDV vehicles in 2030, the European Union calls for a 37.5% reduction in CO,
emissions for the tank to wheel cycle, while Japan calls for a 32% reduction for the well
to wheel cycle, due to the planned large number of plug-in hybrid and electric vehicles as
well as those powered by fuel cells. The problems of recycling and energy saving have also
been noted to be of importance, and they are being given increasingly more scrutiny.



Energies 2023, 16, 2826 3 of 21

Considering the stance of the Association for Emissions Control by Catalyst (AECC) [6],
the development of the Euro 7/VII standard has created an opportunity to ensure clean
vehicles while maintaining mobility options. The introduction of real-world emission
measurements (RDE) led to a change in the method of carrying out type-approval tests,
in line with the holistic approach to the vehicle (Figure 2). Advanced emission control
systems have been shown to achieve near-zero emissions of nitrogen oxides and particulate
matter in real driving conditions. These technologies can be used in light and heavy-duty
vehicles, and they are solutions for zero-emission mobility in Europe by 2050 (Table 1).

Euro Euro Euro
6c et 6d Euro 6e(?) Euro 7
81 g/km 59 g/km
130 g/k 95 o/k
g/km g/km (<15%) (=37.5%)
Euro
Euro VId Euro VIe VIf Euro VII
15% reduction 30% reduction  to 0 reduction
2015 2020 2025 2030 2035

Figure 2. Passenger cars’ CO; emission norm changes (adopted from [7]).

Table 1. Changes in emission limits for passenger cars and heavy-duty trucks (adopted from [7]).

Passenger Cars

Heavy-Duty Trucks

Exhaust Euro VII
Emissions Euro 6 RDE Euro 7 RDE WHSC Euro VII WHTC PEMS
(mg/km) CF (mg/km) CF (mg/kWh) (mg/kWh) CF
PN (1/km) 6 x 1011 <15 6 x 1011 <12 8 x 1011 6 x 101 x1.63
NOx 60 <1.2 30-40 <1.2 200 230 x1.5
CcO 1000 250-500 <12 750 2000 x1.5
THC 100 50 <12 130 160 x1.5
NMHC 68 35 <12 65 80 x1.5
PM 45 25 10 10
NH; 10 <12 10 ppm 10 ppm
NO, 20 <1.43 20 <12 120 120
CH,4 15 300 300 x1.5
N,O 10 10 10
CH,0 2.5 5 5
HCHO 5 10 10

In order to meet the Euro 7 standard and achieve the goal of zero (or near-zero)
emissions vehicles, the plan is to introduce the following solutions to the design of the
diesel engine in connection with improved operating strategies using artificial intelligence:
Steel piston;

Multi-phase common rail ~180-300 MPa;

Combined, double-dosing EGR (HP w/w-o cooling and LP with cooling);
Combined boosting (turbocharging, electric booster);

Optimized air and exhaust gas duct;

VVT and VVL;

Thermomanagement;

Sensors: NOx, PM and air humidity;

Flexible electrification;

E-machine with 30 kW peak;
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Hydrogen as fuel;
Advanced exhaust after-treatment system (E-cat, DPF, LNT, DOC etc.);
Advanced OBD.

The decisive factor in achieving these goals is the intelligent combination of multi-
criteria optimization of the engine and the exhaust aftertreatment system toward meeting
the RDE test requirements. Thus, to meet the Euro 7 standard, great emphasis must be
placed on very complex, multi-part and integrated aftertreatment systems, including an
electrically heated catalytic converter (EHC) system (Figure 3). Unfortunately, these systems
are very expensive, and it is estimated that this will result in a significant increase in the
price of about EUR 430 for systems, not counting the costs of changing the control system
itself, the AdBlue supply system, the AdBlue mixing system and other related systems
(e.g., MHEV) [8,9].

Euro 6

Euro 7

Figure 3. Advanced aftertreatment for ultra-low urban and motorway operation to meet Euro 7 stan-
dard; ccSCR—close coupled position SCR, SDPF—SCR catalyst coated on a DPF, ufSCR—underfloor
position SCR, and ASC—ammonia slip catalyst (adopted from [10]).

Considering the above and the fact that the internal combustion engine will be in
operation for many years to come, the authors propose the use of a much cheaper concept,
i.e., an internal catalyst, aimed at reducing the exhaust emissions during engine start-up
and short urban trips. The proposed solution was mainly intended to improve the quality of
combustion in internal combustion engines used in hybrid vehicles, which are characterized
by frequent engine starts. In addition, it is possible to use it in traditional, already operated
vehicles powered by an internal combustion engine, which could result in an improvement
in the emission class through so-called retrofitting. This is especially important since the
average age of LDV vehicles in the European Union is about 12 years [11].

Passenger cars, due to the way they are used, especially during urban driving, are
characterized by small mileage between individual engine starts, so they are often operated
starting from a cold engine state and work with an underheated engine [12]. According to
studies from Scandinavia [13], 2.7 billion cold engine starts in passenger cars are performed
in Sweden each year, and 2.6 billion in Finland. Cold starts are the cause of about 90%
of the total hydrocarbon and carbon monoxide emissions and 50-70% of those emissions
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from passenger cars in Scandinavian countries, so they are a significant source of exhaust
emissions from automotive sources.

Based on European data (Figure 4), it appears that 45% of routes are shorter than 30 km,
so the engine is underheated and the catalytic reactor is not fully operational, especially
when stationary—therefore, it is possible to use engine and non-engine measures to reduce
this phenomenon [12]. Recent studies indicate that the most typical ‘home-office’ commute
in the EU is about 11 km long, which corresponds to the distance driven in the NEDC
test [14].
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Figure 4. Daily mileage of passenger cars in Europe (based on data from [15]).

2. Discussion in the Literature

Increasing emphasis on reducing the negative environmental impact of internal com-
bustion vehicles, both from the legislative institutions of individual countries as well as
their communities, drives the search for more and more advanced technical solutions for
internal combustion engines that will ensure the reduction of this impact and meet the
current exhaust emission standards. Among such activities, the most important are those
that directly improve combustion and reduce the formation of the toxic components of
exhaust gases still in the combustion chamber of the engine.

Another important issue in reducing environmental pollution is the development
of new fuels for internal combustion engines. The practice of adding alternative fuels to
diesel fuel in order to reduce the exhaust emissions was discussed by Dongli et al. [16-18],
among others. The addition of biofuels and a different injection strategy were shown to
reduce nitrogen oxide emissions by 50-85%, as well as reducing the exhaust emissions of
hydrocarbons by 24-38%, while increasing fuel consumption [16]. The addition of 5-15%
of hydrogen reduced the emission of nitrogen oxides, carbon monoxide and hydrocarbons
by about 30% [17]. Studies on the effect of ethanol on exhaust emissions have shown that
its addition to regular fuel reduces nitrogen oxide emissions by 8-20%, carbon monoxide
by 12-20%, and particulate matter by 27-48% relative to diesel fuel [18].

Works on pro-environmental issues in internal combustion engines and the beneficial
effect of an internal catalyst placed in the cylinder on engine performance and exhaust
emissions were the subject of research as early as the mid-twentieth century. The application
of a catalytic coating in the cylinder was mainly aimed at reducing smoke opacity in diesel
engines by reducing the auto-ignition delay [19-22]. Other advantages were the subject of
works in which the internal catalyst (platinum coating of the exhaust valve) resulted in a
reduction of carbon monoxide and hydrocarbon emissions in a diesel engine fueled with
methanol [23] and diesel oil [24,25].

In their work on the internal catalyst [26,27], Hu and Ladommatos presented an
innovative approach to reducing hydrocarbon emissions from gasoline engines using in-
cylinder catalysts. They applied a platinum-rhodium coating deposited on the top and side
surfaces of the piston crown, and its effect on the combustion characteristics and exhaust
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emissions was experimentally investigated. The in-cylinder catalyst reduced emissions
of unburned hydrocarbons in exhaust gases by approximately 20% over a wide range of
operating conditions.

Wu et al. developed and tested a catalytic coating of cylinder walls in internal com-
bustion engines in [28]. The coating consisted of a La0.85r0.2CoO3; (LSCO) catalyst on an
aluminum-based ceramic substrate. In addition, the effect of LSCO-coated substrates on
the flame extinguishing distance in a fixed-volume combustion chamber was investigated.
The LSCO coating has been shown to result in reduced flame extinguishing at low wall
temperatures, although it has a negligible effect at high temperatures. The effect of LSCO
coatings on the gas composition near the cylinder wall was also shown using a fast gas
sampling methodology with a sample duration of less than 1 ms. Ion Molecule Reaction
Mass Spectrometry and Fourier Transform Infrared Spectroscopy showed a significant
reduction of hydrocarbons and carbon monoxide after the LSCO coating.

The article [29] presents an approach to reducing the emission of unburned hydrocar-
bons from a homogeneous charge compression ignition (HCCI) engine by using in-cylinder
catalysts. The characteristics of the HCCI engine were numerically simulated for three cases,
i.e., a base engine with the original piston crown, an engine with a platinum coating on
the top and side surfaces of the piston crown, and an engine with a platinum coating only
on the side surface of the piston crown (partly coated housing). The in-cylinder catalyst
reduces the emission of unburnt hydrocarbons in the exhaust gas by about 15% when the
piston crown is fully covered with a platinum catalyst; however, when partially covered,
the in-cylinder catalyst can reduce their emissions by about 20%.

The problem of the catalyst in the cylinder is widely considered by the authors in
publications [30-34]. The results of research work on the use of an internal catalyst in
various engine operating conditions are given in them, including during start-up tests,
dynamic engine dynamometer tests (in homologation tests and simulations of road tests),
as well as in road tests of vehicles [30]. The research objects in this case were glow plugs
covered with a catalytic layer. Platinum was used as the catalyst. The use of an internal
catalytic converter during various engine [31] (or vehicle [32]) operating conditions resulted
in a few percent reduction in the carbon monoxide, hydrocarbons, carbon dioxide and
particulate matter emissions. What is particularly important is that the internal catalytic
converter worked most effectively during the engine cold start [33], which often occurs in
urban driving. In addition, an analysis of the effect of the glow plug heating time on the
exhaust emissions in selected studies and changes in emissions with the use of an internal
catalyst on the prototype glow plugs with an elongated heating section was presented.

Janicka et al. [35-37] discussed the research results on the impact of a catalyst in the
cylinder on the operating parameters of the diesel engine. The method of preparing the
catalyst and the method of evaluating the effectiveness of this solution were presented [35].
The active agent was platinum and rhodium applied to the engine valves [36]. Zirconia
ceramics were used as the support layer. The research focused mainly on the effect of
the solution on the formation and emission of polycyclic aromatic hydrocarbons [37]. A
decrease in PAHs and volatile organic compounds was observed.

Research [38] focused on engine components coated with aluminum, titanium, nickel
and chromium compounds applied by plasma spraying. The concentrations of CO, HC
and NOx were determined, and the specific fuel consumption was determined for vari-
ous engine elements (piston head and piston crown) that were catalytically coated. No
unequivocal effect of the type of catalytic coating on the value of the carbon monoxide
concentration in the exhaust gas was observed, while an increase in the concentration
of HC in most of the tested load ranges of up to 60% was found, as well as a decrease
in the concentration of nitrogen oxides by about 30% and a decrease in the specific fuel
consumption by about 15%.

The internal catalytic converter can not only be used in passenger car engines. In [39],
the authors presented theoretical considerations for a diesel engine with a catalytic piston
surface for propelling small aircraft at high altitudes. The authors of the article [40] also
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suggest the possibility of improving liquid atomization in aircraft engines by changing the
processes inside the cylinders or changing the fuel [41].

Based on the analysis of the literature data, it can be concluded that the modification
of the engine combustion space, consisting of the introduction of an active substance
(catalyst), can shorten the ignition delay by reducing the activation energy of pre-ignition
reactions, thus improving engine operation and limiting the formation of harmful exhaust
compounds in the engine cylinder.

The solution consisting of placing a platinum glow plug is unique and original on a
global scale. The technology for applying a platinum coating is also innovative. The results
of the studies carried out so far by the authors justify the desirability of developing this
concept in terms of reducing exhaust emissions from diesel engines.

3. Research Method
3.1. Object Research

The test object was a supercharged diesel engine with a displacement of 1.3 dm? in
the Euro 4 emission class (technical data are presented in Table 2). The tests were carried
out on a test stand (Figure 5), which can be used to simulate the NEDC approval test (after
prior parameterization of the vehicle data). The exhaust aftertreatment system was typical
of diesel engines with direct fuel injection with a common rail fuel supply system. Such a
system was only a dual-function catalytic reactor (a diesel particulate filter is not required
in vehicles of this emission category).

Table 2. The engine unit characteristics for the tested vehicle.

Test Object Parameters Value
Emission standard Euro 4
Fuel supply Direct injection
Engine displacement 1300 cm?
Engine boost Constant geometry turbocharger
Number of cylinders/valves R4/8
Injection system Common rail
Max. injection pressure 140 MPa
Number of injector holes/hole diameter 5holes/0.13 mm
Maximum power at rpm 51 kW /4000 rpm
Maximum torque at rpm 180 Nm /1750 rpm
Oxidation reactor Yes
Particulate filter No
Curb weight of the vehicle 1250 kg

Figure 5. The test object on the engine dynamometer and the engine control system.
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The choice of such a research object was dictated by the fact that over 50% of cars in the
European Union are equipped with similar engines. At the same time, the Euro 4 emission
standard was in force from 1 January 2006 to 2010, and the average age of cars imported
to Poland is 14 years (of which 42% are vehicles with diesel engines). Therefore, the most
representative engine in Europe and in Poland was a vehicle with the Euro 4 emission class
equipped with a diesel engine. Another fact is that it is an engine in which carbon monoxide
and hydrocarbon emissions can be reduced—by simply replacing the glow plug—which
is a very low-cost component. This procedure can improve their emission class, which is
known as retrofitting.

3.2. Test Stand

One of the modern methods for determining the rated parameters as well as the
ecological indicators of internal combustion engines is the use of engine dynamometers,
which allow for engine testing in dynamic conditions. The tests were carried out on the
Dynoroad 120 kW stand made by AVL, which enabled the recording of the engine operating
parameters with a sampling frequency of 10 Hz. One of the basic functions of the test stand
used was the ability to implement a simulation algorithm in the software that reflected
the operation of the combustion engine in road test conditions. The impacts of the drive
system components, vehicle structure parameters (e.g., gear ratio), drivetrain resistance,
vehicle weight, drag coefficient, clutch operation characteristics and vehicle inertia were
all taken into account. The fully completed test stand allowed us to record the parameters
related to the operation of the engine, as well as those of its accessories. During the tests,
the stand could be supplemented with additional parameters, e.g., allowing the acquisition
of exhaust gas analysis parameters.

The basic executive element performing the tasks on the test stand (Figure 6) was a
three-phase asynchronous electric motor. It allows the reception of maximum power up
to 120 kW. The combustion engine during the tests generates mechanical work converted
in the brake into electricity, which, after voltage-frequency conversion, is transferred to
the external network. The ISAC 400 software interface installed on the stand enabled the
definition of a test cycle including, among others, an NEDC chassis test.

Figure 6. The test stand used in the research.

3.3. Research Plan

The test plan included determining the efficiency of the external reactor (standard
vehicle equipment) with various glow plugs used in the engine (standard or modified).
This efficiency was determined based on exhaust emission measurements (before and after
the catalytic reactor) in two stages:

e  Stage 1: hot engine idling;
e  Stage 2: an NEDC test simulation (test type relevant to the tested engine).
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a)

exhaust

The authors chose the NEDC test performed on a dynamic dynamometer to ensure
the greater repeatability and accuracy of the results.

3.4. Measuring Equipment

The information contained in publications on the use of mobile exhaust gas analyzers
in conjunction with the data recorded from engine diagnostic systems confirm the desir-
ability of assessing exhaust emissions in simulated road tests on engine dynamometers.
The Semtech DS analyzer by the Sensors company was used to measure the concentration
of harmful compounds in the exhaust gas, the characteristics of which are given in Table 3.
It enabled the measurement of the concentrations of harmful compounds—such as carbon
monoxide, hydrocarbons, nitrogen oxides and carbon dioxide.

Table 3. Semtech DS measuring device characteristics.

Parameter Measurement Method Accuracy
CcO NDIR, range 0-10% £3% of measurement range
HC FID, range 0-10,000 ppm £2.5% of measurement range
NOx (NO and NO,) NDUYV, range 0-3000 ppm 3% of measurement range
CO, NDIR, range 0-20% 3% of measurement range
Exhaust gas flow Mass flow rate +2.5% of measurement range
Engine diagnostics systems 1SO, CAN, VPW, PWM

The TSI 3090 Engine Exhaust Particle Sizer™ Spectrometer (EPSS™) analyzer was
used to measure the particle number. It enabled the measurement of a discrete range of
particle diameters (in the range from 5.6 nm to 560 nm) emitted in the exhaust gases after
determining their diameters based on their different velocities (Table 4). Thanks to the
possibility of recording the measurement with a frequency of 10 Hz, the analyzer can be
used when testing particulate emissions at transient engine operating states.

Table 4. Technical data of the TSI 3090 EPSS™ analyzer.

Parameter Value
Diameter range of measured particles 5.6-560 nm
Number of measuring channels 32
Exhaust sample volumetric flow rate 0.6 m3/h
Volumetric flow rate of compressed air 24m3/h

Figure 7 outlines the configuration of the measurement setup.

<

flowmeter

b)
TH GPS  OBD T,H GPS  OBD
Semtech exhaust Semtech
! measurement filter
THC cooler
O, CO,, HC, NO, (FID) (4°0)
- EEPS TSI B 0, CO +CO, NO, = NO + NO,
“|measurement of number, (EC) (NDIR) (NDUV)
surface area, volume and mass
as function of particle diameter

Figure 7. The measurement system schematic used for the tests (a) and the mobile exhaust gas
analyzer with the marked exhaust gas flow (b) for testing the emission of gaseous compounds and
particulate matter; T—ambient temperature, H—air humidity.
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3.5. NEDC Test

For the selected test object with the Euro 4 emission class, the New European Driving
Cycle (NEDC) test (Figure 8) was used, consisting of the Urban Driving Cycle (UDC) test
and the Extra Urban Driving Cycle (EUDC) test.

UDC - czes$¢ | EUDC —czesc |l

= =
o N
o o

/|
g ) cykl elementarny ECE R15 I_\\_I [_/
A I | i i n
A Al
NIATRITATRITATATTAIA!

0 200 400 800 1000 1200

t[s]

Figure 8. The European homologation NEDC test for passenger vehicles.

3.6. Engine Equipment Changes

The first stage of the research was carried out using standard (hereinafter referred to
as STD) glow plugs (catalogue number 250203002). In the second stage, the glow plugs
were switched for modified ones (hereinafter referred to as MOD), which were developed
and prepared as devised by the authors. The new glow plugs were 4 mm longer than
the standard ones, which resulted in a 50% increase in the active surface of the internal
catalytic converter. The heating part was made of acid-resistant INOX stainless steel with
a thickness of 0.05 mm, which enabled the elimination of the ceramic layer. The lack of
a ceramic layer made it possible to reduce the thermal insulation and, consequently, to
heat up the glow plugs faster and increase the working temperature of the catalytic layer.
Figure 9 shows a part of the glow plug in the combustion chamber of standard length and
a prototype one with the length of the heating part being longer by 4 mm.

b

(@ (b)

Figure 9. View of the top of the cylinder with the glow plug in the combustion chamber: standard

(a) and catalytically coated prototype (b).

4. Results and Discussion
4.1. The Exhaust Concentration before and after DOC for Hot Engine Idling

During the exhaust emission tests for hot engine start conditions, the rotational speed
and relative load, as well as the exhaust gas parameters (flow rate and exhaust temperature),
were recorded ahead and behind the DOC. Similar values of the measured exhaust gases
parameters allowed us to compare their concentration values and the determined exhaust
emissions of harmful components when using the standard and catalytically coated glow
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plugs. A comparison of the above parameters with the same measurement methodology
made it possible to determine the efficiency of the catalytic reactor for each of the measured
harmful compounds for both the standard and modified glow plugs.

The measurements of the exhaust emission components were carried out for carbon
monoxide, hydrocarbons and the particle number during a 10 min test cycle using the
standard and catalytically coated glow plugs.

When measuring the concentration of carbon monoxide in front of the catalytic reactor
for the standard glow plugs, a rapid increase was observed immediately after the cold
engine start, and then a slow decrease from 3000 ppm (several seconds after starting)
to 400-500 ppm at the end of the measurement period (Figure 10). The differences in
the concentration values were small for the modified glow plugs (Figure 11); however,
the conversion of the concentration value into the emission intensity and the determined
carbon monoxide emission were reduced (using catalytically coated glow plugs) during
the engine start-up and warm-up phases.

1400 |
1200 '\ e STD - before DOC | |

1000 === STD - after DOC

800

600 b, - —

—y, Feegn
400 lﬁf Lata
200
0

Ceo [PPM]

0 200 400 600 800 1000 1200
t[s]
Figure 10. Comparison of the carbon monoxide concentration during start-up and idling of a hot
engine (diesel engine, measured upstream and downstream of the DOC, 1200 s) using standard glow
plugs (STD).
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Figure 11. Comparison of the carbon monoxide concentration during start-up and idling of a hot
engine (diesel engine, measured upstream and downstream of the DOC, 1200 s) using the modified
glow plugs (MOD).

The final values for the carbon monoxide and hydrocarbon emissions were presented
as their mass, and the conversion of the concentration value at a practically constant
rotational speed illustrated the operating characteristics of the catalytic reactor for an
idling engine (Figure 12). The carbon monoxide mass values determined for the entire test
duration (1200 s) for the standard and modified plugs were as follows: for the STD plugs,
respectively, ahead of the DOC: mco = 4.8 g, behind the DOC: m¢o = 3.3 g, and the DOC
efficiency: npoc,co = 31.3%; for the modified glow plugs ahead of the DOC: mco =4.5 g,
behind the DOC: mco = 3.2 g, and the DOC efficiency: npoc,co = 28.9%.
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Figure 12. Comparison of the carbon monoxide mass and catalytic reactor efficiency during hot
start and idling (diesel engine, measured upstream and downstream of the DOC, 1200 s) using the
standard (STD) and modified (MOD) glow plugs.

The concentration of hydrocarbons measured ahead of the DOC for the standard glow
plugs increased rapidly immediately after a hot engine start (to a value of about 120 ppm),
and it was then observed to slowly decrease to a value of about 100 ppm in the final phase
of the measurement. For the same test set, but measuring the concentration behind the
DOC, lower concentration values were observed in the first phase of idling, amounting to
70 ppm, and then the concentration decreased to 50 ppm. After cooling the catalytic reactor,
an increase in the concentration to over 60 ppm was observed after 1200 s (Figure 13).
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Figure 13. Comparison of the hydrocarbon concentration during start-up and idling of a hot engine
(diesel engine, measured upstream and downstream of the DOC, 1200 s) using standard glow
plugs (STD).

The repeated test upstream and downstream of the catalytic reactor for the modified
glow plugs provided similar results, although the values were lower by about 10-20%. This
was due to the oxidation of part of the hydrocarbons in the combustion chamber thanks to
the catalytic material applied to the tip of the glow plug (Figure 14).
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Figure 14. Comparison of the hydrocarbon concentration during start-up and idling of a hot engine
(diesel engine, measured upstream and downstream of the DOC, 1200 s) using the modified glow
plugs (MOD).
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The exact differences in the results of the component mass measured after the test
time of 1200 s are shown in Figure 15. The hydrocarbon mass values determined for the
entire period of starting and idling with the use of the standard and modified glow plugs
were as follows: for the STD spark plugs, respectively, ahead of the DOC: myc =0.44 g,
behind the DOC: myc = 0.293 g, and the DOC efficiency: npoc e = 34.1%; for the modified
glow plugs ahead of the DOC: mpc = 0.42 g, behind the DOC: myc = 0.27 g, and the DOC
efficiency: npoc,uc = 35.7%.
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Figure 15. Comparison of the hydrocarbon mass and catalytic reactor efficiency during hot start and
idling (diesel engine, measured upstream and downstream of the DOC, 1200 s) using the standard
(STD) and modified (MOD) glow plugs.

The particulate count and measurements downstream of the DOC for the standard
glow plugs were not much different. A lower level of the number of particles behind the
DOC was observed, which may be the result of retaining large particles, as the exhaust
aftertreatment system did not include a diesel particulate filter (Figure 16).
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Figure 16. Comparison of the particle number concentration during start-up and idling of a hot
engine (diesel engine, measured upstream and downstream of the DOC, 1200 s) using the standard
glow plugs (STD).

Changing the plugs from standard to catalytically coated for the particle number mea-
surements upstream and downstream of the catalytic reactor revealed similar relationships
as obtained for the previous configuration. Lower values of the PN concentration were
observed downstream of the catalytic reactor, but at the same time, the PN concentration
upstream of the DOC reactor was also lower. This was due to the partial oxidation of the
particles already in the combustion chamber thanks to the catalytic material (Figure 17).
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Figure 17. Comparison of the particle number concentration during start-up and idling of a hot
engine (diesel engine, measured upstream and downstream of the DOC, 1200 s) using the modified
glow plugs (MOD).

Detailed values of the PN emission changes depending on the type of glow plugs used
and the point of exhaust gas sampling are shown in Figure 18. The number of particulate
matter determined for the entire period of engine starting and idling with the use of the
standard and modified plugs was as follows: for the STD plugs, respectively, before the
DOC: kpy = 2.10 x 10", behind the DOC: kpy = 1.80 x 10!, and the DOC efficiency:
Npoc,pN = 14.3%; for the modified glow plugs ahead of the DOC: kpy = 2.00 X 101, behind
the DOC: kpy = 1.75 x 10!!, and the DOC efficiency: npoc pn = 12.5%.
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Figure 18. Comparison of the particle number and catalytic reactor efficiency during hot start and
idling (diesel engine, measured upstream and downstream of the DOC, 1200 s) using the standard
(STD) and modified (MOD) glow plugs.

4.2. Exhaust Emissions Measurements Upstream and Downstream of the DOC in the NEDC Test

During the emission tests, the engine operating parameters (rotation speed and load)
as well as the exhaust gas parameters (mass flow rate and temperature) were recorded.
Similar values of these parameters made it possible to compare the obtained concentration
values and the determined exhaust emissions when using the standard and modified glow
plugs. During the measurement of the carbon monoxide concentration (using the standard
glow plugs; measurement ahead of the DOC), a rapid increase was observed immediately
after engine start-up (to a value of over 1000 ppm), and then a decrease to 400 ppm several
seconds after starting (in Figure 19 marked with the line: STD—before DOC), while values
of about 700 ppm were observed for the increased driving speed. In the case of the values
downstream of the DOC, these values were several times lower—the most common value
was 100 ppm. Values of over 1000 ppm were observed only during a rapid change in the
engine load and an increase in the exhaust gas flow (in Figure 19 marked with the line
STD—after DOC).
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Figure 19. Comparison of the carbon monoxide concentration in the NEDC test (diesel engine,
measured upstream and downstream of the DOC) using the standard glow plugs (STD).

When using the modified plugs (Figure 20), the carbon monoxide concentration ahead
of the DOC was also the highest immediately after the engine start (but to a value of about
800 ppm—red line), and it then decreased to 400 ppm (several seconds after starting)—this
value occurred most often. On the other hand, the values behind the DOC were much lower:
the most frequently observed value was 80-100 ppm, with no changes in the driving speed,
while in conditions of increased speed (before thermal stabilization), the concentration of
carbon monoxide increased periodically to about 400 ppm.
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Figure 20. Comparison of the carbon monoxide concentration in the NEDC test (diesel engine,
measured upstream and downstream of the DOC) using the modified glow plugs (MOD).

The differences in the carbon monoxide concentration values for the standard and
modified glow plugs were small; however, conversion of the concentration values into emis-
sions showed a reduction in carbon monoxide emissions during the NEDC test (Figure 21).
The distance-specific carbon monoxide emission values determined for the entire test pe-
riod (1180 s) showed the differences in the obtained results. The following results were
obtained: for the standard plugs, respectively, ahead of the DOC: bco = 1.317 g/km, behind
the DOC: bco = 0.718 g/km, and the DOC efficiency: npoc co = 45.3%; for the modified
glow plugs ahead of the DOC: bco = 1.262 g/km, behind the DOC: bco = 0.713 g/km, and
the DOC efficiency: npoc,co = 43.5%.

Similar results were obtained for the hydrocarbon concentration measurements. How-
ever, for the measurements before and after the DOC in the NEDC test, greater differences
in the concentration values were obtained, which resulted in a reduction in hydrocarbon
emissions when using the catalytically coated glow plugs (Figure 22). The hydrocarbon
concentration values using the standard glow plugs ahead of the DOC were very dependent
on the driving speed and varied from 50 ppm to 100 ppm. However, behind the DOC, they
were very small—they reached values up to 20 ppm.
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Figure 21. Comparison of the distance-specific carbon monoxide emissions and efficiency of the
catalytic reactor for the NEDC test (diesel engine, measured upstream and downstream of the DOC)
using the standard (STD) and modified (MOD) glow plugs.
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Figure 22. Comparison of the hydrocarbon concentration in the NEDC test (diesel engine, measured
upstream and downstream of the DOC) using the standard glow plugs (STD).

A very similar change was also noted for the modified glow plugs (Figure 23). The
measurement of the hydrocarbon concentration before the DOC also strongly depended on
the simulated speed of the vehicle, and for the greatest changes in the engine load value, the
concentration of hydrocarbons reached values of about 250 ppm. These instantaneous values,
however, were very strongly reduced by the DOC, because the hydrocarbon concentration
measurement behind the DOC was characterized by a value of 50 ppm at most.
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Figure 23. Comparison of the hydrocarbon concentration in the NEDC test (diesel engine, measured
upstream and downstream of the DOC) using the modified glow plugs (MOD).



Energies 2023, 16, 2826

17 of 21

The conversion of the hydrocarbon concentration into the distance-specific emission
yielded the following results (Figure 24), respectively, for the standard plugs: ahead of
the DOC: byc = 0.050 g/km, behind the DOC: byyc = 0.024 g/km, and the DOC efficiency:
Npoc,HC = 52.4%; for the modified glow plugs ahead of the DOC: byyc = 0.047 g/km, behind
the DOC: byyc = 0.024 g/km, and the DOC efficiency: npoc ac = 50.0%. Comparing these
values to the carbon monoxide emissions, it should be noted that the catalytic reactor
reduced the hydrocarbon emissions to a greater extent than the carbon monoxide emissions
(by 1/10); however, the reference concentration level was also completely different (carbon
monoxide concentration was 4-5-times greater than that of hydrocarbons).
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Figure 24. Comparison of the distance-specific hydrocarbon emissions and efficiency of the catalytic
reactor for the NEDC test (diesel engine, measured upstream and downstream of the DOC) using the
standard (STD) and modified (MOD) glow plugs.

In the case of the PN emissions, the measured changes were similar to the results of
the previous compounds—carbon monoxide and hydrocarbons. The concentration results
for the PN values for the standard glow plugs ahead of the DOC (Figure 25) provided
values in the range of 1 x 10°~1 x 10° 1/cm?3. The highest values were recorded during the
highest driving speed in the EUDC test—they were over 1 x 10° 1/cm?.
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Figure 25. Comparison of the particle number in the NEDC test (diesel engine, measured upstream
and downstream of the DOC) using the standard glow plugs (STD).

Changing the glow plugs to the modified version did not result in significant differ-
ences in the number of particles measured (Figure 26). Similar values to the previous ones
(STD plugs) were obtained both ahead of the DOC (change within 1 x 10°~1 x 10° 1/cm?)
as well as behind the DOC (change within 1 x 10*-1 x 10° 1/cm?). This result was under-
stood to be the effect of the lack of a particulate filter in the exhaust aftertreatment system
of the tested vehicle.
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Figure 26. Comparison of the particle number in the NEDC test (diesel engine, measured upstream
and downstream of the DOC) using the modified glow plugs (MOD).

When determining the distance-specific PN emissions in the entire NEDC test, and tak-
ing into account the exhaust gas flow rate, the following results were obtained (Figure 27):
for the standard glow plugs, respectively, ahead of the DOC: bpy = 4.00 x 10'! 1/km,
behind the DOC: bpy = 3.09 x 10! 1/km, and the DOC efficiency: npoc pn = 22.7%; for
the modified glow plugs ahead of the DOC: bpy = 3.54 x 10'! 1/km, behind the DOC:
bpn = 3.00 x 10'! 1/km, and the DOC efficiency: Npoc,pN = 15.4%. The low efficiency of
the DOC in relation to the number of emitted particles was not surprising, because that
is not the basic function of this device. However, it should be noted that an efficiency
of 15-20% was still achieved, which was probably due to the proportion of quite large
particles emitted by the engine, which were nevertheless retained by the DOC.
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Figure 27. Comparison of the distance-specific PN emissions and efficiency of the catalytic reactor for
the NEDC test (diesel engine, measured upstream and downstream of the DOC) using the standard
(STD) and modified (MOD) glow plugs.

5. Conclusions
The efficiency of the diesel oxidation catalytic reactor (DOC) during the engine start-up
and warm-up phases with the use of the standard glow plugs reached the following values:

e  For carbon monoxide: 31.3%;
e  For hydrocarbons: 34.1%;
e  For particle number: 14.3%.
On the other hand, the determined efficiency of the DOC in a setup with the modified
glow plugs was as follows:
e  For carbon monoxide: 28.9%;
e  For hydrocarbons: 35.7%;
e  For particle number: 12.5%.
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The lower efficiency values obtained when using the modified plugs (and, at the same
time, the lower emissions measured upstream of the DOC) prove that the catalytic layer
applied to the glow plugs reduced the emissions already inside the combustion chamber.

The efficiency of the catalytic reactor in the NEDC test using the standard glow plugs
was as follows:

For carbon monoxide: 45.4%;
For hydrocarbons: 52.4%;
For particle number: 22.7%.

The determined efficiency of the DOC in a setup with the modified glow plugs was
as follows:

For carbon monoxide: 43.5%;
For hydrocarbons: 50.5%;
For particle number: 15.4%.

The lower efficiency values obtained when using the modified plugs (and, at the same
time, the lower emissions measured upstream of the DOC) prove that the catalytic layer
applied to the glow plugs initiated an emissions reduction already inside the combus-
tion chamber.

It is again noted that the catalytic reactor efficiency results—regardless of the type of
test—were the highest in reducing the concentration of hydrocarbons, and the lowest in
relation to the number of emitted particles (as this is not the main function of a DOC).
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Abbreviations
ACEA  European Automobile Manufacturers’ Association

AECC  Association for Emissions Control by Catalyst
ASC Ammonia slip catalyst

b Distance-specific emissions
BEV Battery-electric vehicle

c Concentration

ccSCR  Close-coupled position SCR
CF Conformity factor

CcoO Carbon monoxide

CO, Carbon dioxide
CLD Chemiluminescence detector

CPC Condensation particle counter
DOC  Diesel oxidation catalyst
EGR Exhaust gas recirculation

EHC Electrically heated catalyst
HC Hydrocarbons

HEV Hybrid-electric vehicle
LNT Lean NOx Trap
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NDIR  Non-dispersive infrared detector
NEDC New European Driving Cycle
NGV  Natural gas vehicle

NH; Ammonia

NOy Nitrogen oxides

PEMS  Portable exhaust measurement system
PHEV  Plug-in hybrid electric vehicle
PN Particle number

RDE Real driving emissions

SCR Selective reduction catalyst
SDPF  SCR catalyst coated on a DPF
ufSCR  Underfloor position SCR

v Vehicle speed
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