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Abstract

Waste to fuel conversion has attracted prominence due to higher fuel demand, waste disposal issues,
and environmental and economic impact. Therefore, an alternative approach for addressing the issue
of waste tire disposal can be provided by using tire pyrolysis oil (TPO). The energy, exergy,
thermoeconomic and sustainability studies of TPO-diesel blends were carried out in this study. The
analysis was compared with biodiesel-diesel blended fuel and pure diesel. DP10 (Diesel 90%-TPO
10%), DB10 (Diesel 90%-Biodiesel 10%), and neat diesel are used in the experimental study. The
four-cylinder diesel engine was used to perform the experiments at different crankshaft speeds ranges
1000-3500 rpm with the increment of 500 rpm. The results reveal that at 3000 rpm, DP10 shows the
highest energy and exergy efficiency, 37.12% and 39.60%, respectively, compared to DB10 and
D100. The thermoeconomic study indicates that DP10 produced the lowest energy and exergy losses
compared to DB10 and D100. The DP10 provides the highest sustainability index, demonstrating that
the DP10 is the most sustainable fuel compared to D100 and DB10. It is concluded that the DP10
shows the best results, and it is appropriate to use in the turbocharged common-rail direct injection
diesel engine.

Keywords: Renewable energy; Alternative fuels; Tire pyrolysis oil; Biodiesel; Thermoeconomic;

CO: reduction and Combustion.



44  Nomenclature

Co specific heat capacity (kJ/kg. K)
DN depletion Number

En energy rate (kW)

ex specific exergy rate (kJ/kg)

h specific enthalpy (kJ/kg)

Huy lower heating value (kJ/kg)

IP improvement potential (kW)

K cost (%)

m mass flow rate (kg/s)

n engine speed (rpm)

P pressure (kPa)

R thermoeconomic parameter (KW/$)
R universal gas constant (kJ/kmol.°°K)
Sl sustainability index

T torque (Nm) and temperature (K)
vV volumetric flow rate (m3/s)

y molar fraction (%)

Greek Symbol

£ chemical exergy factor

p density (kg/m?®)

n energetic efficiency (%)

4 exergetic efficiency (%)

angular velocity (rad/s)

Abbreviations

ASTM American society for testing materials
B100 clean palm biodiesel

BSFC brake specific fuel consumption
BTDC bottom dead center

BTE brake thermal efficiency

CcoO Carbon monoxide

CO2 Carbon dioxide



Cl compression ignition

CO2 carbon dioxide

D100 neat diesel (100% diesel)

DB10 diesel 90%-biodiesel 10%

DP10 diesel 90%-Tire pyrolysis oil 10%
EXCEM exergy cost energy mass method
HC hydrocarbons

HRR heat release rate

ICEs internal combustion engines

N nitrogen

NOx oxides of nitrogen

nPAH nitric polycyclic aromatic hydrocarbons
PAH polycyclic aromatic hydrocarbons
PM particulate matter

PN particular number

O Oxygen

SDGs global sustainable development goals
SO; sulfur dioxide

TPO tire pyrolysis oil

UHC unburned hydrocarbon
Subscripts

air air

cap capital

dest destruction

en energy

ex exergy

exh exhaust

fuel fuel

gen generation

in inlet

loss loss

out outlet

OCC other
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operation and maintenance
work

environmental state
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1. Introduction

Fuel demand continues to rise because of the exponential growth of automotive vehicles in the
transport sector [1]. In the meantime, global petroleum supplies are increasingly depleting, and public
concern about global climate change has consequently been raised, urging several kinds of research
on alternative energy resources. Compared to conventional petroleum-based gasoline, biofuels have
a substantial advantage in environmental sustainability and renewability [2]. It is because, during the
combustion process, biofuels reduce emissions [3] that are harmful like carbon dioxide (CO3), carbon
monoxide (CO), soot emissions, and unburned hydrocarbon (UHC) [4]. Therefore, it is not surprising
that the two forms of alternative economic biofuels, biodiesel and tire pyrolysis oil (TPO), have

already gotten significant attention from researchers.

Due to its significant benefits and advantages, biodiesel as an alternative fuel has gained broad
acceptance as a substitute for petroleum-based fuels used in diesel engines. Its essential properties
are comparable or better than diesel fuel, such as its biodegradable, non-toxic, flash point, and cetane
number. Besides, it is an impressive replacement fuel that presents the least challenge in securing
health impact control requirements [5]. Biodiesel is diesel-compatible and can be combined with
diesel fuel in varying quantities to produce a robust biodiesel blend or can be used directly in existing
diesel engines without the need for a comprehensive engine modification. Biofuels may be made from
a variety of different sources. Biodiesel is an alternative fuel that may be made from plant oils,
vegetable oils, and animal fats (both edible and non-edible) [6], etc., through transesterification, one

of the most efficient and appropriate methods [7,8].

As an alternative to conventional diesel fuel, tire pyrolysis oil (TPO) extracted from scrap tires offers
various capabilities [9,10]. Pyrolysis involves a method of oxygen-free thermal decomposition with

the additional benefit of reprocessing waste rubber and reducing reliance on natural resources [11,12],
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where the organic component (rubber) decomposes at a temperature of 500 °C to produce oil, coal,
and char content in addition to the recovery of steel. The oil produced can be directly used as fuel,
upgraded using catalysts to a premium grade fuel, applied to petroleum refinery stocks, or used to
generate hydrogen [13]. TPO provides the necessary sustainable solution to the ever-growing quantity
of waste rubber and tires created by the processing and automotive industries without raising the
earth's waste burden [14,15]. It is estimated that ~1.5 billion waste tires are generated worldwide
annually [16]. It is not easy to dispose of them since they are non-biodegradable and ultimately help

as collateral pollutants [17,18].

Tires are 21.5-35 wt.% made of carbon and 45-65 wt.% of black rubber, and 16.5-25 wt.% of steel.
Zinc, sulfur, and additives are also included [19]. The 35-40 MJ/kg higher calorific value [20] and a
significant quantity of carbon black in the rubber for the vehicle tire show a suitable fuel production
feedstock. Some experimental investigations are mentioned to use waste TPO (as an alternative fuel
) to diesel [11,13]. Exergy is an energy quality indicator that addresses the maximum amount of work
generated by a system exposed to the environment or works with the minimum amount needed to
reach the given state based on environmental conditions. The system's irreversibilities are included
in exergy analysis; thus, it offers more detailed thermal systems results than an energy assessment
[21]. In this context, several studies have been conducted in the literature on the exergy study of
internal combustion engines (ICEs). Karagoz et al. [22] performed the energy, exergy, sustainability,
and economic assessment for diesel and blends of tire pyrolysis oil with diesel fuel on a compression
ignition engine, four strokes having single-cylinder and at different engine torques. It is studied that
the highest efficiency values of energy and exergy are found for TPO10D90 28.15% and 26.36% as

compared to clean diesel 26.89% and 25.19%, respectively.
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The highest value of sustainability index for TPO10D90 at 12 Nm torque is found 1.35 while the
lowest value of sustainability index for clean diesel is noticed at 1.33. At fixed speeds (1800 rpm)
and various loads, Mori and Caliskan [23] studied the energy, exergy, thermoeconomic, and
sustainability analysis for the diesel engine when fueled with biodiesel-diesel blends and diesel. The
efficiency of energy and exergy for blended fuel of diesel-biodiesel is greater than diesel fuel,
however, these parameters are improved as the biodiesel content increases. Ozdalyan et al. [24]
conducted an exergy study on four cylinders, spark-ignition engines at various speeds. The highest
energy and exergy efficiencies at 2500 rpm were 29.78% and 27.77%, respectively. Karthickeyan et
al. [25] conducted energy and exergy studies of the pomegranate seed oil methyl ester as a fuel in
ceramic coated diesel engines at optimal operating parameters. The exergy destruction value is
46.07% for the thermal barrier coated engine having a compression ratio of 19.5:1, 45.95% for the

injection pressure at 240 bar, and 46.19% for the injection timing of 25° BTDC.

Paul et al. [26] recorded that a compression ignition (CI) engine can obtain a 25.64% rise in exergy
performance, a 22.02% reduction in exergy destruction, and a 21.06% of decline in generation of
entropy as compared to diesel fuel when the engine is fueled by diesel-ethanol-pongamia pinata
methyl ester blended fuel with the 35, 15, and 50% respectively. The study of sustainability measures
the capacity to maintain a system. Sustainability aims to include the specifications of the existing
concerning the benefits of the future. In the literature, there are numerous studies combining
sustainability research with exergy analysis for several fields and processes [27,28]. Aghbashlo et al.
[29] examined the efficiency of energy and sustainability of a diesel engine fueled with waste oil
biodiesel and extracted from blends of whitening earth-diesel having expanded polystyrene. The test
engine was run with a biodiesel-diesel blend consisting of expanded polystyrene of 50 g, the
calculated sustainability index 1.67, and the test engine's efficiency of 40.21%. Furthermore, Sharma

et al. [30] stated that the diesel engine's optimum input data-fueled with jojoba biodiesel-diesel blends
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were estimated to be 21.52 MPa injection pressure, injection timing 25° BTDC, jojoba biodiesel fuel

share 24%, and engine load of 80% as sustainability.

The focus of present study is on the use of TPO as a fossil fuel alternative in turbocharged common-
rail direct injection (CRDI) diesel engine. The lower-level blending of up to 10% with fossil diesel
fuel is included in this study. A lower-level blend in diesel engines can be operated, which effectively
needs little to no change, whereas biodiesel/TPO has identical properties to diesel fuels. Further
explanation for it is the TPO's potential to be a sustainable alternative for producing non-food
transportation fuels versus problems with fuel or the use of valuable agricultural land. Consequently,
fellow investigators are allowed to participate with acceptable alternative fuels based on non-edible
feedstock. The continuous use of edible fuel sources will negatively influence the food industry and
cause environmental problems. Besides, the object of the comparative assessment of the energy,
exergy, thermoeconomic, and sustainability parameters of the TPO-diesel and biodiesel-diesel blends
in turbocharged direct-injection common-rail engines will be to distinguish between better alternative

fuels.

2. Experimental

2.1. Test fuels

Steel wires are removed from waste tires, and only a shredded tire is used in the pyrolysis process.
These small tire parts are reacted in a thermal chamber during the pyrolysis process. In fluid tire
pyrolysis oil formation, the pyrolysis chamber's reaction temperature increases from 400 °C to 600
°C. The tire pyrolysis oil, palm biodiesel (B100), and diesel fuel are procured from Malaysia's local
company. The physicochemical properties of the TPO have been determined based on the ASTM
standards. Subsequently, a magnetic stirrer is used to prepare the DP10 (90% diesel, 10% TPO) and
B10 (10% biodiesel, 90% diesel) fuel blends. Table 1 displays the significant physical properties of

DP10, B10, neat TPO (P100), diesel, and neat biodiesel (B100). Interestingly, it is found that a TPO
9
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has a higher calorific value than biodiesel, however with a marginally lower calorific value than diesel
fuel, which means that TPO is providing an acceptable diesel fuel replacement for diesel engines, and
it can be an alternative fuel like biodiesel.

2.2. Test engine operating conditions

A diesel engine with a four-cylinder with a direct-injection turbocharger operating by injection system
named common-rail used for test engine is shown in Fig. 1. The equipment used for this research was
arranged and set up. Table 2 shows the engine testbed specifications. The engine has a maximum
power of 45 kW and a maximum torque of 160 Nm, while the common-rail injection system requires
a maximum injection pressure of 140 MPa to operate. The full-load curve was used to assess the
engine's performance parameters in this investigation. The engine is run at full load to offer a clear
study of the influence of various fuel blends on engine operating characteristics. It is because engines
require maximum fuel rates at full load (maximum power). In addition, the engine speed is adjusted
in 500-rpm increments from 1000 to 3500 rpm. These six engine speeds were chosen to indicate a
wide range of engine operating ranges under full load circumstances. At full load, the engine's torque
and braking power were measured using an eddy current dynamometer. Meanwhile, a gas analyzer
(AVL DiGas 4000 for gaseous emission measurement) analyzed exhaust gas emissions exposed to
gas analyzers directed from the engine.

2.3. Uncertainty analysis

The uncertainty analysis is performed by Eq. (1), which gives the total value of this system's

uncertainty [31].

oR OR oR 1 1)
W, :[(&WI)Z +(6_x2W2)2 Fooeen, (awn)z]2

where, w shows the dimension of shape factor W, (%) represents system uncertainty, R represents

total function uncertainty, while n shows the total number of independent variables involved in the

experiment. The detailed list of measurement type, range, accuracy, technique, and percentage

10



169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

uncertainty is given in Table 3. This study's total uncertainty is calculated to be 1.77%, and that

value is within the acceptable limit.

3. Theoretical methods

The experimental data collected from the engine testbed is given in Table S1. While performing all
the studies mentioned above following assumptions were considered. (1) The engine is operating in
a steady state, having a steady flow. (2) The exhaust gases exposed to the environment and supplied
air to the engine are ideal. (3) The kinetic and potential energy and kinetic and potential exergy of the
system are changed negligibly. (4) The dead state pressure (Po) and temperature (To) are assumed to
be 101 kPa and 288.15 K, respectively.

3.1. Energy analysis

Fig. 2 depicts the thermodynamic energy balance for control volume with all parameters in the diesel
engine taken into account [25]. The law of conservation of energy does the energy balance and when

the system is in steady-state and is stated in Eq. (2).

Using Eq. (2), the energy balance for this study is written using Eq. (3).

Enair + En fuel = EnW + Enexh + EnlOSS 3)
Here Enair is the air supplied energy rate of the test engine, Enfue| shows the fuel provided energy

rate for the test engine, Er’lW represents the work'’s energy rate generated by the test engine, Enexh
shows the gases energy rate exhausted by the engine testbed and directed to the environment and
Er’1|OSS represents the energy loss rate due to the engine's heat transfer and directed to the
environment. This 1% term air energy rate could be calculated as shown in Eq. (4).

Engir = Mairhajr = pairvairhair ()

11
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whereh, p, m and V are representing the specific enthalpy, density, mass flow rate, and volume
flow rate of air, respectively. The supplied fuel energy rate for the test engine could be calculated
using Eq. (5).

En fuel = Miyel I_Iu ©)

Here, Hu represents the fuel's lower heating values. The following Eq. (6) can calculate the work-

energy rate produced by the test engine.

En, =l (6)
where T, w is the torque and angular velocity of a test engine, respectively, and angular velocity of
test engine is found using Eq. (7).

_2zn (7

o=——
60
where n shows the angular speed of the crankshaft, the following Eq. (8) can find the rate of energy

of gases exhausted from the test engine to the surroundings [22].

L (@)
Enexn = > Mily =Mcoheo + Mo Mno, +Meo, o, +------
i=1
where hi , M; are the specific enthalpy and mass flow rate of exhaust gases, respectively. Once all

the terms involved in Eq. (3) are calculated, then the ENjqq is calculated by this energy balance Eq.
(3). Energy efficiency is calculated using Eqg. (9).

En,, ©
Enair +En fuel

Ten =

3.2. Exergy analysis
The total energy utilization cannot be accomplished by only considering the energy analysis [32]. It

does not give information about the quality and the usefulness of all streams of energy that are exiting

12
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in the form of product and waste and crossing the system's boundary [33]. Exergy analysis is
important for evaluating a significant change in the working environment [34]. Exergy, unlike energy,
IS a non-conserved and destroyable resource. Therefore, a new term, exergy destruction, will be
introduced in the steady-state exergy balance system. Exergy balance for the systems of steady-state

is stated using Eq. (10).
2 By = 2 BX gy + 20 BX gy (10)
Eq. (11) of exergy balance could be expressed Eq. (11).

EXair + EXfye = EXy + EXexn + EXjoss + EXgest (11)
Where EXgjr, EXfyel + EXexh EXw + EXgest and EXjqss are the exergy rates of air supplied,

fuel supplied, gases from the exhaust system are discharged into the air, work generated by the test
engine, exergy destruction rate, and exergy loss rate, respectively. Supplied air exergy rate for the
test engine is measured by using the specified Eq. (12).

(12)

. . T,
EXair = maircp,air[(Tair —To)-To In(.?—cl)r)]

where T, C, signifies the temperature and specific heat, respectively. Fuel supplied exergy rate for

the test engine is measured by using the given Eq. (13).

EXtuel = Miuel Hué el (13)

where &y, Is the chemical exergy factor and is calculated using Eq. (14) [35].

H O (14)

Efuel =1.0401+ 0.17286 + 0.04326 + 0.2169%[1— 2.0628%]

where &, C, H, and O represent the sulfur content, mass ratios of carbon, hydrogen, and oxygen,
respectively in the different fuels. These elements' (C, &, O, and H) mass fractions are listed in
Table 4 and determined through ultimate analysis. The energy rate and exergy rate of work are equal.

Therefore, the exergy rate generated by work for the test engine could be calculated using Eq. (15).
13



220

221

222

223

224

225

226

227

228

229

230

231

Ex,, = En, = ol (15)
Furthermore, exhaust gases exergy rate is calculated by using the given Eq. (16).

n (16)
EXexn = 2. M; (BXim,i +€Xcn i)
i=1
where €Xyp jis the specific physical and €Xcy, j is the specific chemical exergy rates for the exhaust

gases. For i compound, the €Xgp, j and €Xyn j of exhaust gases is calculated by using Eq. (17) and

Eq. (18) respectively:

T, (17)
EXtm,i :Cp,i[(rexh —To) —To In( .T.);h )]
_ y: (18)
&Xeh,i = RTo In(—"—)
env,l

where Ty R, To, Vi, Yenv i and €Xch j represents the exhaust gases temperature, Universal gas

constant, itn compound molar fraction for exhaust gases, the inm compound molar fraction of

environment, respectively. Table 5 represents the values of Yenv.i [36]. For the test engine, the

exergy rate of loss energy rate is calculated by using the given Eq. (19).

T, (19)

EXjoss = ENjoss (1 - )

engine
where Tengine represents the test engine block temperature. The exergy destruction rate is calculated

after determining all the terms involved in Eq. (11). For the test engine bed, the value of exergy
efficiency is calculated using the given Eq. (20) [22].

E)'(W (20)
EXair +EX fuel

(//:

3.3. Thermoeconomic analysis
14
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Thermoeconomic deals with the combination of economics and thermodynamics. The Exergy Cost
Energy Mass Method (EXCEM) provides thermoeconomic analysis reported in the literature that was
first provided by Rosen and Dincer in 2003 [37]. According to the EXCEM method, the Eq. (21) of

cost balance for this analysis is stated as [22].

Kin = ngn — Koyt =AK (21)
Here, ngn represents the cost of generation, and this term involves the expenditures and capital

costs like a cost on maintenance and operation. The Eq. (22) is used to find out cost generation [22].

ngn = Kcap —Ko-m —Koce (22)

where KO—M , Kcap' and KOCC represent the operational and maintenance cost, capital cost,

and other costs, respectively. The thermoeconomic analysis aims to give information on the relation

between capital cost and energy loss. This relation is written as Eq. (23) [38].

o Efg (23)
en,loss — K
cap

where Ren,loss represents the thermoeconomic parameter which gives the value of total energy loss

over capital investment value. Furthermore, the relation of exergy loss and exergy destruction with

capital investment value is found by Eq. (24) and Eqg. (25) respectively [33].

R _ E)'(Ioss (24)
ex,loss — K
cap
o _Exe (25)
ex,dest — K
cap

where Ry j0ss@nd Rey gest are the important values that give the value of exergy loss per capital

investment cost and the exergy destruction per capital investment cost respectively.

3.4. Sustainability analysis

15
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Sustainability targets to satisfy existing needs without reducing the potential of future ages to fulfil
their demands. Sustainability is dependent on the conservation of the environment, social extension
as well as economic buildout. With the effective use of energy assets, sustainability development can
be accomplished. Because of the achievement of sustainable development, energetic and exergy
efficiencies of systems are significant factors. In this report, some of the parameters have been
implemented to assess the process's sustainability. Furthermore, the improvement potential (1P) will
also have been included in this method. If the process irreversibility is diminished and it may be
measured very well, then the exergy IP of any process can represent the IP. It may be determined by

the following Eq. (26) [39].
IP = (1—)(EXin — EXoue) (26)
The depletion number is other parameter of sustainability. The depletion number (DN) Eq. (27) plays

a significant role to calculate the fossil fuels consumption efficiency [40], which has been written

below.

_ E).(dest —_1_ 27)

Another significant parameter is the sustainability index (SI), which is determined by taking depletion

number inverse [38], which is written as Eq. (28).

1 (28)

4. Results and discussion

4.1. Energy analysis

The obtained results from energy analysis of blend fuels and diesel fuel are shown in Table S2. It
was observed that an increase in rpm of the test engine increases the fuel energy rate delivered to the
test engine. The energy rate of D100 fuel is always higher than the DP10 and DB10 for each test

engine speed. For instance, at 2000 rpm, the fuel energy rates of D100, DB10, and DP10 were 76.81,
16
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76.40, and 74.81 kW, respectively. Similarly, the rate of energy loss for each fuel increases with
increasing rpm. At 2000 rpm, energy loss rates for D100, DB10, and DP10 were determined to be
54.50, 54.25, and 51.95 kW, respectively. The variations of energy efficiency to the engine speed of
the test engine for D100, DB10, and DP10 are shown in Fig. 3. These investigations show as the
number of test engine speed increases, each fuel energy efficiency also increases. For any test engine
speed, the lowest energy efficiency among this fuel was obtained for D100, whereas it was highest
for DP10. At 2000 rpm, the energy efficiency for D100, DB10, and DP10 was determined to be 33.10,
33.18, and 34.59%, respectively. The D100 has a higher energy loss to exhaust gases. The addition
of hydrogen significantly increases the availability of exhaust gases [41]. Pote et al. [42] revealed the
TPO-diesel blend has higher brake power (BP) and brake thermal efficiency (BTE) than diesel fuel
because TPO has a higher density than diesel fuel. Due to this, DP10 shows the best performance in
terms of energy efficiency.

4.2. Exergy analysis

Exergy is the highest available energy and is based on the second law of thermodynamics [21]. In
this study, the test engine's exergy analysis for different fuels is shown in Table S3. The exergy rate
value increases as the rpm of the test engine increase. The exergy rate of D100 was 37.85 kW at 1000
rpm, and 113.7 kW at 3500 rpm. The maximum fuel exergy values were noticed for D100. The exergy
loss rate value for all these fuels increases with the test engine's rpm increases. Exergy loss rate at
1500 rpm was observed 3.36, 3.28, and 3.27 kW for D100, DB10, and DP10, respectively. It was
observed that the value of the exergy loss rate for D100 was higher than DP10 and DB10. The highest
exergy loss rate was 5.4 kW at 3500 rpm, which was obtained for D100. By increasing test engine

rpm, the value of exergy destruction rate also increases.

At a given test-engine speed, diesel has had the highest rate of exergy destruction. The value of the

exergy destruction rate for D100 was 62.42 kW at 3500 rpm. Exergy destruction values for DP10,

17
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DB10, and D100 at 1000 rpm were 58.9, 60.6, and 62.4 kW, respectively. The exergy efficiencies of
all considered fuel at different rpm of test engine bed is shown in Fig. 4. As the number of engine
speed increases, the value of exergy efficiency also increases. At 2000 rpm, the test engine exergy
efficiencies are 36.48, 34.98, and 34.78% for DP10, DB10, and D100. The improved exergy
efficiency is primarily due to improved air-fuel mixing during combustion and decreased after burn
zone [43]. Diesel has a higher calorific value than biodiesel; however, biodiesel has been shown to
have higher energetic-exergetic efficiency. Due to various thermodynamic irreversibilities, the
engine's exergy efficiency was lower than its energy efficiency [32].

4.3. Thermoeconomic analysis

The test engine was operated with diesel fuel (D100), DP10 and DB10 for thermoeconomic analysis.
The detailed results of the thermoeconomic analysis are presented in Table S4. The system's capital
investment cost was estimated to be $80,000 that the manufacturer gave. As the test engine speed
increases, it increases the total energy loss to capital investment value (Ren,loss). The values of Ren,loss
of the test engine for D100 were noted as minimum compared to DP10 and DB10 as rpm of the test
engine increases. At 1000 rpm, the highest Renoss Value 3.79x10* kW/$ of the test engine, was
observed for DB10, while the lowest value of 3.51x10™* kW/$ was observed D100. An increment in
the value of Rey, 10ss OF the test engine was noticed with increasing engine speed. The highest Rex, oss
value was D100, and the test engine with the lowest Rex was measured for DP10. At 1000 engine
rpm, the Rex, 10ss Values were 2.803x10™° kW/$, 2.728x10° kW/$ for DB10 and DP10, respectively.
The DP10 had lesser Rex, 1oss @85 compared to DB10. The increase in the values of Rex, dest Of the test
engine was spotted as a consequence of the rise in engine speed in this analysis. The higher Rex dest
was noticed when the D100 was used to run the engine. Similarly, the lower Rexdest Was seen when
DP10 was used to run the test engine bed.

4.4. Sustainability analysis
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Fig. 5 indicates the improvement potential of D100, DP10, and DB10 at different test engine speed.
The scope for development of the test engine increases as the rpm of the test engine increases. The
maximum values of improvement potential were calculated for D100. The tested fuels improvement
potential at 1000 rpm was 20.84, 21.86, and 22.83 kW for DP10, DB10, and D100, respectively.
Similarly, the tested fuel improvement potential at 3500 rpm was 35.69, 37.36, 38.91 kW for DP10,
DB10, and D100, respectively. When the test engine was fuelled with DP10, the lowest improvement
potential levels were calculated at all engine speeds. It is because DP10 had lesser irreversibilities
[22]. The tested fuels depletion number variation by increasing the test engine's rpm is shown in Fig.
6. As the engine speed increases, the depletion number of the test engine decreases. For DP10, the
lowest depletion number was observed. However, the maximum depletion number was obtained for
D100. At 1000 rpm, the depletion number was estimated to be 0.79, 0.80, 0.81 for DP10, DB10, and
D100, respectively. Similarly, at 3500 rpm, the depletion was estimated to be 0.60, 0.61, 0.62 for

DP10, DB10, and D100, respectively.

The effect of test engine speed on the sustainability index of considered fuel is shown in Fig. 7. The
sustainability index of the fuels tends to increase as the engine speed increases. The highest
sustainability index was obtained for DP10. At 1000 rpm, the test engine sustainability index was
estimated to be 1.23, 1.24, and 1.26 for D100, DB10, and DP10, respectively. In the same way, at
3500 rpm, the test engine sustainability index was estimated to be 1.60, 1.62 and 1.65 for D100,
DB10, and DP10, respectively. Compared to other fuels considered in this analysis, the findings
revealed that DP10 was the most sustainable energy source. Karagoz et al. [22] also reported that the
DP10 shows the best results compared to other higher blends of TPO-diesel and diesel fuel in energy,
exergy, thermoeconomics, and sustainability index in a single-cylinder diesel engine. Yaqoob et al.

[44] reported that the DP10 is the best alternative fuel for combustion, performance, and emission.
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Moreover, Hurdogan et al. [4] also stated that the DP10 shows the best performance as compared to

higher blends of TPO-diesel and diesel fuel.

5. Conclusions

The comparative analysis of the energy, exergy, thermoeconomic, and sustainability of the diesel

(D100) and its blend with biodiesel (DB10) and tire pyrolysis oil (DP10) is conducted on the four-

cylinder, four strokes, turbocharged common rail direct injection diesel engine. The findings of this

study are as follows:

e The highest density value of DP10 offered higher torque and brake power. The calorific value of
DP10 is higher than the DB10 and slightly lower than the D100.

e Higher torque value at 3000 rpm offered the highest energy efficiency of DP10 with a value of
37.12%. Similarly, the maximum value of energy efficiency of DB10, D100 was found to be
36.36% and 35.54% at 3000 rpm.

e Higher torque values at 3000 rpm provided the maximum exergy efficiency of the DP10, with a
value of 39.60%. At 3000 rpm, the maximum energy efficiency of the DB10 and D100 was
determined to be 38.74% and 37.72%, respectively.

e The thermoeconomic analysis shows that the lowest Ren, Rex,dest, and Rex values were obtained
from DP10 at all rpm compared to D100 and DB10, which shows that better thermoeconomic
performance was obtained from the test engine will be fueled with DP10.

¢ Due to the highest energy and exergy efficiency, the DP10 gave the highest sustainability index
and lowest improvement potential. Thus, the sustainability analysis shows that the DP10 is the
most sustainable fuel compared to D100 and DB10.

Finally, this experimental study's outcome reveals that the DP10 tire pyrolysis oil-diesel blend is
suitable for the multi-cylinder diesel engine without any modification due to its tremendous energy,

exergy, thermoeconomic, and sustainability index characteristics.
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Table 1. The properties of diesel fuel, neat tire pyrolysis oil, neat biodiesel, and their blends.

Fuel type Density (g/L)  Lower heating value Cetane number
(MJ/kg)

Diesel (D100) 833.70 45.63 52

DB10 836.30 44.68 55

DP10 849.00 4481 49

Neat Tire Pyrolysis Oil (P100) 973.60 41.60 29

Neat Biodiesel (B100) 875.50 38.89 61
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Table 2. Engine test bed parameters and specifications.

Parameters Specifications
Model Renault Kangoo K9K 700 model engine
Type Diesel turbocharged engine

Fuel injection system
No. of cylinders
Strokes
Valves/cylinder
Maximum power
Bore x stroke
Maximum torque
Total cylinder volume
Compression ratio

Emission certification

Common-rail direct injection system
4

4

2

48 kW @ 4000 rpm

76.0 x 80.5 mm

160 Nm @ 2000 rpm

1461 L

18.25: 1

Euro-11

29



505

Table 3. Detail of measurement type, range, accuracy, technique, and percentage uncertainty.

Measurement Range Accuracy Technique Uncertainty

type (%)

Load +600 Nm +0.1 Nm Strain gauge type load cell +0.25

Engine Speed 0-10,000 rpm 1 rpm Magnetic pick-up type +0.10

Fuel flow 0.5-36 L/hr 0,04 Lpy  osttive displacementgear - o

wheel flow meter

Air flow 0.25-7.83 kg/min  £0.07 kg/min  Hot wire air mass meter 12

CO emission 0-10% volume +0.001% Non-dispersive infrared t1

COz emission  0-10% volume +0.001% Non-dispersive infrared t1

NOx emission 0-5,000 ppm +1 ppm Electrochemical +1.30

Pressure 0-25,000 kPa +10 kPa Piezoelectric crystal type +0.50

Temperature 0-1200 °C +0.3°C Thermocouple (Type K) +0.15

Calculated

En.: +0.04 kW +0.30
air

= P +0.31 kW +0.40

En +0.11 kW +0.26
W

Efleyn +0.019 kW +0.40
ex

En, +0.36 kW +0.50
0SS

Hen +0.14% +0.40

Ex. +0.00016 kW +0.61
air

Ex fuel +0.340 kW +0.29

Ex +0.110 kW +0.26
W

EXeyh +0.015 kW +0.52
ex

EX, +0.027 kW +0.50
0SS

E)‘(d ¢ +0.32 kW +0.52
es

Wey +0.15% +0.40
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+0.0000045
(KW/$)

+0.00000034
(KW/$)
+0.000004

(KW/$)

+0.50

+0.50

+0.51

Ren,loss
Rex,Ioss
Rex,dest
506
507
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508 Table 4. The mass fractions of oxygen, carbon, hydrogen, and sulfur of considered fuels.

O(%) C(%) H(%) o)

Diesel 0.01 86.58 13.29 0.11
DP10 0.63 86.14 13.07 0.04
DB10 0.83 86.15 12.92 0.09
509
510
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511 Table 5. Environmental molar fractions of exhaust gases [36].

Elements Molar Fractions (%)

N2 75.6700

coO 0.00070

CO2 0.03450

H20 3.03000

H2 0.00005

SO 0.00020

02 20.3500

Others 0.91455
512
513
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524

525  Fig. 1. Experimental setup; (1) Engine, (2) Muffler, (3) Test bed and (4) Engine cooling system (Heat

526  exchanger).
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