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CHEMICALLY HEATED CATALYTIC CONVERTER DESIGN OPTIONS 
AND PERFORMANCE USING HEATED METAL OXIDES
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ABSTRACT

A chemically heated and electrically initiated catalyst in combination with a traditional converter can achieve 
the Low and Ultra Low Emission Vehicle (ULEV) standards. Experiments are conducted to investigate the impact of 
the various heating strategies and the system design parameters aiming emission decrease. An attempt is also made 
to reduce the cold-start emission of a multi-cylinder SI engine using Chemically Heated Catalytic (CHC) converter 
of a different volume of CHC filled with different oxides acting as a catalyst. It is found that CHC reduces cold-start 
hydrocarbon and carbon monoxide emission when used with the existing catalytic converter. The maximum CO and 
HC reduction is achieved with the catalytic converter with copper oxide as a catalyst over nickel oxides filled with 
CHC after the cold start of the engine.
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INTRODUCTION

Automotive emission standards are becoming a 
major issue in India due to the highly polluted environ-
ment in the metros. As we know that Euro-IV is already 
applied in the national capital region and very shortly 
Euro-II will be implemented. Very soon Euro-V and 
Euro-VI have to be implemented in order to follow 
the clean air norms. Euro-III and Euro-IV norms could 
be met by using a multi-point injection system and a 
catalytic converter appropriately designed to meet them. 
However, Euro-III and Euro-IV pose considerable prob-
lems referring particularly to the start-up [1]. 

According to the Environmental Protection Agency 
(EPA) the current technology vehicles emit the majority 
of tailpipe HC and CO emissions during the first minute 
or two of operation from the cold start [2]. Two factors 

contribute to the high emission at the start up. First, the 
catalyst does not begin to oxidize HC and CO until; it 
can take the exhaust gas between one to two minutes to 
raise the catalyst temperature to the light off  level [3].  
Secondly, most engines generally run a little rich during 
the initial warm up [4].

The quick catalyst light off is a key part of dereasing 
HC and CO emissions to Low Emission Vehicle (LEV) 
levels [5]. The catalyst light off can be quickly achieved 
by heating the catalyst to an effective temperature as 
quickly as possible while providing a near stoichiometric 
exhaust air-fuel ratio [6]. Using chemical and electrical 
energy to quickly heat a catalyst substrate is an effective 
means of reducing cold start HC and CO emissions. Bat-
teries are used to pre-heat CHC prior to the engine starts 
using power levels of 5 kW and above [7]. Tremendous 
improvements are made in the past couple of years to 
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decrease the power consumption to 2 kW - 3 kW level 
aiming to obtain a lower battery impact. However, even 
a 2 kW power requirement has a substantial impact on 
the battery life [8]. Also, providing 2 kW to 3 kW from 
a 12-volt battery requires large wire diameters. Besides, 
the sophisticated power switching mechanism has a very 
considerable effect on the battery life [9]. Recent CHC 
activities have focused the efforts on the electrical energy 
and emission reductions. This work addresses both of 
these CHC technology themes [10].  

EXPERIMENTAL

An electrically heated catalytic converter
The CHC consists of the heater element, the Light-

Off Converter (LOC) and the main catalytic converter 
(MC). The heater element should initiate CO and HC 
oxidation in the subsequent LOC as quickly as possible 
due to the effect of the chemical heating. Together with 
the enthalpy of the exhaust gas and additional electri-
cal energy, the main catalytic converter is very quickly 
brought to its operating temperature. To achieve large 
reductions of the cold start emissions it is necessary to 
have CHC and light off catalyst bed temperature above 
the light off temperature, which is the temperature where 
50 % emission reduction is achieved after the engine start 
up. It is important to maintain this temperature at which 
near maximum conversion efficiency is achieved. The 
minimization of the heater energy requirements require 
to maximize the battery life, to reduce the overall cost, 
and to minimize any mileage penalties. It is reported 
that CHC and the main converter temperature affect 
significantly the effectiveness of CHC systems. 

Eqs. 1 and 2 present the relationship between the 
time, the temperature and the electrical energy supplied:

EElec = MC (TCHC -25°C)    (1)

EElec = V2/R xt                                   (2)

Eq.1 shows that the minimization of the heater 
mass, M, will maximize the heater temperature for a 
given amount of electrical energy. According to Eq. 2 
the electrical energy supplied is dependent on V, R and 
t. Furthermore, the minimization of the time requires 
the resistance decrease or the voltage increase. The re-
ducing of the resistance much below 0.032 ohms is not 

considered desirable because of the increasing electrical 
energy losses in the batteries and the associated connec-
tions. The variation of the voltage is more desirable since 
doubling the voltage results in 1/4 the time to supply 
the same electrical energy. Therefore, a 24-volt battery 
system is chosen for these experiments.

The electrical energy is changed to thermal energy 
as defined by Eq. 2. The latter assumes little heat loss to 
the environment during the heat-up and no exhausts gas 
passing through CHC during the heating. For a given 
electrical energy level, it is desirable to maximize the 
heater temperature as the catalyst will be more effective. 
The reduction of the specific heat of the metal or the 
mass of the heater can maximize the heater temperature. 
By optimizing the heated mass, it is possible to greatly 
increase the rate of the temperature rise. Thus, by heat-
ing only a small volume of the catalyst, it is possible to 
reach very rapidly the temperature at which the catalyst 
starts acting. Once the exothermic reaction begins, an 
abundance of chemical energy is released which acts to 
heat up the main converter. The energy balance of this 
system is shown schematically in Fig. 1. It is evident that 
the chemical and the thermal energy come out of CHC. 
The energy balance is described by Eq. (3):

QChem,out. + QTher,out. = QChem,in + QTher,in + QElec - QStore,CHC – 
QStore,LOC -    QLoss.                                                         (3)

Eq. (3) is a modified form developed by L. S.  Socha 
et al. [11].  The heat loss to the ambient is included be-
cause it reduces the thermal energy coming out of CHC 
as it is significant. The main converter attains more rap-
idly its operating temperature, mainly due to the energy 
released by the homogeneous catalytically activated gas 

Fig. 1. Energy balance of CHC.
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reaction. Using this analysis as a guide, experiments are 
incorporated in the test plan to quantify the impact of the 
heat-up time, the heater mass, the heater temperature, 
and the energy requirement on the cold start emissions.

Air injection
During the cold-start phase the engines must be 

run with fuel mixtures of a composition richer than the 
stoichiometric one in order to ensure smooth operation. 
The chemical reactions occuring in CHC refer to the 
oxidation of the hydrocarbon and the oxidation of carbon 
monoxide.  The principal equations of the reactions are:  
2HC  +   5/2 O2   ®   2 CO2  +  H2O                                        (4)
CO +    1/2 O2 ® CO2                                                      (5) 

If the air-fuel ratio is rich, there is insufficient oxy-
gen in the exhaust stream in the case of the maximum 
conversion of HC and CO [12]. The lack of oxygen in 
the catalytic converter during this period provides only 
partial oxidation of CO and HC, thus resulting in higher 
exhaust gas emissions [13 - 15]. This problem is handled 
by injecting secondary air after the exhaust valves of the 
engine. The air is supplied from a compressor at constant 
pressure through a nozzle at the leading side of CHC in 
the exhaust pipe. A regulator and a rotameter are used to 
regulate and measure the air supply. The injected air can 
react with the hot exhaust gas, thus providing an initial 
oxidation of CO and HC in the exhaust piping [16 - 18]. 
The heat produced by the oxidation reactions increases 
the exhaust gas temperature, resulting in a fast catalyst 
light-off. Air calibration tests are carried out to deter-
mine the optimum rate and duration of the air injection. 
The data indicates that air injection is required only 40 
seconds after starting the engine from cold-start and at 
the rate of 90 liters per minute.

Assembly of CHC and an experimental setup
The experiments are conducted on a multi-cylinder, 

vertical, water-cooled, four stroke, spark ignition engine 
coupled to a hydraulic dynamometer. They are carried 
out at 1,750 rpm with 50 % of the maximum load after an 
idling period of 20 s. The Electrically Heated Catalytic 
Converter is placed before the main catalytic converter 
on the exhaust pipe. The main converter used refers 
to a commercially available converter exposed to ap-
proximately 5,000 km of a vehicle operation.  The CHC 
housing is made of stainless steel insulated by a thick 

layer of asbestos rope to prevent heat loss. The substrate 
is made of stainless steel mesh. The concentric surface 
of the mesh is filled with different oxides namely, copper 
oxide, chromium oxide, nickel oxide and silver oxide as 
catalysts in case of three different volumes of 145 cc, 
271 cc and 387 cc. The mesh is heated by 1.5 kW band 
type electrical heater. The inner cylinder is also filled 
with these catalysts, which act as a light-off catalyst. 
Fresh catalysts are used for this test. The CHC is placed 
before the main catalytic converter on the exhaust pipe.  

The inlet, the bed, and the outlet temperature of CHC 
is measured by three cromel-alumel thermocouples. The 
sensor signal is used to control the electrical heating to 
avoid excessive energy supply. A data logger system 
is used to analyze the temperature variation. All ther-
mocouples are connected to the data logger.  The latter 
used here refers to 8-channel 12-bit data logger. The gas 
analyzer (Crypton 285 OIML II- SPEC) is used for the 
measurement of HC and CO in the exhaust gases. The 
response time of the gas analyzer is 10 seconds. 

 
RESULTS AND DISCUSSION

The experiments are conducted with chemically 
heated electrically initiated catalytic converter attached 
with the main catalytic converter in a four-stroke SI 
engine. The discussions on the results are given below. 
Fig. 2 shows the brake power in kW for the different 
volume of CHC of 145cc, 271cc and 378cc versus the 
specific fuel consumption in kg/kW h. Initially, all four-
oxide catalysts are tested but only the values for copper 
oxide is reported here because it shows desirable SFC. 

Fig. 2. SFC vs Brake Power for three different volumes 
of CHC.



Journal of Chemical Technology and Metallurgy, 54, 3, 2019

574

The reason for the back pressure could be due to the 
high volume of CHC. 

Fig. 3 shows the brake power in kW for CHC of 
145cc, 271cc and 378cc versus the brake thermal ef-
ficiency. Initially, all four-oxide catalysts are tested but 
only the values for copper oxide is reported here because 
it shows desirable high Brake thermal efficiency in the 
case of all volumes studied. The reason for the back 
pressure could be due to the high volume of CHC. The 
brake thermal efficiency is almost comparable with MC 
configuration with 145cc volume of CHC. The back 

pressure tested for CHC of 145cc, 271cc and 378cc also 
clearly indicates that less back pressure is observed in 
the case of a volume of 145cc. That is why this volume 
is used in the tests carried out to optimize the design. 

Fig. 4 shows the variations of CO versus time in sec-
onds from the cold start of the engine. The latter is with 
a main catalytic converter with CHC of 145cc volume, 
different oxides as catalysts and 90l pm air injection for 
40 s. It is seen that the content of CO decreases with 
time. It is higher for chromium, silver and nickel oxide. 
The decrease of CO is 2.13 vol. %  in 12 s. It gradually 
decreases and reaches 0.36 vol. %  at 180 s in case of 
the main converter with 145cc volume CHC and cop-
per oxide as a catalyst and 90l pm air injection for 40 s.  
The decrease of CO content amounts to 2.8 vol. % in 
12 s and decreases further to 0.6 vol. %  for 180 s under 
identical conditions in presence of nickel oxides. The 
decrease of CO content amounts to 3.45 vol. %  in 12 
s and gradually decreases to reach 1.5 vol. %   for 180 
s under identical conditions in presence of chromium 
oxide. The decrease of CO content amounts to 4.5 vol. 
%  in 12 s and gradually decreases to reach 1.85 vol. %  
for 180 sec. under identical conditions in presence of 
silver oxide as a catalyst. This clearly shows that not only 
the performance with less back pressure copper oxide 
gives a high brake thermal efficiency and low specific 
fuel consumption with reduced CO emission. 

CHC with copper oxide as a catalyst decreases sig-
nificantly the cold-start HC and CO emissions in case 
of all configurations tested. The latter are successful, 
because they initiate quickly the catalytic reaction. The 
preheating of CHC needs power to heat the metal cata-
lyst. After engine stating, the power can be provided by 
the alternator. But this will slightly reduce the efficiency 
of the engine in view of the pollution created during cold 
start. The efficiency can be increased by many ways 
like turbocharges, exhaust gas recirculation and engine 
management systems etc. The oxides used in this work 
are not expensive as the conventional catalytic converter. 
The latter uses precious metals, which are costlier than 
other metals. Those used here refer to stainless steel 
mesh coated with different metal oxides which are cheap 
and easy to produce by an electroplating method. So, 
there is no need to work with inefficient oxides like 
those of chromium, nickel and silver aiming properties 
improvement. Copper oxide is found the best for the 
purpose. Its reproduction over the metal mesh is easy.

Fig. 3. Brake Thermal Efficiency vs Brake Power for 
three different volumes of CHC.

Fig. 4. CO vs time for 145 cc volume of CHC with 90 
lpm air injection for 40 Seconds.
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Theoretical investigation - multiple regression analysis
The advantage of using this technique is that no ini-

tial assumption on the form of the correlation is needed. 
The procedure is tested using the experimental data. 
Regression is a procedure applied to find the form of 
the best fitting correlation as well as the constants in it. 
Genetic programming offers a way to carry it out. The 
correlations obtained on the ground of the experimental 
data are commonly used to estimate the heat rate in 
thermal components. Most often this reduction of the 
experimental data to correlations is based on the initial 
choosing a specific functional form of the correlation 
for which the constants are then determined. 

The performance of CHC, CO conversion rate, 
depends on the temperature of the exhaust before the 
CHC, the temperature of the MC and the time from the 
cold start of the engine which are treated as independent 
variables to correlate the emission performance of CHC.  
The data gathered from the test run with 1.5kW heating 
and 90 lpm air supply leads to: 

CO (Conversion rate) = 51.87132 - 0.24151 t - 0.0009 Tin 
+ 0.173323 Tmc                                                           (6)
 
where  t  is  the  time from cold start of the engine in 
s, Tin is  the  temperature of the exhaust before CHC in 
°C, while Tmc is  the  surface temperature of the main 
converter in °C. 

This equation is a valuable engineering tool to 
estimate CHC performance under the given conditions. 
Among the different volume of CHC tested, that of 145 
cc gives lower CO and HC emissions compared with 

those of 271 cm3 and 378 cm3. The largest reductions 
of the cold start HC and CO emissions are obtained by 
combining a resistance heating of the catalyst with a 
secondary air injection. Among the different air injec-
tions tested, that of 90 l/min shows better reductions 
then those of 80 l/min and 100 l/min. Among the dif-
ferent durations of the air injection tested, that referring 
to 40 s from the cold start of the engine shows better 
reductions than that of 20 s. The maximum reduction 
is achieved when CHC of a volume of 145cc is filled 
with copper oxide catalyst and 90 lpm of air injection is 
provided during the first 40 s after the cold start of the 
engine. The generalized equation presented here using 
multiple regression analysis can be used with confidence 
to analyze the emission performance. Figs. 5, 6 and 7 
show the time variation from the cold start (in s) of the 
predicted and the experimental CO conversion rate, the 

Fig. 5. Variation of CO conversion rate with time after 
cold start.

Fig. 6. Variation of CO conversion rate with Engine 
Exhaust Temperature.

Fig. 7. Variation of CO conversion rate with MC tem-
perature.
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engine exhaust temperature before CHC, and the tem-
perature of the main catalytic converter, respectively. 
The figures show that any two independent variables 
can be predicted by fixing the third independent variable 
and the corresponding CO conversion rate. It is also seen 
that the predicted values and the experimental data are 
in close agreement with each other. 

Fig. 8 shows the predicted and the experimental 
values of CO conversion rate. A review of the test-data 
indicates that the predicted values are in close agreement 
with the experimental values. Therefore the equation 
developed can be used with confidence to analyze the 
emission performance. Fig. 9 presents the variations of 
HC in ppm versus the time in s from the cold start of the 
engine with CHC of 145 cc volume containing different 
oxides as catalysts with 90 lpm air injection within 40 

Fig. 8. Variation of CO experimental value with CO 
predicted value.

Fig. 9. HC vs time for 145 cc volume of CHC with 90 
lpm air injection for 40 seconds.

s.  It is seen that HC values are initially higher and de-
crease further to 180 s for all conditions of the catalytic 
converter with CHC with air injection. The maximum 
decrease is achieved with a catalytic converter and 145 
cc volume CHC filled with copper oxide. The air injec-
tion in this case is 560 ppm within 12 s after the cold-start 
and decreasse further to 75 ppm after 180 s. But the other 
oxides show the higher value of HC then copper oxide. 

CONCLUSIONS

Based on the experimental investigation on a four-
stroke SI engine with copper oxide, chromium oxide, 
silver oxide and chromium oxide catalysts, it is con-
cluded that there is a significant reduction in CO and 
HC emission by the use of CHC with air injection, due 
to complete oxidation in the presence of high tempera-
ture air. From the preceding paragraphs, it is found that 
CHC filled with copper oxide gives the better results 
and CHC volume of 145cc shows favorable results.  
Further in the case of CHC with 1.5kW heat and with 
air injection of 90lpm during the first 40 seconds after 
starting the engine reaches light off temperature very 
quickly than other configuration. The maximum reduc-
tion in CO % by vol. is 2.13 in 12 sec. and gradually 
decreases and reaches 0.36 at 180 sec. in case of CHC 
with copper oxide as catalyst.   The silver oxide shows 
poor performance among all oxides tested. 
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