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ABSTRACT 

Fluctuations in the cost of petroleum products coupled with the depletion of fossil fuel resources are placing enormous 

pressures on economies around the globe. Furthermore, the new emission standards for internal combustion engines 

that are installed on 95% of vehicles are becoming more and more stringent to move towards sustainable development 

goals. Therefore, finding alternative fuels is always an urgent need for any sustainable development strategy, 

especially recycled sources from petroleum-based incremental products such as waste plastics and waste rubber. The 

objective of this review is to shed light on the significant role of tire pyrolysis oils (TPOs) as an alternative fuel for 

compression ignition engines. Pyrolysis is the preferred solution to respond to the rapidly increasing number of waste 

tires globally. This work begins with production-to-adaptive perspectives of rubber tire pyrolysis oils, followed by 

objective assessments of the effects of this fuel’s properties on engine performance and emission characteristics 

considering the relevant published literature. Finally, some perspectives and recommendations are presented before 

concluding on the impacts and applicability of TPOs as an alternative fuel for diesel engines. 
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INTRODUCTION 

The search for alternative fuel sources to cope with the rapid depletion of petroleum-based fuel sources has become 

more urgent than ever. Furthermore, sustainable development strategies closely linked to environmental protection 

have prompted researchers to search for environmentally friendly alternative fuel sources [1]. A new research trend 

has been launched regarding energy recovery from waste materials. Non-biodegradable materials including biomass, 

agricultural waste, industrial waste, plastic and rubber which have a high energy density are of great interest to 

scholars. Tire waste rubber is an artificial and non-biodegradable polymeric material that can have a very serious 

impact on the environment [2-4]. Furthermore, the photodegradation of the waste of synthetic rubber requires more 

time than that of biomass [5-7]. For non-biodegradable materials, the solution to convert them into useful energy is to 

use pyrolysis techniques. Value-added products that can be obtained from pyrolysis of tires, waste rubber and waste 

plastics, etc. include pyrolysis oil, pyrolysis gas and carbon black.  

In general, the pyrolysis of waste tires can yield many value-added products such as pyrolysis oil, pyrolysis gas, 

pyrolysis char and steel wire [8-9]. The highly applicable waste tire pyrolysis products such as carbon nanotubes, 

diesel fuel, hydrogen fuel, supercapacitors, batteries and water treatment are shown in Figure 1 [10]. Prominent in 

value-added products is tyre pyrolysis oil (TPO), a liquid fuel with properties quite similar to traditional diesel. The 

production of pyrolysis oil from waste tires is expanding in scale because the amount of raw materials in the past five 

years has been constantly increasing at a rate of 2% per year. Some countries have paid attention to scale up the 

production of this fuel such as China, France, Canada and India, etc [11, 12]. TPO production methods are still mainly 

based on traditional pyrolysis techniques. However, several improved techniques in the production of TPO such as 
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catalytic pyrolysis and co-pyrolysis of tires and other materials have been carried out to improve the physicochemical 

properties of the pyrolysis oils [13-15]. 

In terms of physicochemical properties, TPO fuels have been reported to contain chemical compounds with C chains 

from C5 to C20, H, O, N, S and water. The volatile components in TPO are suitable for gasoline, kerosene and diesel 

fuel because their boiling points are quite similar [16,17]. Therefore, the trend of using TPO to blend with traditional 

fuels used for internal combustion engines has attracted much attention from scholars [14-19]. Furthermore, tire 

pyrolysis liquid fuels are reported to have higher viscosity and density, lower cetane number than diesel fuel. 

Therefore, the combustion characteristics of the TPO-diesel blends in compression ignition (CI) engines are worse 

due to the longer ignition delay [20, 21]. Several other studies have suggested the addition of additives with lower 

viscosity and better vaporization properties to improve the combustion characteristics of tertiary fuels containing TPO 

[22, 23]. 

 

Figure 1. Value-added products from the pyrolysis of waste tires [10] 

The production of TPO fuel as well as its practical application for CI engines still has many gaps to be considered. In 

terms of production, pyrolysis techniques need to be evaluated and compared in order to select the optimal and 

economical tire-based liquid fuel production method. Furthermore, the composition and physicochemical properties 

of TPO fuel should be comprehensively evaluated in terms of their influence on combustion behaviour, engine 

performance, emissions characteristics. Therefore, the objective of this summary review is to examine different but 

unified aspects from production to application of TPO thorough discussion of the relevant literature. With highlights 

including the characteristic properties of TPO, the influence of TPO on engine performance and emission 

characteristics of compression ignition engines are discussed mainly in this work. 

Properties of waste tyre pyrolysis oil 

The main chemical composition of tires includes natural rubber and synthetic rubber. Natural rubber is produced and 

extracted from latex - the sap of the rubber tree is a white liquid that flows from the bark of a tree. Synthetic rubber is 

petroleum-based value-added products such as styrene-butadiene rubber. The main components of a tire are depicted 

in Figure 2 [24]. Obviously, besides the main components of rubber, carbon black can account for up to 30% and give 

the tire a black colour, which plays an important role in enhancing the hardness and durability of the tire [25]. Elasticity 

is considered the most important property of natural rubber, it is the main contributor to the ability to deform under 

external pressure [26]. 
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Figure 2. Components of a tire [24] 

Fossil fuel sources are facing rising pressure and environmental pollution has prompted researchers to use TPO as a 

potential alternative fuel for diesel engines. Before evaluating the literature on the effects of TPO properties on 

combustion behaviour, engine performance and emissions characteristics, the physical and chemical properties of 

TPO fuels should be seriously considered. Table 1 shows the properties of TPO fuels that have been revealed in recent 

studies. A higher density of TPO fuel means that more TPO fuel is injected into the combustion chamber at the same 

time. Therefore, the rate of pressure increase during the combustion process is more intense. This increases the 

mechanical and thermal stresses, leading to unstable engine operation and reduced engine life [27, 28]. Flashpoint is 

one of the indicators to assess the explosion hazard of liquid fuel when it comes into contact with a heat source [29]. 

It is defined as the lowest temperature for spontaneous combustion after the fuel has been exposed to an ignition 

source [30].  

With TPO fuel, it has a lower flash point than diesel fuel, leading to a higher risk of unsafety. Therefore, according to 

recommendations from researchers, the flashpoint of TPO should be enhanced before being used as a liquid fuel. The 

cetane number of pure TPO fuel is lower than that of diesel fuel. Experimental results in Table 1 have revealed that 

its cetane number is always below 45. This means that a certain amount of fuel is injected before the start of the fire 

due to a longer ignition delay as using TPO fuel [31]. As a result, the maximum combustion pressure occurs 

simultaneously at different points, leading to a decrease in thermal efficiency, an increase in engine knocking. The 

presence of components such as sulfur and nitrogen compounds in TPO fuel has a partial impact on emissions from 

diesel engines. In tires, for example, there are always sulfur and nitrogen additives [32]. The results of some studies 

have only revealed that the proportion of sulfur and nitrogen in TPO can reach 1.7% and 1.5% respectively [33]. That 

content exceeds the allowable limits of traditional fossil fuels used for engines.  

Therefore, TPO fuel production technology requires significant improvements to reduce sulfur and nitrogen 

compounds in liquid fuels [34, 35]. A higher density of TPO fuel means that more TPO fuel is injected into the 

combustion chamber at the same time. Therefore, the rate of pressure increase during the combustion process is more 

intense. This increases the mechanical and thermal stresses, leading to unstable engine operation and reduced engine 

life [36]. Flashpoint is one of the indicators to assess the explosion hazard of liquid fuel when it comes into contact 

with a heat source [37]. It is defined as the lowest temperature for spontaneous combustion after the fuel has been 

exposed to an ignition source. With TPO fuel, it has a lower flash point than diesel fuel, leading to a higher risk of 

unsafety [38].  
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Therefore, according to recommendations from researchers, the flashpoint of TPO should be enhanced before being 

used as a liquid fuel [39]. The cetane number of pure TPO fuel is lower than that of diesel fuel. This means that a 

certain amount of fuel is injected before the start of the fire due to a longer ignition delay than using TPO fuel [40]. 

As a result, the maximum combustion pressure occurs simultaneously at different points, leading to a decrease in 

thermal efficiency, an increase in engine knocking [41]. TPO has a fairly high energy density so it can become a fuel 

used directly in furnaces or diesel engines. However, TPO contains many compounds of nitrogen and sulfur substances 

that can generate combustion products that are harmful to the environment [42]. Therefore, the direct use of TPO 

should be carefully considered when considering the emission characteristics. The solution of desulfurization in the 

pyrolysis stage can help reduce the sulfur content of TPO products by nearly 90%, but the production cost of low-

sulfur TPO is very high [9]. Another solution that has been reported by many researchers is to mix TPO with diesel 

or biodiesel in a suitable ratio to improve the indicators of combustion, engine characteristics and emission 

characteristics. 

Table 1. The properties of TPO fuel 

Density 

(g/cm3) 

@ 

15°C 

Viscosity 

(cSt) 

Calorific 

value 

(MJ/kg) 

Flash 

point 

(°C) 

Cetane 

number 

Oxygen 

(%) 

Carbon 

(%) 

Hydrogen 

(%) 

Nitrogen 

(%) 

Sulfur 

(%) 

Ref. 

0.91 3.35 

(at 20oC) 

38.1 49.0 41  86.9 10.5 0.65 0.95 [5] 

0.85 2.47 

(at 40oC) 

41.7 56.5 44  80.9 12.7 - - [43] 

- 2.4 

(at 50oC) 

41.7 17.1 -  84.3 10.4 0.42 1.55 [36] 

0.97 4.91 

(at 30oC) 

40.8 32.1 42  84.8 9.1 0.71 1.36 [44] 

0.94 4.62 

(at 40oC) 

38.1 41.6 43  87.6 10.4 0.91 1.35 [45] 

0.91 6.30 

(at 40oC) 

42.1 20 -  - - - 1.45 [46] 

0.856 2.5 

(at 25oC) 

46.1 27.5 -  87.2 12.2 - 0.3 [47] 

0.845 1.51 

(at 30oC) 

42.4 34 -  - - - - [48] 

0.92–

0.935 

3.2 

(at 40 oC) 

38–42.8 43 - 0.10 –

3.96 

83.45–

85.60 

9.59–

11.73 

0.40–

1.05 

0.72–

0.96 

[10] 

  935 3.77 

(at 40 oC) 

39.2 43 25-30 - - - - - [49] 

0.9239 3.77 

(at 40 oC) 

38 43 - - - - - 0.72 [50] 

845.6 1.51 

(at 30oC) 

42.37 34 - - - - - - [33] 

935 3.2 

(at 40 oC) 

42.8 43 - - - - - 0.95 [51] 

900 2.81 

(at 40 oC) 

43.27 20 - - - - - 0.6 [52] 

- 2.44 

(at 50oC) 

41.70 17 -  84.26 10.39 0.42 1.54 [53] 
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Effect of TPO on engine performance and emission characteristics 

During recent years, various investigations have been conducted by researchers concerning the use of tyre pyrolysis 

oil as a fuel in diesel engines. The use of TPO provided a good driveability and high efficiency of the diesel engine 

over a  wide range of engine load. The main barriers in using TPO are connected with its high viscosity, which often 

results in a need to significantly modify the engine construction. The performance and emissions of harmful exhaust 

components in diesel engines supplied by blends of diesel and TPO available in the literature are gathered in this 

review work. In literature, many research articles on the use of TPO as diesel engine fuel are available [31, 54, 55]. 

The study was done on a single-cylinder four-stroke diesel engine with a diesel/waste tyre derived fuel (TDF) blend 

[56]. The authors blended raw TDF with petroleum diesel in different proportions (10–50% on vol. basis) and 

performance and emission data were analyzed and compared with sole diesel operation. They noticed an increase in 

brake thermal efficiency with an increasing percentage of  TDF in the blend but BTE for all the blends was lower than 

diesel. The nitric oxide and hydrocarbon emission were reported higher than diesel due to the presence of aromatic 

content in TDF[57]. 

Another study by Murugan, Ramaswamy, and Nagarajan [44] have been carried out to evaluate the performance, 

emission, and combustion characteristics of a single-cylinder direct injection diesel engine fueled with 10%, 30%, and 

50% of tyre pyrolysis oil (TPO) blended with diesel fuel (DF). The TPO was derived from waste automobile tyres 

through vacuum pyrolysis. The combustion parameters such as heat release rate, cylinder peak pressure, and maximum 

rate of pressure rise also analysed. Results showed that the brake thermal efficiency of the engine fueled with TPO–

DF blends increased with an increase in blend concentration and reduction of DF concentration. The brake thermal 

efficiency for DF at full load is 29.5%, while with TPO10 and TPO30, it is 27.2% and 28.5%, respectively. The brake 

thermal efficiency for TPO50 is 28.9%. TPO 30 shows a better performance at all loads compared to TPO10 and 

TPO50. This may be due to better mixing of air and fuel mixture and higher heat released.  

It may be seen that the exhaust gas temperature increases with increasing load and TPO–DF blends. Poor volatility 

and high viscosity are the reasons for the higher exhaust gas temperatures for TPO–DF blends in Figure 3. NOx, HC, 

CO, and smoke emissions were found to be higher at higher loads due to the high aromatic content and longer ignition 

delay. It was also reported that fuel with higher aromatic content produces higher NOx values, NOx values for TPO–

DF blends are higher than DF, which is probably due to the longer ignition delay and higher aromatic content. This is 

evident from the higher exhaust gas temperatures from the TPO–DF fueled engine. Hydrocarbon emissions are higher 

for TPO–DF blends than for DF at full load. TPO10 exhibits an approximately 3% increase in HC at peak load. In the 

cases of TPO30 and TPO 50, the rises in HC at peak load are 15% and 21%, respectively. This is due to the PAH 

present in the TPO. TPO–DF blends increase the CO concentration by an average of 12% over DF.  

 

Figure 3. Change in BSFC and EGT with diesel and TPO blends [44] 
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In addition, Zare et al. [14] studied performance parameters, in general, Brake-specific fuel consumption (BSFC) and 

Break thermal energy (BTE) and found that to be higher in TPO blended fuel compared to diesel which could be 

possibly due to a lower caloric value (38–42.8 MJ/kg). Emission of CO and CO2 is higher with the use of TPO blended 

fuel due to the higher density and viscosity of TPO, leading to a lower fuel to air ratio. A similar trend was observed 

for hydrocarbon emissions. In another study by Murugan, Ramaswamy, and Nagarajan, the TPO was blended with 

biodiesel derived from Jatropha oil [56]. It was documented that the biodiesels are considered high cetane fuel and 

blending TPO with biodiesel can be one solution to eliminate the drawback of lower cetane number of TPO. Among 

the five blends used in the study, the blend which contains 80% biodiesel and 20% TPO gave better results than other 

fuel blends. A noticeable variation was seen in BTE, HC, CO, NO and smoke opacity emissions. Further study was 

carried out with optimum blend at different injection timing (IT), injection pressure  (IP)  and compression ratio (CR) 

due to the high viscosity and density of the blend. The IT of 24.5 oC BTDC, IP of 220 bar and  CR  of  18.5 was found 

the optimum engine parameters for the optimum fuel blend [5, 13]. 

The work by Auti and Rathod [58] focuses on the effects of fuel blends produced from Karanja biodiesel, tyre pyrolysis 

oil and Diesel on CI engine, Pyrolysis oil can be used as a secondary fuel or can be blended with diesel this will 

increase the commercial value of tyre pyrolysis oil. TP10KB20 and TP20KB10 hybrid blends have shown BTHE 

27.06% and 27.67% respectively. Maximum BTHE reported by diesel fuel is 26.11% at 125% of FL. Hence, almost 

7% higher BTHE is reported by TPKB hybrid blends compared to diesel and 10% higher BTHE compared to TPO30 

or KBD30. The blend has better brake thermal efficiency. TP20KB10, TP10KB20 and diesel fuel has shown the 

lowest BSFC of 0.32 kg/kWh at full load. This BSFC is 6.5% lower compared to TPO30 and KBD30 blends. This 

may be due to the lower density and viscosity as well as more calorific value of hybrid blends. Also, the cetane number 

of the hybrid blend is improved due to Karanja biodiesel without affecting much on vaporization quality of TPO. As 

the load increases CO emissions increases. In Figure 4c, at full load higher CO emissions 0.42%, 0.4% and 038% 

volume are shown by KBD30 followed by TP20KB10 and TPO30. Karanja biodiesel has a high density and more 

viscosity. Hydrocarbon emissions increase according to the rise in load. At 125% FL 73, 68, and 64 ppm are higher 

UHC emissions recorded by KBD30, TP20KB10 and TPO30 respectively.  

However, lower HC emissions 60 ppm recorded by diesel and TP10KB20, shown in Figure 4b. This almost 14% 

lower emissions may be due to the better thermophysical properties of the hybrid blend. Nitric oxide (NO) emissions 

are increases with an increase in load. KBD30 and TP20KB10 have shown higher NO emissions are 723 and 675 ppm 

respectively, in Figure 4a. Further, diesel, TPO30 and TP10KB20 have shown NO emissions 611, 612 and 658 ppm 

respectively. This almost 18% higher NO emissions are recorded due to higher combustion temperature. As the load 

increases opacity increases. The blends KBD30, TPO30 and TP20KB10 have shown higher smoke emissions in Figure 

4d.  
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Figure 4. Emission characteristics of the CI engine using fuel blends produced from Karanja biodiesel, tyre 

pyrolysis oil and diesel [58] 

In a study by Simsek, Uslu, and Coştu [38], the usability of pyrolyzed tire oil (PRO) supplemented with motor silk 

(MS) as an alternative fuel for diesel engines was evaluated. For this purpose, PRO, euro diesel (ED) and MS were 

tried in a single-cylinder engine by mixing in different proportions as standard diesel fuel (ED100), EPRO10 (10% 

PRO + 90% ED), EPRO20, EPRO30, EPRO10MS1 (1% MS + 99% EPRO10), EPRO20MS1 and EPRO30MS1 fuels 

with different loads (500, 750, 1000, 1250, 1500 W) and at constant engine speed (3600 rpm). With the data obtained 

from the experiments, engine performance and exhaust emission values were examined and compared. According to 

the results of the experiment, it was determined that the addition of 30% PRO into the ED increases the exhaust 

emissions and brake specific fuel consumption (BSFC) without any change in the engine fuel system [59]. With the 

addition of MS, an average of 9% reduction was achieved in BSFC values in all fuels.  

In the case of working with EPROMS fuels, it has been determined that emissions of smoke, hydrocarbon (HC) and 

carbon monoxide (CO) are decreased, and nitrogen oxide (NOx) emissions are increased. Compared to the EPRO30 

fuel, the EPRO30MS1 test fuel released an average of 23.561% less HC emission. The highest NOx emission value 

was determined as 285 ppm at 1500-W load with EPRO20MS1. According to the experimental results, it was observed 

that the use of MS increased the brake thermal efficiency (BTHE) values and decreased BSFC values. The increase 

in the BTHE values of EPRO10MS1 was found to be approximately 2.184% when the average of all loads was 

compared to the engine reference fuel (ED100). In the experimental investigation by Sharma and Murugan [49], TPO 

was blended with Jatropha methyl ester (JME), whose cetane number is higher than that of diesel, and used as an 

alternative fuel in a single-cylinder, four-stroke, air-cooled, direct injection (DI) diesel engine developing 4.4kW. Five 

different blends of varying TPO, from 10 to 50% at steps of 10% on a volume basis, were considered for the 

investigation.  

Interestingly, the combustion and emission behaviour of the engine deviated after 20% TPO in the blend. There was 

a reduction in the efficiency with 30, 40 and 50% TPO in the blend at full load. In Figure 5a, the brake thermal 

efficiency for diesel is 29.89% at full load, which is the highest among all the fuels tested. For JME, JMETPO10, 

JMETPO20, JMETPO30, JMETPO40 and JMETPO50, it is 28.61, 29.87, 29.88, 26.6, 26.9 and 27.86% respectively 
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at full load. The thermal efficiency of diesel, JME and JMETPO blends increases with increasing brake power. As the 

brake power increases the heat generated in the cylinder increases, and hence, the thermal efficiency increases. The  

BSEC for diesel is 11.86MJ/kWh at full load, shown in Figure 5b.  For  JME,  JMETPO10,  JMETPO20, JMETPO30,  

JMETPO40  and  JMETPO50,  it  is  12.55,  12.67,  12.79,  13.50,  13.69  and 13.92MJ/kWh respectively. With the 

increase in brake power, the BSEC decreases for diesel, and  JME as well as for all the JMETPO blends. It can be 

observed from the figure that with the increase in brake power the EGT increases for all the tested fuels. As a result 

of increased combustion duration, a higher exhaust gas temperature is recorded for the JMETPO blends.  

Generally, CI engines are operated with a lean mixture. Therefore,  the  CO emission is found to be lesser than that in 

the SI engines. It can be observed from the figure that the CO emission in g/kWh decreases with increasing brake 

power. For JME, JMETPO10 and JMETPO20, the HC emission is found to be less compared to that of diesel. This 

could be due to the complete combustion of JME. But the addition of the TPO percentage results in higher HC 

emission. The NO emission for diesel, JME and all the JMETPO blends increases as the brake power increases. This 

is expected because with increasing brake power, the temperature prevailing in the combustion chamber increases. 

The NO emission is higher for JME and the JMETPO blends compared to that of diesel at all loads. While increasing 

the TPO percentage, the NO emission decreases, because of lower heat release rates than that of JME. With an increase 

in the brake power, the air-fuel ratio decreases as the fuel-injected increases, and hence results in higher smoke.  In 

comparison with diesel, the smoke is less for JME, JMETPO10 and JMETPO20, and more for JMETPO30, 

JMETPO40 and JMETPO50 at all loads. The presence of oxygen in the JME may help break the aromatic content that 

is available in less percentage with JMETPO10 and JMETPO20. But, a further increase of the TPO percentage, results 

in an increased aromatic content, which gives higher smoke.  

 

Figure 5. Engine performance with TPO in various blends [49] 
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According to Hariharan, Murugan, and Nagarajan [60], experiments were conducted on a single-cylinder four-stroke 

DI diesel engine using TPO as a core fuel. The performance, emission and combustion characteristics of the engine 

were investigated and compared with the diesel fuel. Diethyl ether (DEE) was admitted along with intake air at three 

flow rates viz 65 g/h,130 g/h  and 170 g/h  with TPO. The result indicates that the engine performs better with lower 

emission when DEE was admitted at the rate of 170 g/h with TPO. It was observed that NOx emission in TPO–DEE 

operation reduced by 5% compared to diesel. CO, HC and smoke emissions were higher for TPO–DEE operation by 

2%, 4.5% and 38% than diesel.  

CONCLUSION 

Alternate fuels for diesel engines have become increasingly important due to decreasing petroleum resources and 

environmental consequences of exhaust gases from petroleum fuelled engines. There is great potential for the 

development of pyrolysis technologies of waste tyre rubber due to environmental pressure and economic driving force. 

Pyrolysis is one of the promising techniques proposed for converting waste tyres into a useful form of the product. In 

this regard, the fuel produced from the pyrolysis of waste tyres. TPO has the potential to replace diesel fuel to some 

extent as it rectifies and makes amends on both of our problems which are stated above. The TPO has essential fuel 

properties close to diesel and ease in its transportation and storage point of view. Research articles published on the 

use of TPO blended with diesel/some other fuel as partial replacement of diesel fuel encourages its commercial 

application. Thus, TPO can be recommended as a commercially viable fuel that can be an alternative to pure diesel 

fuels. In closing, we can reverse the damage done to our environment by working together for our greater good. 

Another important observation is the incompatibility between TPO and  DO, which form organic deposits when they 

are blended. The deposition of organic compounds was most notable when DO was blended with highly aromatic 

TPO. Even with TPO stored correctly, the appearance of organic deposits was observed when the percentage of TPO  

in the blend exceeded 20%. An in-depth study of the correct volumetric percentages in TPO-DO blends should be 

performed because they are the object of different studies for application in diesel engines. However, the 

recommendation extends to all types of pyrolysis oils, because their chemical composition depends on the pyrolyzed 

material, and incompatibility between them and traditional fuels can happen, preventing their use in blends. Therefore, 

a reasonable solution is to blend TPO with biodiesel and diesel fuels to produce tertiary fuels with improved properties 

in terms of viscosity, density and cetane number. On that basis, engine performance such as BTE and BSFC has been 

improved, moreover, harmful emissions such as NOx, HC and CO have been slightly reduced to contribute to realizing 

the goal of turning TPO into an alternative fuel that meets the sustainable development goals. 
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