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Abstract
The need of the substitute fuels in compression ignition engines has been the major requisite of the today’s world. 
Due to progressive diminution in crude oil and their subsequent environmental effects many researchers are working 
on various alternative fuels like biodiesel, methanol, alcohols, CNG, LPG, biogas. Fulfillment of the stringent emission 
norms is also a great concern as the fuel suggested should also offer the desired performance and should be economi-
cally and environmentally proven. Hence the oil extracted from the waste tyre is the biggest emanating fuel tested for 
its behavioral analysis when blended with diesel on single cylinder Variable compression ratio diesel engine. Trials are 
conducted with 100% diesel and then 10%, 25%, 35%, 50%, 60%, 75% and 90% TPO (tyre pyrolysis oil) blends with diesel 
with varying the load. It is observed that the various performance indicators like BP, IP and BMEP are boosted with rise 
in the proportion of TPO in the fuel oil for all loads. Increase in the BTE is found highest for moderate load up to 2.6 kg 
and maximum for TPO 90. Mechanical efficiency found to be maximum at TPO 35 at higher load. Lower specific fuel con-
sumption obtained for TPO10 blend at low load and maximum at TPO 60. From the emission analysis it is found that CO 
emission tends to reduce up to moderate load, but increases consistently further with the load. HC emission found to be 
decreased with increase in TPO proportions with minimum for TPO 90 at all loading conditions. CO2 emission gradually 
increased with progressive rise in the load and increases rapidly for higher loads. NOx emission and smoke increased 
gradually with increase in the TPO proportion. Analyzing the performance of TPO for different proportions with diesel, 
TPO 90 is the better alternative to enhanced output and efficiency. Whereas for lower fuel consumption and emissions 
TPO 10 be recommended. Again it is also seen that moderate proportion of TPO (TPO35) gives highest cylinder pressure 
and reduction in the fragrant sulfur.

Keywords  Compression ignition · Tyre pyrolysis oil · Diesel fuel · Brake power · Indicated power · Brake thermal 
efficiency · Brake specific fuel consumption · Variable compression ratio

Abbreviations
BTE	� Brake thermal efficiency
BSFC	� Brake specific fuel consumption
TPO	� Tyre pyrolysis oil
BP	� Brake power
VCR	� Variable compression ratio
CO	� Carbon monoxide
CO2	� Carbon dioxide
NO2	� Nitrogen dioxide

HC	� Hydrocarbon
PM	� Particulate matters

1  Introduction

The largest source of energy in India is coal, followed by 
conventional biomass and waste. India’s transportation 
field initially used petroleum products as fuel and is now 
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focusing on enhancing the road and railway transit. The 
government also planning to concentrate on the use 
of the alternative fuel mainly with biofuels blends, and 
massive use of mass transit systems to limit oil demand 
growth. India stands fourth-largest consumer of crude oil 
and petroleum products in the world in 2013, after the 
United States, China, and Japan. The gap between India’s 
oil demand and supply is increasing due to increase in the 
demand. The fuel consumption of the crude oil is increas-
ing day by day in India. This also increases the load on 
diesel fuel as diesel is a main source of automotive and 
passenger vehicle. In this regard to reduce diesel fuel 
consumption alternate fuel or blended fuel which can be 
partially mixed with diesel is required. By using alternate 
fuel, not only reduce requirement of diesel but will also 
be helpful to nation by reducing fuel consumption and 
find the use the reproducible sources of fuel production 
and also reduce the effect of greenhouse gases. Bio-fuels 
initially introduced by Samuel Morey in the 19th century 
when he developed an engine in 1826 that ran on ethanol 
and turpentine.

Even though fossil fuels are in use from ancient times, 
industrial revolution led them to wide scale applications. 
It is known fact that the fossil fuel reserve is finite and may 
deplete soon. Every year the consumption of oil from fossil 
fuel is around 11 billion tonnes. Crude oil reserve in Janu-
ary 2017 recorded as 1.665 trillion bbl and these reserves 
are disappearing at the rate of 4 billion tonnes per year 
and if the proper alternatives are not developed, it will be 
difficult to fulfill the need of our growing population. It is 
the fear that the known oil deposits will not be available 
by 2052. For the fossil fuel oil, the options are to use gas 
and coal. But if the gas production increased to recover 
the energy shortage left by oil, then those reserves can be 
useful to extend an additional eight years. It means we can 
sustain till 2060. But as the world’s vehicles population is 
rapidly increasing, it is also the fact that the consumption 
of fossil fuels may deplete earlier.

1.1 � Waste tyre‑ a potential fuel

Tires after use are environmentally hazardous as these do 
not readily biodegrade and recover from their constituent 
components [1]. Around 1500 million tires are generated 
every year which potentially goes wasted and can be recy-
cled to utilize [2].

In the twenty-first century, there is rapid increase in 
the developments in the industrial and transportation 
sector. This led to the exchange and movement of the 
manpower as well as machinery around the world which 
leads to increase in the need of development in the auto-
mobiles sector. Almost 80% vehicles are running on diesel 
engines. Now, it is the fact that the petroleum based fuel 

like diesel has limited storage and renewable also. Again 
the resources of petroleum fuel are not available world-
wide and are limited to the certain areas only. This is affect-
ing the supply and cost of diesel. This result in the price 
rise of diesel in the developing countries like India which 
importing around 80% of the total demand of crude oil. 
Limited storage of petroleum fuels and depletion at high 
rate also led to the increase in product prices. Increase in 
the number of vehicles with heavy and hazardous exhaust 
gas emissions are also causing global warming which 
encouraging the researchers to search the alternative 
fuels which will emit less emissions. Due to the fast reduc-
tion of fossil fuels due to increase in the number of diesel 
engine vehicles, there is a requirement to use of renewable 
fuels like vegetable oil, different bio-fuels, tyre pyrolysis oil, 
ethanol, methanol, biogas as partial or complete replace-
ment for diesel [3].

The increased in number of automobiles also producing 
a lot of tires which needs to be discarded regularly after 
worn out forced the manufacturer to use the tyre pyrolysis 
oil. But the dumping of this waste is not easy and becom-
ing highly critical [4]. Appropriate strategy to manage this 
waste should be adopted in lieu of producing the oil and 
sustainable development. Now the dumping of waste is 
not only limited to bigger cities but small places are also 
facing the similar problem.

For the developing country like India waste tyres 
account for about 6–7% of the global waste. As per the 
records, globally in 2016 only 7% of waste tyres were recy-
cled for use, 11% were utilized as fuel, 5% were exported 
for processing purpose. The remaining 77% were sent to 
landfills and illegally dumped. So the around 765 million 
tyres reported to have gone wasted.

1.2 � Pyrolysis—oil conversion process for tyre

Pyrolysis is the process of separation of biological sub-
stances by heating, so that chemical reaction occurs 
and decomposition of the substances takes place. In 
pyrolysis, pyro means “fire” and lysis means “decom-
position”. During pyrolysis, various biological fuels like 
wood, cloth, rubber, paper, and plastic undergo burn-
ing process initially so that chemical reaction occurs. 
In pyrolysis process waste tyre fed after shredding and 
cleaning of the reactor and then undergo pyrolysis by 
heating between 450 and 750 °C. Han et al. [5] adopted 
thermogravimetric analyzer combined with a mass spec-
trometer for the characteristic investigation of waste tyre 
pyrolysis. They suggested that the tyre pyrolysis can be 
divided into four stages. During the first stage vaporiza-
tion of water and decomposition of plasticizer occurs 
up to 320   °C followed by natural rubber decomposi-
tion occurs between 320 and 400  °C in second stage. 
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While in the third stage the decomposition of synthetic 
rubber occurs between 400 and 520  °C. Fourth stage 
occurs above 520  °C in which little weight loss occurs. 
Reckon on the running conditions, pyrolysis is catego-
rized into three major groups: ordinary, quick and flash 
pyrolysis based on system temperature, rate of burning, 
solid settling time, particle growth etc. Pyrex glassware 
for atmospheric pressure and SS 314 for high pressure 
can be used for the tyre pyrolysis. Pyrolysis process can 
be slow in which heating is carried out between 450 and 
550 °C. In fast pyrolysis heating is from 850 to 1250 °C 
and in flash pyrolysis heating is from 1050 to 1300 °C 
[6]. Temperature is the most significant factor affect-
ing pyrolysis yield. Since its a thermo-chemical process. 
However, additional parameters including heating rate, 
residence time, moisture content of feedstock and gas 
flow rate also affect the pyrolysis yield. Table 1 shows 
classification of pyrolysis process based on operating 
parameters. Table 2 shows the basic structure of waste 

tyre and Table 3 shows comparison and significance of 
properties of oil.

Number of studies has been conducted till date on 
tyre pyrolysis. It is found that to use bio-diesel in CI 
engine, there may be little improvement in the intake 
manifold. Also due to high viscosity, working of die-
sel engine is difficult. Experimentation also shows the 
increased in emission like NOx. Oil produced by the 
pyrolysis technology is used in large scale in industries. 
Researchers have also proclaimed that this oil can be 
used in the CI engine without engine modification. But 
from the emission point of view it is highly important to 
select the proper blend of diesel with oil. As far as the 
use of TPO in engine is concerned, numerous works have 
been carried out by the researchers. In the last century, 
initially Murena et al. [8] worked on the product gener-
ated by hydro-generative pyrolysis process of tyre for 
different temperature ranges in which it is proposed to 
keep the temperature range 4000 °C in order to maxi-
mize gaseous products. Later Williams et al. [9] worked 
on the TPO aggregates and its ignition in ceramic fur-
nace where it is reported that TPO has heavy PAH, SO2 
and NOx emissions. To reduce PAH, it is suggested that 
carrying out ignition with excess oxygen. Later in the 
first of twentieth century from the experimental inves-
tigation by et al. [10], it is found that BTE increased with 
gradual rise in TPO proportion, but found higher NOx, 
HC, CO and smoke at peak loads [10]. Peak pressure 
was also increased and it was suggested that the reduc-
tion in the aromatic content and viscosity is required to 
improve the performance of TPO as a fuel in engines, 
Nabi et al. [11] worked on removal of impurities of TPO 

Table 1   Classification of 
pyrolysis process based on 
operating parameters [6]

Pyrolytic 
technique

Solid settling 
period (min)

Burning rate (°C/s) Grain size (cm) Temp. (°C) Produce (Propor-
tion)

Oil Char Gas

Slow 7.5–9.16 0.1–1 0.5–5 277–677 0.30 0.35 0.35
Fast 0.0083–0.16 10–200 < 0.1 577–977 0.50 0.20 0.30
Flash < 0.0083  > 1000 < 0.02 777–1023 0.75 0.12 0.13

Table 2   Basic structure of waste tires [7]

Component Proportion

Rubber constituents 0.38
Impletions like carbon 0.30
booster compounds like steel 0.16
dispersants like oils and resins 0.10
Vulcanization agents like sulphur 0.4
Inhibitants 0.1
Miscellaneous components 0.1

Table 3   Comparison and significance of properties of oil [8]

Characteristics Furnace oil High speed diesel TPO Connotation

Higher heating value (kJ/kg) 41,800 42,300 45,645 Represents energy content
Viscosity (Stokes) 1.25 to 1.80 at 50 °C 0.037 at 50 °C 0.0323 at 40 °C Represents defiance to flow
Relative density 0.99 0.90 0.92 Represents denseness
Water proportion 0.01 0.0025 0.0075 Shows the contamination
Ash proportion 0.001 0.0001 0.0001 Shows the contamination
Flash point 66 Min 44 Min 32 min Shows the time to form flame
Sulfur proportion 0.04 0.012 0.008 Represents harmful contamination
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by desulphurization and distillation by vacuum pyrolysis. 
To reduce sulphur in TPO, they used CaO as catalysts. It is 
found that the treated oil is light yellow better than dark 
reddish color of raw TPO.

Later Bhatt et al. [12] find out the feasibility of TPO as a 
fuel in diesel engines. Their study shows that around 0.19 
billion tonnes of tyre generated every year in India only. 
The constituents and behavior of TPO can be utilized as 
fuel for the furnaces and boilers due to their higher heat-
ing value, lower ash and sulphur content. But TPO has 
comparatively higher density, viscosity and low cetane 
number. Hence use of TPO is limited and recommended 
to custom with diesel fuel in different proportions main-
taining the quality of blend below allowable limits. Patel 
et al. [13] also tested the performance of TPO with die-
sel and ethanol and found that the suitable blend for the 
diesel engine with recommendation that 15% TPO. TPO 
is better as compared to other proportions. Meanwhile 
Ahmad, et al. [14] worked on desulfurization of pyrolysis 
products of scrap tires. The pyrolytic oils have diesel like 
fuel properties with high sulfur contents and other con-
taminants. Use of additives like CaO, CaCO3, NaHCO and 
acids like H2SO4, H2O2 at different operating conditions 
for the economical desulfurization has been reviewed. 
The sulfur content of pyrolytic oils may be reduced with 
the use of additives and acids. In additives the desulfuriza-
tion efficiency of CaO is better than others. Younus, et al. 
[15] worked on four stroke CI engine with single cylinder 
for biodiesel blends with additives like Ethanol and Ethyl 
Hexyl Nitrate (EHN). Ethanol added in proportion of 5% 
and 10% with the blends and EHN added in proportion of 
0.5% and 1%. The BTE shows rise in incremental value with 
proportion of additives with blends. The CO, HC and NOx 
emissions level also rose as compared to diesel. Martinez, 
et al. [16] investigated the performance of TPO in Euro 4 
diesel engine under fleeting conditions. Their investigation 
proved the feasibility of TPO with diesel and prevailed that 
no more improvement in the components of engine. The 
EGR performance is investigated with higher smoke level, 
particulate and the hydrocarbon emissions for 5% TPO. 
Sharma and Murugan [17] investigated the response of 
changing the compression ratio for optimal injection time 
and pressure on the performance of a CI engine and its 
mixture with TPO at peak value of compression ratio. The 
lower CO, HC and smoke emissions are obtained as com-
pared at lower CR at peak load. Wang et al. [18] pyrolyzed 
waste tyre in a rigid reactor with variable process tem-
peratures. In their investigation, different product yields 
at different temperatures of pyrolysis are analyzed and 
compared. The tyre pyrolysis oil received from different 
pyrolysis temperatures are added with diesel for distinct 
volumes and then tested in a CI engine. The TPO derived 
from higher pyrolysis temperatures shows improvement 

in the engine parameters like fuel consumption, pressure 
in the cylinder, power output from the engine and emis-
sions from sulfur.

In the process of improving the quality of TPO, Janta-
raksa, et al. [19] decreased the sulfur content in the TPO 
almost 1.15% by wt. by using the processes as hydro-
desulfurization catalyzed by molybdenum, nickel–Mo 
or cobalt–Mo with support from alumina (c-Al2O3). The 
highest sulfur removal (about 87.8%) was accomplished 
at process temperature of 250 °C for 30 min. time interval 
with 2% wt. of NiMo/c-Al2O3 and 20 bar pressure. Mean-
while Nazim Ali, et al. [20] removed the impurities of TPO 
obtained by thermal pyrolysis by three distinct methods; 
(a) ordinary cleansing (b) ordinary cleansing with iron cata-
lyst and (c) ordinary cleansing with steam and iron catalyst. 
They revealed that the oil obtained from simple distillation 
along with water using iron catalyst found to be purest as 
it contains fewer amounts of sulfur and higher flash point 
in the range of diesel and gasoline. Their analysis implied 
that the oil obtained can be used as a fuel after proper 
treatment. Recently Vihar, et al. [21] utilized TPO in a lat-
est turbocharged 4-cylinder CI engine. According to their 
investigation, cetane improving components and higher 
CR is required for the use of TPO in CI engines or addi-
tion of pilot injection is required, but limited to medium 
to higher loading condition. They concluded that TPO 
represents one of the best alternative fuel for CI engines 
in spite of its lower cetane value than diesel. It was also 
reported that combustion of TPO similar to diesel can be 
achieved in absence of cetane improvers in a latest tur-
bocharged engine having common rail and EGR arrange-
ment. Luo and Feng [22] worked for the generation of fuel 
oil and volatile gas by the pyrolytic process in presence 
of catalyst of waste tyre with the help of excess heat of 
blast furnace slags. The blast furnace slags are working as a 
good de-hydrogenation catalyst leading to improved end 
result of tyre pyrolysis. The gradual rise in the properties 
of derived-oil as lower viscosity, density, higher C/H ratio 
and calorific value can be improved. In order to increase 
the production of tyre pyrolysis oil many researchers have 
worked on different processes. In this regard Brassard et al. 
[23] used different reactors for TPO production to compare 
the pyrolysis in auger reactors for bio-fuel production with 
other reactors. These reactors can be easily operated and 
moved due to less carrier gas and heat.

Recently, Das and Sharma [24] worked on the blending of 
tyre pyrolysis oil with Jatropha oil with 1 ppm of CeO2 (nano-
material). Experiments are performed on a diesel engine with 
JMETPOCeO2 mixture and found that JME80TPO20CeO2 
(1 ppm of CeO2nanomaterial) blend has a thermal efficiency 
of 24.25%, which is quite comparable with that of diesel 
with an appreciable decrement of 43.11% in carbon mon-
oxide emission with respect to diesel. Harisankar et al. [25] 
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compared the various properties of TPO with Diesel. The 
density of the TPO found little higher than pure diesel with 
the kinematic viscosity in the specified range of automobile 
fuels of 2–5 cSt. The flash and fire point were similar to that 
of pure diesel. Binoy et al. [26] worked on the reduction of 
cost with help of alternative fuel. For experimentation pyroly-
sis oil obtained from waste rubber tyre was used to find out 
its effective use as a fuel in forging industry. Cost analysis 
showed that rubber tyre pyrolysis tyre oil is cost effective 
compared to oil from furnace for forging industry. Banihani 
et al. [27] adopted the thermal pyrolysis method of waste tyre 
in presence of catalyst to prepare oil in which the effect of 
catalysts and their ratio on the pyrolysis product oil is inves-
tigated and found that the maximum liquid yield obtained 
from pyrolysis of waste tyre with catalyst like activated alu-
mina and zeolite as 49.32% and 51.54% compared to 42.48% 
without catalyst. Ramirez-Canon et al. [28] analyzed the effect 
of liquid fraction of TPO on environment and found that the 
presence of hydrogen stream improves the appearance of 
fuel and also reduces the sulphur content, water and sedi-
ments and increases the heating capacity of fuel.

From the literature review it is clear that TPO is promising 
fuel, which if properly treated can give the better alternative 
for diesel. Numbers of researchers are still working in this 
regard to improve the production as well as performance 
of tyre pyrolysis oil in diesel engine. Most of the researchers 
have suggested that the improvement in the performance 
of TPO is possible, if the aromatic contents are controlled 
properly. It is also suggested to reduce the sulfur to control 
the harmful emissions. Recently the researchers are work-
ing on the blending of TPO with biodiesel in order to obtain 
the oxidation stability of blend. The promising results are 
obtained with these blends. Research has also been done on 
the blending of TPO with Jatropha oil and Nano-material like 
CeO2 showing the improved thermal efficiency compared 
with the other blends. Cost analysis of the TPO with furnace 
oil also shows more economical for the industrial purpose. 
These work show that there is a hope of getting one of the 
emerging fuel developed from tyre and can fulfill the future 
need of fuel for the diesel engines and will prove to be eco-
nomically and environmentally better. In this regard this 
paper contributes the overall performance analysis of TPO 
with diesel blend and it is suggested that TPO can be used 
in CI engine without any modification in the design of any 
component. Again TPO shows reduced harmful emissions.

2 � Tyre pyrolysis oil—methods 
and applications

Pyrolysis is the method of separation of organic sub-
stances by heating, so that chemical reaction occurs 
and decomposition of the substances takes place. In 

pyrolysis, pyro means “fire” and lysis means” decom-
position”. During pyrolysis, various biological fuels like 
wood, cloth, rubber, paper and plastic undergo burn-
ing process initially so that chemical reaction occurs. 
In pyrolysis process waste tyre fed after shredding and 
cleaning process in the reactor and then undergo pyrol-
ysis heating from 450 to 750 °C. Depending on the per-
forming parameters, pyrolysis is categorized into three 
groups: conventional, fast and flash pyrolysis. This vari-
ation is due to working temperature, heating rate, solid 
residing period, biomass grain size, etc. During pyroly-
sis gas is formed which is recycled to produce pyrolysis 
oil. Pyrolysis process can be slow during temperatures 
450–550  °C. In fast and flash pyrolysis heating takes 
place from 850 to 1250 °C and 1050–1300 °C [29]. As an 
alternative for nitrogen gas in tyre pyrolysis, recycling 
a fraction of the pyrolysis gas or conducting pyrolysis 
in a steam atmosphere can be adopted. Metal particles 
if any can be separated from carbon black powder by 
using its magnetic property. Process of preparation of 
TPO is shown in Fig. 1. While preparing the pyrolysis 
oil, it is suggested that the catalysts should be used in 
order to increase the liquid proportion in the yield. In 
this regard Miandad, et al. [30] performed gas chroma-
tography–mass spectrometry analysis and found that 
use of catalyst like activated alumina for the production 
of waste tyre pyrolysis oil reduced the aromatic hydro-
carbon compounds to 60.9% compared to 93.3% when 
produced without catalyst. Salan et al. [31] have also 
used catalysts like clinoptilolite and meerschaum for 
the catalytic pyrolysis of pulper rejects and compared 
their performance. They found that liquid yield as well 
as fuel properties enhanced considerably with the use 
of catalysts and clinoptilolite showed better perfor-
mance compared to meerschaum. Further Gabani et al. 
[32] have used nano calcium oxide (CaO) catalyst for the 
production of waster tyre pyrolysis oil. They also veri-
fied the performance of pyrolysis oil using catalyst and 
found the reduction in the associated pollution prob-
lems; sulphur and increase in the energy economy thus 
producing the quality fuel and suggested that the fuel 
produced using this catalyst can be environmentally 
and economically superior.

For the preparation of pyrolysis oil different tech-
niques are used as shown in Fig. 2. Constituents in the 
pyrolysis process and their applications are shown in 
Figs. 3 and 4. Table 4 shows the basic constituents of 
TPO from truck and car tyre while Table 5 shows the ratio 
of solid liquid and gas in tyre pyrolysis oil and Table 6 
shows the properties of the diesel and tyre pyrolysis oils 
at various pyrolysis temperatures.
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3 � Experimental setup

For the experimentation a VCR type, four stroke water 
cooled single cylinder direct injection diesel engine runs 
at a constant speed of 1500 rpm is used as shown in Fig. 5. 

CR of the engine varies from 12 to 18.1 and it develops 
3500 W power. The make of the engine is Kirloskar and is 
equipped with IC Engine Soft ver.9.0 software. The engine 
was coupled with eddy current type dynamometer for 
loading. The tilting cylinder block arrangement is provided 

Step 1

Step 2

Tyre waste Side wall 
cutting process

Bead wire 
and rubber 
separation

Strip cutting 
process

Block cutting  
process 

Clarification and 
stabilization

Hydrocarbon 
gas

Scrap steel wireCarbon black and 
small steel wire

Pyrolysis oil

Use in rubber industryIndustrial use

Storage and 
firing

Scrap dealerCarbon black and 
metal separation

Pyrolysis
 process

Flue gases

Carbon blackFuel oil

Fig. 1   Process chart for different steps in waste tyre pyrolysis

Fig. 2   Different technologies 
for pyrolysis of waste tyre [1]
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to vary the CR, so that CR can be changed during running 
condition. The setup has panel box consisting of air box 
fitted with manometer, a fuel tank, fuel measuring unit, 
transmitters for air and fuel flow measurements, indica-
tor and hardware interface. Rotameters are provided for 
measurement of engine cooling water and calorimeter 
water flow. The setup can be used for the study of VCR 
operation, brake power, indicated power, frictional power, 
BMEP, IMEP, brake thermal efficiency, indicated thermal 
efficiency, Mechanical efficiency, volumetric efficiency, 
specific fuel consumption, A/F ratio, heat balance and 

Fig. 3   Pyrolytic by-product 
applications [2] Waste Tyres 

Steel  Oil  Char  Gas  

Steel industry 
Fuel oil 

Chemical SS 

Upgrading 
Premium oil 

Solid fuel 

Carbon black 

Upgrading 
Activated 
carbon 

Process fuel 

Fig. 4   Tyre pyrolysis conver-
sion and applications of 
products [2]

    Chemical 
 Applications 

Tyre Wastes 

Tyre pyrolysis conversion

Tyre Pyrolysis liquids Char Gases 

Extraction Steam boilers Upgrading Furnaces 

Gas 
turbines 

IC 
Engines 

Steam 
turbines 

Transport 
fuels 

Chemical 
feedstocks Steam Heat Electricity or Combined 

Heat and Power (CHP) 

Process Heat 
Process Heat 

Stack 

Table 4   Basic constituents of TPO from truck and car tyre [4, 33]

Basic constituents Truck tyre at 
650 °C  %wt

Car tyre at 
650 °C  %wt

Carbon 86.47 86.11
Hydrogen 11.73 10.92
Oxygen 0.81 1.73
Nitrogen 0.16 0.41
Sulphur 0.83 0.83
Total 100 100

Table 5   Ratio of solid liquid 
and gas in tyre pyrolysis oil [34]

Feed size (cm) Tyre feed (kg) Product yield

Liquid Char Higher quality oil Gas

15 × 15 × 3 200 66 kg (33%) 112 kg (56%) 1.1 kg (0.55%) 10.45%
20 × 20 × 3 200 86 kg (43%) 94 kg (47%) 1.5 kg (0.75%) 9.25%
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combustion analysis. The specifications of the engine used 
for testing are shown in Table 7. Experimental set up is 
shown in Fig. 5 and layout of setup is shown in Fig. 6.  

3.1 � Exhaust gas analyzer

Exhaust gas analysis is carried out by ARAI certified INDUS 
5 (Model - PEA 205) exhaust gas analyzer. The instrument 
measures the concentrations of carbon monoxide (CO in 
% & ppm), carbon dioxide (CO2) and oxygen (O2) in per-
centage, hydrocarbons (HC), nitrogen oxide (NO) in ppm 
in the engine exhaust gas. The technical specifications of 
the exhaust gas analyzer are given in the Table 8.

4 � Methodology

During the experimentation the mixture of tyre pyrolysis 
oil and diesel are used in different proportions by volume. 
Properties of different blends are shown in Table 7. Initially 
engine was made to run on diesel from no load to peak 
load conditions. Then the fuel tank was totally drained 

out and the different blends of diesel and tyre pyrolysis 
oil were introduced in the tank. During the test observa-
tions are recorded for variations in load, speed, air flow 
rate, fuel flow rate, engine temperature and exhaust gas 
temperature for various loading conditions. Four lev- 
els of load were applied and the readings are taken for 
the different proportions of tyre pyrolysis oil in diesel. 
The TPO proportions selected are 10%, 25%, 35%, 50%, 
60%, 75% and 90% in the diesel blend. All the readings 
are noted for all the blends. Then all results are computed 
and then compared with pure diesel. Best possible blend 
of diesel and TPO are found using combustion analysis. 
Properties of TPO with diesel are at different blends are 
shown in Fig. 9 and emission standards for the engine are 
shown in Fig. 10. Emissions from heavy vehicles can be 
analyzed by collecting data from models for the assess-
ment of road transport emission inventories, such as US 
EPA’s MOVES (Motor Vehicle Emission Simulator), Copert 

Table 6   Properties of the diesel and tyre pyrolysis oils at various 
pyrolysis temperatures [18]

Property TPO at various Pyrolysis Tem-
perature

Diesel

350 °C 400 °C 450 °C 40 °C

Flash point,  °C 39 40 43 50
Density at 15 °C (kg/m3) 887.2 889.1 890.4 830
Kinematic viscosity at 

40 °C (Centistokes)
2.71 2.74 2.81 2.58

Cetane number 44 43 45 53
Calorific value, kJ/kg 42,080 42,130 42,210 43,800
Ash, wt % < 0.12 < 0.12 < 0.12 0.01

Fig. 5   Experimental setup

Table 7   Engine specification

Parameter Details

Engine VCR high speed diesel
Bore diameter (cm) 8.75
Stroke length (cm) 11
Maximum power (kW) 3.5
Maximum speed (rpm) 1500
Connecting rod length (cm) 23.4
Swept volume (cc) 661.5
Stroke and cylinder 4 and 1
Speed type Constant
C.R 12 to 18:1
Cooling type Water
Orifice dia. (cm) 2.0
Dynamometer Eddy current type, water cooled
Dynamometer arm length (m) 0.185
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(Computer Programme to Calculate Emissions from Road 
Transport) and HBEFA (Hand Book on Emission Factors for 
Road Transport). Tables 8 and 9 present the properties of 
pure diesel with TPO blends and emission standards for 
diesel engines.

5 � Results and discussion

The results obtained are summarized in this section. 
Various performance parameters like brake power (BP), 
frictional power (FP), torque, brake and frictional mean 

effective pressure (BMEP and FMEP), brake as well as indi-
cated thermal efficiency (BTE and ITE), frictional thermal 
efficiency (FTE), mechanical efficiency (ME), brake specific 
fuel consumption (BSFC) are taken for the analysis. Com-
bustion parameters like cylinder pressure, cylinder peak 
pressure, and ignition delay are analyzed. The exhaust 
emissions like CO. CO2, HC, O2, and NOx are also analyzed 
(Table 10).

5.1 � Performance characteristics

Figure 7 shows the fluctuation of brake power with varying 
loads. From Fig. 7, it is observed that brake power increases 

Fig. 6   Schematic of experi-
mental setup

EGA – Exhaust Gas Analyzer, T1 to T 6 –Thermocouples, F1 and F2– Fuel sensors
SM – Smoke meter

Control 
Panel

Engine

Calorimeter

SMEGA

T2

T4

T5
T6

F2

Dynamometer

T3

T1

Computer
F1

Table 8   Specifications of exhaust gas analyzer

Gases measured Carbon monoxide, carbon dioxide, oxygen, hydrocarbons, nitrogen oxide

Principle Non dispersive infra- red for CO, CO2 and HC, Electrochemical sensor for O2 and NO2

Range CO:0 to 15%, HC: 0 to 30,000 ppm,O2: 0 to 25%, CO2: 0 to 20%,NO: 0 to 5000 ppm
Data resolution CO:0.001%, O2 and CO2: 0.01%,HC and NO:1 ppm
Accuracy CO: ± 0.06%, CO2: ± 0.5%,HC: ± 12 ppm, O2: ± 0.1%
Display 20 × 4 backlit LED display
RPM Range: 0 to 8000
Start up time 1 min from power ON: Full accuracy within 5 min
Zero time Less than 30 s
Intrinsic response time < 15 s
Gas flow rate 1 ltr/min
Data communication RS 232 interface for computer connectivity
Printer output CO,O2 and CO2 in & HC and NO2 in ppm
Operating temperature 0 to 45 °C
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with gradual rise in load for all the blends. At higher 
load, the brake power increases to 2.7 kW. For DF100%, 
D90% + TPO10%, D75% + TPO25%, D65% + TPO35% and 
D10% + TPO90 brake power varies from 1.98 kW, 2.07 kW, 
2.09 kW, 2.13 kW and 2.07 kW respectively. The blend 
DF10% + TPO90% gives better brake power as compared 
with other blends and diesel fuel also. This shows that 
brake power is boosted with rise in the proportions of TPO  
in the blend. 

Figure 8 shows the fluctuation of brake specific fuel 
consumption (BSFC) with varying load. It shows that as 
load increases, specific fuel consumption reduces. At lower 

loads BSFC is high for all the blends of TPO with Diesel. This 
is due to the fact that friction power loss is higher at the 
lower load due to high engine speed. With gradual rise in 
the load, speed of the engine reduces which leads to the 
reduction in the engine frictional losses and most of the 
energy developed is converted into useful brake power. 
At the higher load 7.4 kg BSFC is lower for all the blends. 
There is no delinquent in using TPO in the diesel engine 
as it shows the most economical fuel.

Figure 9 shows the fluctuation of brake thermal effi-
ciency (BTE) with varying loads. From Fig. 9 it is seen that 
with increase in the proportions of TPO, BTE increases 
gradualy for all loads due to decrease in calorific value with 
increase in the proportion of TPO in the mixture. This leads 
to the decrease in the heat supplied, but the brake power 
increases with increment in TPO proportion which result 
in higher brake thermal efficiency. Density of TPO is also 
higher than diesel which results in excess fuel for combus-
tion in the cylinder leads to develop more useful brake 
power and increased in BTE. It is also found that the tyre 
blends D75% + TPO25% and D 40% and TPO 60% shows 
the maximum rise in thermal efficiency than preceding.

Figure 10 shows the fluctuation of mechanical effi-
ciency with varying loads. Thermal efficiency is a measure 

Table 9   Properties of pure 
diesel and TPO blends

Blend Kinematic viscosity 
(Centistoke)

Calorific value (KJ/kg) Flash point  °C

DF 90% + TPO 10% 2.91 46,989.88 42
DF 75% + TPO 25% 3.00 46,076.14 38
DF 50% + TPO 50% 3.25 45,390.20 32
DF 40% + TPO 60% 3.31 44,240.04 28
DF 25% + TPO 75% 3.40 43,869.51 25
DF 10% + TPO 90% 3.55 43,015.96 23

Table 10   Emission standards for diesel engines, g/kWh [35]

Year Reference CO HC NOx PM

1992 – 17.3–32.6 2.7–3.7 – –
1996 – 11.2 2.4 14.4 –
2000 Euro I 4.5 1.1 8 0.36
2005 Euro II 4 1.1 7 0.15
2006 Euro III 2.1 0.66 5 0.1
2009 Euro IV 1.5 0.46 3.5 0.02
2010 Euro V 1.5 0.46 2 0.02

Fig. 7   Variation of brake power 
with load
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of how much total work is obtained from some amount of 
heat generated in the engine cylinder while Mechanical 
efficiency is a measure of how much net work required to 
rotate a machine by after losing some of the generated 
total work in friction From Fig. 10 it is observed that the 
mechanical efficiency rises with increase in the propor-
tions of TPO for all the loading conditions. Mechanical 
efficiency also increases with gradual rise in the loads for 
all the blends. The reason is that with increase in the load 
on the engine, speed decreases and more fuel is admit-
ted into the cylinder which results in increase of indi- 
cated power, but decreases the loss due to friction and 
lower speed. Hence out of the total power developed in 
the engine cylinder more amount is converted into use-
ful brake power. Mechanical efficiency goes on increas-
ing with rise in the proportion of TPO in the mixture. The 
reason for increase in mechanical efficiency for TPO blend 
than diesel is due to rise in the brake power with TPO 

proportion in the mixture. It is also observed that the TPO 
blends D 65% + TPO35% and D 10% + TPO 90% shows the 
maximum increase in mechanical efficiency than preced-
ing due to better combustible mixture.

5.2 � Exhaust emissions

The mass of exhaust gas can be found by using the 
amount the carbon present in the fuel. If we require the 
individual constituents of exhaust gas and its percentage, 
then using the combustion equations theoretically we 
can perform Gravimetric analysis or Volumetric analysis. 
In case of blend of diesel and other fuel tested on engine 
cetane number of the blend plays important role which 
can be calculated by

CN of fuel = (% of n − cetane) + 0.15 × (% of isocetane)

Fig. 8   Variation of specific fuel 
consumption with load

Fig. 9   Variation of brake ther-
mal efficiency with load
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 Generally, CO and HC increase with load although other 
factors (generation of in-cylinder turbulence, injection tim-
ing calibration and/or number of injection events, exhaust 
temperature, use of catalytic exhaust after treatment, 
etc.) may very well be dominant instead depending on a 
particular engine. Figure 11 shows the fluctuation of CO 
emissions with varying load. From Fig. 11, it is clear that at 
lower proportions of TPO, CO emissions is less. But for 60%  
blend of TPO, CO emissions is slightly higher at low loads 
as compared with diesel. The reason for the increment in 
the CO emission is due to the presence of low molecular 
weight of the blend affecting the disintegration process, 
leading to the formation of local rich mixtures results in 
increase of higher CO emissions than diesel. With increase 
in the proportions of TPO as 75% and 90% in diesel, the CO 
emission tends to reduce at low loads as TPO mixtures con-
tains extra oxygen which promotes complete combustion 
of the fuel and supply the required oxygen to convert CO 

to CO2. But at higher loads CO emission increase slightly 
due to insufficient oxygen for the combustion.

Variation of hydrocarbon emissions (HC) with TPO 
blends is presented in the Fig. 12. HC is generally meas-
ured in ppm which can be converted g/g/kWh by firstly 
converting the ppm of particular emission to mole fraction 
of the particular emission to total exhaust gas. Then mul-
tiplying by the ratio of the Molecular Weight of particular 
emission to the total exhaust gas, then multiply the mass 
of exhaust, which is mass of air plus mass of fuel in unit 
of (g/s) which gives the mass basis of particular emission, 
which is divided by indicated power to get the indicated 
specific emission, which is in the unit of g/kWh.

Combustion efficiency is generally indicated by unburnt 
hydrocarbon present in the exhaust gases. Incomplete 
combustion of the fuel boosts HC emission. Figure 12 
shows that HC emissions varying from 23 ppm to 14 ppm 
from zero load to full load for diesel and TPO 10%, 25%, 

Fig. 10   Variation of mechanical 
efficiency with load

Fig. 11   Variation of CO emis-
sions with TPO blends



Vol.:(0123456789)

SN Applied Sciences (2019) 1:294 | https://doi.org/10.1007/s42452-019-0308-8	 Research Article

35%, 50%, 60%, 7 5% and 90% emissions varied from 23, 
19, 18, 17, 15 and 14 ppm at no load to 10, 11, 11 and 12 
at peak load condition. It is found that with increase in 
the TPO percentage in the blend, HC emissions reduces. 
The reason is that hydrogen content in the TPO is less as 
compared to diesel. Again as the oxygen in the TPO is 
higher than diesel, it helps for complete combustion of 
fuel leading to the reduction in HC emissions. Particulate 
matters are determined in by collecting methods where 
particles are first deposited on a sampling filter and then 
analyzed. In most cases, PM emissions are determined 
through gravimetric analysis of the collected particulates.

Variation of CO2 emissions with TPO blends is presented  
in the Fig. 13. The Fig. 13 shows that with rise in the load, 
the CO2 emissions gradually increased due to higher fuel 
admittance and higher cylinder temperature. CO2 emis-
sions are higher in case of TPO 75% blend due to chemi-
cally correct air fuel mixture. Generally, TPO having lower 
carbon content as compared to diesel, which result in the 

reduced CO2 emissions in TPO blends than diesel. From 
the Fig. 13, it is observed that the CO2 emissions of all TPO 
and diesel mixture are considerably lower than pure diesel. 
Among all other blends T90 D10 blend gives lowest CO2 
emission than all other blends and diesel at all loads. CO2 
emissions can be reduced by reducing the fuel consump-
tion and emissions from the vehicles can be determined 
by multiplying data by approximate emission factor, which 
is the total CO2 emission measured divided by the esti-
mated distance travelled by vehicle.

Formation rates are primarily the function of com-
bustion temperature and pressure and nitrogen present 
in the fuel affects nitric oxide (NO) formation. Nitrogen 
oxides can cause acid deposition, respiratory diseases in 
humans and hence should be lowered NOx can be reduced 
by delaying fuel injection Fluctuation of Nitrogen oxide 
emissions with TPO blends is presented in the Fig. 14. Fig-
ure 14 shows that with rise in the TPO proportion in the 
blend, there is a gradual increment in NOx emissions due 

Fig. 12   Variation of HC emis-
sions with TPO blends

Fig. 13   Variation of CO2 emis-
sions with TPO blends
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to more oxygen content in TPO than diesel which contrib-
utes rise in the cylinder temperature leading to increase in 
NOx emissions. As the combustion temperature increase 
in case of surge in TPO in the blend, better combustion 
results in higher NOx emissions. For all the TPO blends, 
there is increase in the NOx emissions than diesel. NOx 
emissions increases for diesel as well as TPO blend with 
gradual increase in the loads.

Figure 15 presents the fluctuation of smoke opacity  
with TPO blend. Figure 15 shows that the smoke emis-
sion for diesel as well as TPO blends. The smoke emis-
sions increase with increment in the load on the engine. 
The TPO has high density leads to the higher smoke 
emission. It is observed that the rise in the smoke emis-
sions is uniform in case of TPO 25 as TPO contains less 
carbon and hydrogen than diesel and lower ignition 
delay which reduces the incomplete combustion. From 
Fig. 15 it is also seen that, the smoke emissions increase 
with increase in the TPO proportions and for TPO 90 it 

tends to be maximum. At higher load smoke level is min-
imum for TPO35 due to correct air–fuel mixture. Further 
with increase in TPO proportion, smoke level increased 
due to longer delay in ignition and higher aromatic 
value. The values of smoke emissions for diesel, TPO 
10, TPO 25, TPO 35, TPO 50, TPO 50, TPO60, TPO 75 and 
TPO 90 are 28%, 35%, 29%, 16%, 21%, 25%, 42 and 56% 
respectively, at peak load condition.

5.3 � Combustion parameters

Figure 16 shows the fluctuation of cylinder pressure with 
TPO mixtures. From Fig. 16 it is observed that the cylinder 
pressure goes on increasing up to moderate load and then 
decreases for higher loads. TPO contains the elements 
having higher boiling points than diesel. It also contains 
excess oxygen. This leads to the increased cylinder pres-
sure than diesel. But with higher proportion of TPO in the 
blend, cylinder pressure decreases. This is due to indigent 

Fig. 14   Variation of Nitrogen 
Oxide (NOX) emissions with 
TPO

Fig. 15   Variation of Smoke 
Opacity with TPO
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ignition quality and more density of TPO-diesel mixture. 
The cylinder pressure depends on compression ratio, heat 

release rate, complete combustion and design of the com-
bustion chamber.

Fig. 16   Variation of cylinder 
pressure with TPO

Fig. 17   Variation of cylinder 
peak pressure with TPO

Fig. 18   Variation of ignition 
delay with TPO
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Fluctuation of cylinder peak pressure with TPO blends is 
presented in the Fig. 17. It is found that with the increase 
in the load the cylinder peak pressure increases. Its value 
for diesel, TPO 10, TPO 25, TPO 35, TPO50, TPO50, TPO60, 
TPO75 and TPO90 are obtained to be 73,76,79,83,84,82,79 
and 77 bars at peak loads respectively. The peak pressure 
depends on the rate of combustion which depends upon 
the ignition delay and the quality of air–fuel mixture inside 
the engine cylinder. It also depends upon the quantity of 
fuel which has taken part into the combustion during 
the early combustion stage. Hence, lower ignition delay 
in the TPO blend leads to the rise in peak pressure. The 
cylinder peak pressure for TPO 50 is the highest than all 
other blends due to correct air fuel ratio obtainable for 
combustion.

Fluctuation of ignition delay with TPO mixture is pre-
sented in Fig. 18. Figure 18 shows that with rise in engine 
load, the ignition delay for all the fuels decreased. The 
ignition delay values of TPO blends and diesel are 10.6, 
10.9, 11.3, 11.7, 12.3, 12.8, 13.3 CA and 14.2 CA at full load 
of diesel TPO10, TPO25, TPO35, TPO50, TPO60, TPO 75 
and TPO 90 blend respectively. Ignition delay generally 
depends upon cylinder temperature, fuel injection pres-
sure, hole size, type and quality of fuel. Lower ignition 
delay in the TPO blends leads to the increase in peak pres-
sure. The cylinder peak pressure for TPO 50 is highest than 
all other blends due to correct air fuel ratio obtainable for 
combustion.

6 � Conclusions

The objective of this paper is to investigate the overall 
performance of TPO with diesel blend on single cylinder 
CI diesel engine. Following conclusions are drawn from 
experimental investigations.

•	 Gradual rise in the TPO proportion and in the blend and 
rise in the load leads to rise in brake power, Mechani-
cal efficiency and brake thermal efficiency for all the 
blends. This is due to decrease in calorific value of 
blend with increase in TPO.

•	 The tyre blends with TPO25 and TPO 60 shows the 
maximum rise in thermal efficiency than preceding.

•	 Specific fuel consumption reduces for all blends with 
gradual rise in load due to reduction in friction loss at 
higher load and subsequently decreases in speed at 
higher load.

•	 CO Emissions are moderate up to TPO 60 and incraeses 
up to TPO 75 and again reduces thereafter.CO also 
reduces up to moderate load and increases at higher 
loads.

•	 Gradual increase in the load on the engine leads to 
increase in CO2 emissions due to higher fuel injection 
and cylinder temperature and also found to be higher 
at TPO 75 due to more chemically correct air–fuel mix-
ture.

•	 Higher TPO in the blend leads to reduction in HC emis-
sions due to less hydrogen content in the TPO due to 
higher oxygen than diesel promoting proper combus-
tion of fuel which leads to the reduction in HC emis-
sions.

•	 Excess oxygen in the TPO leads to the increased cyl-
inder pressure and peak pressure than diesel up to 
moderate load and less TPO proportion but reduced 
after due to indigent ignition characteristics and higher 
density of TPO-diesel mixture.

•	 NOx and smoke opacity found to be decreased up to 
moderate load and lower TPO but increased for higher 
TPO concentration in the blend.

•	 Analyzing the performance of TPO for different pro-
portions with diesel, it is recommended that TPO 10 to 
TPO 90 blend can efficiently be used in diesel engines 
without any modifications in any engine components. 
However, the higher concentrations of TPO results into 
high CO, NOx, and smoke emissions. Hence for better 
output and efficiencies TPO 90 is the better alternative 
for diesel. On the other hand, for lower fuel consump-
tion and lower emissions, it is recommended to use 
TPO 10.
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