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Analysis of the efficiency of the in-cylinder catalyst to reduce exhaust emissions 

during the cold start combustion engine 
 

The article concerns the use of an in-cylinder catalyst that allows reducing the exhaust emissions during diesel engine operation. 

This is an additional method of exhaust emission reduction – however, the active component is placed inside the combustion chamber – 

hence much closest to the combustion process. This allows reducing the emissions at the very source (catalyst applied on the glow 

plugs). Such solutions are necessary because the reduction of exhaust emissions from vehicles is a key aspect of reducing the negative 

impact of transport on the environment. 
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Introduction 

Due to the way passenger cars are used, especially dur-
ing urban driving, they are characterized by low mileage 
between individual starts, so they often experience ignition 
in a cold state and operate in underheated engine conditions 
[6]. According to Scandinavian research [8], in Sweden, 2.7 
billion cold engine starts in Sweden are made in passenger 
cars, and in Finland – 2.6 billion. Cold engine-starts cause 
about 90% of the total hydrocarbon and carbon monoxide 
emissions and 50–70% of oxides emissions from passenger 
cars in the Nordic countries, thus they are a significant 
contributor of harmful substances emissions from automo-
tive sources. 

Because the amount of time the engine spends operating 
in cold conditions is significant, more and more attention is 
brought to the problems caused by cold engine operation. 
When operating at low loads and idling the engine thermal 
condition is unstable and the reactions occurring inside and 
outside the cylinder (in the exhaust system) are somewhat 
disturbed. Additionally, fuel combustion in these conditions 
is partial and incomplete. Due to how passenger cars are 
used, mainly for urban driving, there is little distance cove-
red between individual starts (Fig. 1), so they are often 
started from the cold engine state and operate in unfavora-
ble engine conditions.  

 

 

Fig. 1. Mileage of European passenger cars [14] 

 
Figure 1 shows that 45% of routes travelled are shorter 

than 30 km, so the engine is cold and the catalytic converter 

does not fully operate, especially when stationary – there-
fore it is possible to use various solutions to reduce this 
phenomenon [1]. In order to eliminate harmful exhaust 
emissions, it is pivotal to equip every vehicle with an ex-
haust aftertreatment system for flue gas whose composition, 
temperature and flow rates are constantly changed during 
operation. The catalytic reactors used in the automotive 
industry are expected to reduce harmful components of 
exhaust gases as well as to have high durability [10, 24].  
A very important factor is controlling the parameters of 
exhaust gases, in particular their changes in the engine 
exhaust system [11, 23]. The technology of exhaust after-
treatment systems is being continuously developed due to 
the ever lower emission limits. There are many solutions of 
exhaust aftertreatment systems, and their effectiveness 
often depends on the mutual relations and cooperation of 
individual system components (Fig. 2). 

 

 

Fig. 2. Methods for reducing exhaust emissions; VCR (Variable Compres-
sion Ratio), VVTi (Variable Valve Timing with intelligence), ERG (Ex-
haust Gas Recirculation) of (LP – low pressure, HP – high pressure), TWC 
(Three Way Catalyst), Decrease NOx – systems for reducing the NOx 
emissions, GPF (Gasoline Particle Filter), DOC (Diesel Oxidation Cata- 
 lyst), SCR (Selective Catalytic Reduction) 

 
Overall, toxicity is determined by local processes in the 

combustion chamber, which take place in dynamic condi-
tions, occurring for a short duration (on the order of milli-
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seconds or shorter). Therefore, it is reasonable to introduce 
additional agents to improve the atomization, evaporation, 
diffusion of fuel vapors and their mixing with air, as well as 
for the oxidation of fuel, for example, the use of catalysts 
within the combustion chamber or immediately after the 
flue gas leave the chamber. 

The use of a catalyst inside the combustion chamber can 
cause problems regarding the location, i.e. the choice of the 
surfaces and elements to be covered with catalytic materials. 
A separate problem arises as the issue of durability of the 
catalytic coatings used. 

1. Feasibility of in-cylinder catalysts use 
The need to reduce exhaust emissions from internal 

combustion engines has led to the introduction of multi-
functional catalytic reactors used in both spark and com-
pression ignition engines. However, there are problems 
associated with the use of catalytic converters, including the 
efficiency of carbon monoxide and hydrocarbons oxidation 
is only high when the engine is powered by a stoichiometric 
mixture, on top of that the reactor needs to reach its opera-
ting temperature (light-off). Obtaining the proper operating 
temperature of the catalytic converter is achieved primarily 
through its placement in the exhaust system. Thus, a con-
cept was born to place the catalyst in the combustion cham-
ber itself. 

Research on ecological issues in internal combustion 
engines and the beneficial effects of internal catalyst, 
placed in the cylinder, on engine performance and exhaust 
emission were investigated as early as in the mid-twentieth 
century. The use of the catalytic coating in the cylinder 
were mainly aimed at reducing the smoke opacity in Diesel 
engines by reducing the ignition delay [7, 16, 21, 26]. Other 
advantages were the subject of research in which the inter-
nal catalyst (covering the outlet valve with platinum) re-
sulted in the reduction of carbon monoxide and hydrocar-
bon emissions in the Diesel engine powered by methanol 
[15] and diesel fuel [27, 28]. The issue of nitrogen oxides 
reduction using an in-cylinder catalyst is based on using  
a platinum catalyst [22], but due to the high costs of such  
a solution, it was postulated that it could be replaced with 
molybdenum compounds [25]. 

The results of research on in-cylinder catalysts were al-
so published in articles [5, 9, 12, 13, 17, 18, 20], which 
have shown a positive effect that a catalytic layer on some 
elements of the combustion chamber has on reducing the 
concentration of carbon monoxide and hydrocarbons, which 
unfortunately depends on the properties of the catalyst used 
and the operating conditions of the internal combustion 
engine. Such tests were carried out only in stable conditions 
of engine operation, whereas in this article an attempt was 
made to determine the ecological benefits of using an in-
cylinder catalyst mainly in the dynamic operating condi-
tions of the compression ignition internal combustion en-
gine as well as in real operation. 

2. Aim and scope of research 
Increasingly more emphasis is placed on reducing the 

negative environmental impact of combustion engine vehi-
cles, both from the legal institutions of individual countries 
as well as international organizations and associations. This 

drives the search for ever more advanced technical solu-
tions for the internal combustion engine that will limit this 
negative impact and meet the current exhaust emission 
limits [2–4, 19]. Among these activities, the most important 
ones are those that have a direct impact on the improvement 
of combustion and the reduction of the toxic exhaust com-
ponents formation while still in the engine's combustion 
chamber. The distinguishing feature of this article is that it 
focuses mostly on conducting tests in the operating condi-
tions corresponding to the engine cold start. 

The formulation of the research aim lead to the follow-
ing assumptions as part of the scope of research: 
− the catalyst is applied on an easily replaceable element – 

glow plug (test object), 
− the material of the catalyst is platinum – it reduces the 

concentration of carbon monoxide and hydrocarbons 
and to a small extent allows for a reduction of solid par-
ticles in the Diesel engine, 

− internal catalyst – platinum works mainly during start-
up and heating of the engine, that is why the tests will 
be carried out before the catalytic reactor (DOC), 

− tests were performed comparatively: glow plug without 
a catalyst cover and covered with a catalyst (modified), 

− additionally an analysis of the glow plug heating time 
and its influence on the exhaust emission was carried 
out, 

− a Diesel engine with the Euro 4 emission category, the 
most frequently occurring in the European Union (1.3 
JTD, MultiJet), was selected for the tests. 

3. Research methodology 

3.1. Prototype components  
The subject of research and analysis were glow plugs 

with the following parameters (Fig. 3): 
− catalog number: 0250203002, 
− trade abbreviation (HKB): GLP016, 
− material number (KSN), marketing number: 16, 
− connection type: PIN, 
− mounting depth: 28 mm, 
− threaded fitting 1: M8 × 1.0, 
− length: 120 mm, 
− control voltage: 11 V, 
− tilting angle forming the cone: 93°. 

A new solution used in this research was the implementa-
tion of prototype glow plugs, with a 34 mm long heating sec-
tion (4 mm longer compared to previous solutions – Fig. 4). 

 

 
Fig. 3. Standard glow plugs (heating section length – 30 mm) 
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Fig. 4. Prototype glow plugs with an extended heating section length (34 mm) 

 
The new prototype glow plugs were longer by 4 mm, 

which resulted in a 50% increased active surface area of the 
internal catalyst. The heating section was made of stainless 
steel (sheet) type INOX (18Cr9Ni), with a thickness of 0.05 
mm. Such a metal sheet is used for making catalytic reac-
tors with a metal carrier. This made it possible to eliminate 
the ceramic layer that was applied to a standard plug with  
a catalytic coating having a heating section length of 30 
mm. The lack of a ceramic layer made it possible to reduce 
the thermal insulation, and as a result the heating of the 
glow plugs was faster leading to a higher catalytic layer 
operating temperature.  

3.2. Test object  

A compression ignition combustion engine was used for 
the research (as well as equipped in the passenger car used 
for the tests, with a mileage of 92,000 km, where the engine 
met the Euro 4 emission standard). The test object was  
a supercharged engine with a 1.3 dm3 displacement, with 
the designation 1.3 JTD (MultiJet) and Euro 4 emission 
class – the test stand is shown in Fig. 5.  

 

 
Fig. 5. The test engine mounted on the dynamometer along with the engine 

control unit 

 
The exhaust aftertreatment system is typical for Diesel 

direct injection engines, i.e. a two-way catalytic converter 
(a particulate filter was not required in vehicles of this 
emission category). The choice of such a research object 
was dictated by the fact that more than 50% of cars in the 
European Union are equipped with such engines. At the 
same time, the Euro 4 emission standard was in force from 
January 1, 2006 to 2010, and the average age of cars im-

ported to Poland is 11.5 years (of which 42% are with die-
sel engines). Therefore, the Diesel engine is the most repre-
sentative engine in Europe and for Poland. Another reason 
is that it is an engine where the emission of carbon mono-
xide and hydrocarbons can be reduced easily – by simply 
replacing the glow plug. 

3.3. Measuring equipment  

The Semtech DS analyzer manufactured by Sensors was 
used to measure the concentration of harmful compounds in 
the exhaust gas. It allowed measurement of harmful com-
pounds concentration including - carbon monoxide, hydro-
carbons, nitrogen oxides and carbon dioxide. The analyzer 
processing unit received data directly from the engine diag-
nostic system. The analyzer consists of the measurement 
modules: 
− FID (Flame Ionization Detector) used to determine the 

total hydrocarbon concentration in exhaust gases, 
− NDUV (Non-Dispersive Ultraviolet), designed to meas-

ure the concentration of nitrogen oxide and nitrogen  
dioxide, 

− NIDR (Non-Dispersive Infrared) infrared radiation, 
designed to measure the concentration of carbon mono-
xide and carbon dioxide, 

− electrochemical for determining the oxygen content in 
the exhaust gas. 
The TSI 3090 EPSS™ analyzer (Engine Exhaust Parti-

cle Sizer™ Spectrometer) was used to study the particle 
size distribution of particulate matter. It enabled the mea-
surement of a discrete range of particle diameters (in the 
range from 5.6 nm to 560 nm) emitted in the exhaust gases 
based on their different velocity. Due to the device’s data 
acquisition frequency of up to 10 Hz, the analyzer can be 
used for the study of particulate emissions in transient en-
gine states. The diagram of the setup of presented devices is 
shown in Fig. 6. 

 

    

Fig. 6. Setup diagram of the measurement system used for testing the 
exhaust emission of gaseous and particulate compounds; T – ambient 
 temperature, H – air humidity 

4. Measurement results 
Considering the ecological benefits of the research ca-

pabilities specified in the articles [2], another modification 
of catalytic-coated glow plugs was proposed. The proposal 
concerned the elongation of glow plugs, in such a way that 
the heating section coated with the catalyst protrudes as 
much as possible into the combustion chamber, and at the 
same time to maximally increase the area of its active reac-
tion surface with combustion gases. Therefore, a longer 
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glow plug (by about 4 mm, the total length of the prototype 
plug was 34 mm long) was compared with a standard plug 
(with a heating section length of 30 mm) and a catalytic-
coated plug (with the heating section length of also 30 mm). 
The tests were carried out in cold engine start conditions, 
and the measurement of exhaust emissions was performed 
upwind from the catalytic converter. 

The tests were performed for the same exhaust compo-
nents as for the previous research points. In the case of 
carbon monoxide concentration, in the whole measurement 
duration of 1200 s, the smallest value was observed for the 
prototype glow plugs; just after engine start-up the concen-
tration was 4000 ppm and it was 20% lower than in the case 
of the shorter catalyst coated plug. Similar results were 
observed for the carbon monoxide emission intensity (con-
stant exhaust gas mass flow). It should be noted that after 
about 600 s no significant differences are observed in both 
concentration and intensity of carbon monoxide emissions, 
regardless of the type of glow plugs and the length of the 
heating section of the catalyst coated glow plugs. As  
a result, carbon monoxide emissions in the range of 8–10 g 
were obtained during this study (Fig. 7). 

 

 

 

 
Fig. 7. Concentration, emission and emission intensity of carbon monoxide 
during tests of the Diesel engine depending on the type of glow plugs and  
 the length of glow plugs coated with catalyst 

 
A similar situation occurred in the case of hydrocarbon 

concentration analysis. The highest increase in concentra-
tion (over 600 ppm) was observed for the standard plugs, 
while similar values (around 600 ppm) were obtained du-
ring the study using catalyst coated plugs with a length of 
30 mm. For prototype plugs, this value was around 500 
ppm. After a period of approximately 100 s, the concentra-
tion was observed to stabilize at the level of 250–300 ppm 
along with a further slow reduction of concentration to the 
level of 150 ppm at the end of the measurement test. The 

intensity of hydrocarbon emission had a very similar char-
acteristic to the hydrocarbon concentration results, and the 
final value was similar for all cases and was about 0.0005 
g/s. The hydrocarbon emission values, depending on the 
type of glow plugs and the length of the catalytic-coated 
glow plugs, ranged from 0.9–1.1 g (Fig. 8). 

 

 

 

 
Fig. 8. Hydrocarbons emission, emission intensity, and concentration in 
Diesel engine tests depending on the type of glow plugs and the length of 
  glow plugs section coated with the catalyst 

 
A different character of the observed results was found 

in the case of nitrogen oxides concentration analysis. The 
smallest increase in concentration (about 120 ppm), but the 
largest eventual value, was observed in the case of the pro-
totype glow plugs. The concentration of nitrogen oxides in 
the first period after the engine start was 50–70 ppm (lower 
values were observed for standard plugs). A similar situa-
tion was in the case of the nitrogen oxide emission intensity 
analysis - the largest values were typically observed for the 
prototype plugs. After a period of approximately 100 s,  
a rapid increase in the emission intensity of nitrogen oxides 
to the value of about 0.0005–0.001 g/s was observed, 
caused by the change of engine settings (consistent opera-
tion of the engine controller independent of the type of 
glow plugs used). Obtained nitrogen oxides emission values 
for the three considered cases of the glow plug types and 
length of the catalytic-coated section were in the range of 
0.9–1.1 g (Fig. 9). 

Particle number analysis does not provide easily differen-
tiated test results. All concentration measurement results are 
very similar in character and values to each other. The final 
particle number values allow a proper assessment of the 
environmental benefits of the glow plugs used. The number 
of particles in the entire measurement test for different types 
of glow plugs ranged between 4–5.5·1011 (Fig. 10). 
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Fig. 9. Nitrogen oxides emission, emission intensity, and concentration in 
Diesel engine tests depending on the type of glow plugs and the length of  
 glow plugs section coated with the catalyst 

 

 
 

 

Fig. 10. The numerical concentration and the particle number in Diesel 
engine tests depending on the type of glow plugs and the length of glow  
 plugs section coated with the catalyst 

 
The smallest differences in the analyzed results were 

observed in carbon dioxide emission for different glow 
plugs with different catalyst coated section lengths. The 
lowest level of repeatability occurred only in the first 200 s 
after the engine start, while the later measurements of the 
concentration and emission intensity values were the same. 
Carbon dioxide emissions also changed only in the range of 
270–300 g depending on the type of glow plugs and the 
catalyst coated section length (Fig. 11). 

5. Measurement uncertainty analysis 
Most of the discussion regarding the variability and in-

accuracy of data when testing the concentration (or emis-
sion) of exhaust emissions from internal combustion en-

gines concerns measurement uncertainty treated in a holis-
tic way. The most important factors affecting the measure-
ment uncertainty of exhaust emissions in these models were 
the uncertainties related to the vehicle engine and the am-
bient conditions. However, comparing the changes that 
have occurred in the regulations regarding the permitted 
limit values of individual exhaust components, it should be 
noted that the limits have been reduced several fold, which 
also resulted in a significant exhaust emissions concentration 
reduction and absolute results in grams per cycle (given 
cycle measurement). The exhaust gas analyzer is also of 
great importance when performing measurements within 
the test framework. Most importantly its measuring range, 
repeatability of measurements as well as the accuracy of 
measuring the concentration of individual compounds in the 
background (in the ambient air).  

 

 

 

 
Fig. 11. Carbon dioxide emission, emission intensity, and concentration in 
Diesel engine tests depending on the type of glow plugs and the length of  
 glow plugs section coated with the catalyst 

 
The following analysis presents a method for determin-

ing the emission measurements separation between the 
standard and catalytic coated glow plugs. In other words, 
the analysis concerns a situation in which the obtained 
results can be treated as different, i.e. their average values 
at the appropriate level of significance are different. To 
prove this, 20 measurements of emissions of selected ex-
haust compounds were performed during cold engine start 
for standard and catalyst coated plugs (to make the article 
more concise, an example result of carbon monoxide emis-
sion was shown). The measurements were taken upwind 
from the catalytic converter to eliminate the additional 
effect of exhaust aftertreatment devices. 

Considering the results of measurements of carbon 
monoxide emission (standard glow plugs), the variability 
range of this compound was (9.8 g, 10.4 g], and the highest 
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frequency of results (6 measurements out of 20) was the 
range (10 g, 10.1 g] (Fig. 12a). The approximation of the 
discrete probability density with normal distribution with 
expected value estimation and variance is shown in Fig. 
12b. For the results of carbon monoxide emission tests 
(modified glow plugs), a similar characteristic of obtained 
results was found (Fig. 13a). The results variability range 
was from 9.1 g to 9.7 g, and the most results (8 data points) 
were in the range (9.4 g, 9.5 g]. The probability density 
graph was similar to the graph from Fig. 12b, and was also 
consistent with the graph of the normal distribution (Fig. 
13b). 

In order to establish that the average values of carbon 
monoxide emissions for standard and catalyst coated plugs 
are different, the hypothesis that the expected values of the 
average results obtained are the same was verified (at the 
significance level of 0.05). The hypotheses in the form H0: 
mCO std avg = mCO cat avg, H1: mCO std avg ≠ mCO cat avg were veri-
fied using the statistics: 

t� = mCO std avg  – mCO cat avg

�nstdS
CO std
2  + ncatSCO cat

2

nstd+ ncat  –  2 � 1
nstd

 + 
1 ncat

�
 

(1) 

where: mCO std avg = 10.08 g, mCO cat avg = 9.41 g, nstd = 20,  
ncat = 20, SCO std = 0.1236 g, SCO cat = 0.1221 g. 

Which results in: 

t	 = 10.08 – 19.41


20×0.1236 ² + 20×0.1221²
20 + 20 –  2 � 1

20  + 
1 20� = 16.9 

(2) 

From the t-Student's distribution tables for the signifi-
cance level α = 0.05 and n1 + n2 – 2 = 38 degrees of free-
dom, the critical value was tu,crit = 2.024. Because the test 
result value for average values of carbon monoxide emis-
sion is determined by the inequality |tu| = 16.9 > tu,crit, the 
hypothesis H0 should be rejected, so the average carbon 
monoxide emission values for measurements using standard 
and catalytic coated plugs are different. Figure 14 also 
shows that the intervals determined by average carbon 
monoxide emission values and two-fold standard deviation 
do not overlap. It is a confirmation that the obtained aver-
age values of carbon monoxide emissions using the stand-
ard and modified glow plugs are different (at the signifi-
cance level of 0.05). 

 
a)  b) 

     
Fig. 12. Carbon monoxide emission histogram (standard plugs) in value ranges (a), approximated probability density and its cumulative distribution  
 function (b) 

 
a)  b) 

     
Fig. 13. Carbon monoxide emission histogram (catalyst-coated plugs) in the value ranges (a), approximated probability density and its cumulative 
 distribution function (b) 
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Fig. 14. Probability density for two values of expected carbon monoxide emissions for standard and catalyst coated glow plug tests 

 
6. Conclusions 

The following results are only comparative for plugs 
with a catalytic coating 30 mm long and 34 mm long (pro-
totype). Studies on the influence of the length of catalyst 
coated glow plugs during cold engine start on the exhaust 
emission values, resulted in the following conclusions: 
a) carbon monoxide emission (Fig. 15a): 
‒ catalyst coated candles, heating section 30 mm: 9.4 g, 
‒ catalyst coated candles, heating section 34 mm: 8.8 g, 

b) hydrocarbons emission (Fig. 15b): 
‒ catalyst coated candles, heating section 30 mm: 1.01 g, 
‒ catalyst coated candles, heating section 34 mm: 0.97 g, 

c) nitrogen oxides emission (Fig. 15c): 
− catalyst coated candles, heating section 30 mm: 1.01 g, 
− catalyst coated candles, heating section 34 mm: 1.12 g, 

d) carbon dioxide emission (Fig. 15d): 
− catalyst coated candles, heating section 30 mm: 277 g, 
− catalyst coated candles, heating section 34 mm: 273 g, 

e) particle number emission (Fig. 15e): 
− catalyst coated candles, heating section 30 mm: 

4.2·1011, 
− catalyst coated candles, heating section 34 mm: 

4.0·1011. 
During comparative tests of engine exhaust emissions 

with catalyst coated glow plugs with various lengths of 
heating elements for the Diesel engine cold start, the fol-
lowing results were obtained (values given relative to the 
emission values for a catalyst coated glow plug with a heat-
ing element length of 30 mm): 
− a relative reduction in carbon monoxide emissions by 

12.9%, 
− a relative reduction of hydrocarbon emissions by 9.3%, 
− a relative increase in emissions of nitrogen oxides by 

14.3%, 
− a relative decrease in the particle number by 9.8%, 
− a relative reduction of carbon dioxide emissions by 5.1%. 
 

 

a) b) 

 
c) d) 

  
e) 

  
Fig. 15. Emissions comparison of carbon monoxide, hydrocarbons, nitro-
gen oxides, carbon dioxide and the particle number depending on the type  
 and length of glow plugs 
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