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Abstract

This paper represents the environmental pollution cost analysis of a single-cyl-
inder, four-stroke, naturally aspirated, compression ignition diesel engine fuelled
with tire pyrolytic oil (TPO)-diesel blends. TPO-diesel blends were prepared as
10 vol.% TPO + 90 vol.% diesel (TPO10D90), 30 vol.% TPO + 70 vol.% diesel
(TPO30D70) and 50 vol.% TPO + 50 vol.% diesel (TPO50D50) blends. The ex-
periments were conducted on test engine loads of 3 Nm, 6 Nm, 9 Nm and 12 m
and on constant crankshaft speed of 2000 rpm. It was found that TPO10D90 had
better performance compared to neat diesel and other blends considered in this
study in terms of environmental pollution cost analysis. As a result, at engine load
of 3 Nm, the specific environmental pollution costs of neat diesel and TPO10D90
were obtained to be 0.05361 $/kWh and 0.04724 $/kWh, respectively. It can be
concluded that TPO-diesel blends having low TPO content can be used as alter-
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1. Introduction

Increasing energy consumption demand and wastes from
consumption due to growing population and rapid industrial-
ization causes to depletion of fossil fuel reserves and envi-
ronmental degradation. This situation has led researchers to
focus on alternative energy sources and waste recycling. In
the last decade, the pyrolysis of waste tires has been receiv-
ing considerable attention by researchers to produce alterna-
tive fuels for internal combustion engines and to prevent the
formation of waste tire dumps and their environmental ef-
fects.

In 1999, nearly 57 million vehicles (cars and commercial
vehicles) were produced around the world. This production
amount reached up to about 96 million in 2018 [1]. Rapidly
increase in production of passenger cars, trucks and other ve-
hicles has been causing to increasing tire production demand
and hence increasing waste tires amount. Each year about 1.5
billion tires are produced around the world. This value cor-
responds to an estimated 17 million tons of used tires [2].

Waste tires can be recycled with several applications such
as usage on basketball courts, flooring materials, patio decks,

dock bumpers, railroad crossing blocks, livestock mats, side-
walks, steel manufacturing, cement and asphalt manufactur-
ing, fuel production etc. Among these applications, fuel pro-
duction may be more favorable due to that it allows both
waste tire recycling and energy saving. The fuel production
process is realized with pyrolysis method. The pyrolysis oil
from waste tires has become a potential replacement for pe-
troleum diesel.

Jantaraksa et al. [3] produced tire pyrolysis oil (TPO) and
used hydrodesulfurization catalyzation to reduce the amount
of sulfur compounds in fuel. The heating value of hy-
drodesulfurized TPO (44 MJ/kg) was the almost same with
conventional diesel (45 MJ/kg) and gasoline (47 MJ/kg)
fuels. Idris et al. [4] produced TPO like neat diesel except
lower flash point and calorific value (42.39 MJ/kg) at the op-
timal pyrolysis temperature of 500 °C with the micro-
wave-induced pyrolysis technique. Luo and Feng [5] pro-
duced TPO with using sensible heat of blast furnace slag in
the pyrolysis of the waste tire. The obtained fuel had a lower
density, viscosity, hydrogen (H) and oxygen (O) content and
higher calorific value, carbon (C) content and C/H ratio com-
pared to TPO produced from solely tire powder.

281


mailto:cuneytuysal@karabuk.edu.tr

n TURKISH SOCIETY OF

MA
Uysal and Karagdz / International Journal of Automotive Science and Technology 4 (4): 281-288, 2020 P WW N «vronomeeraieens

lkilic and Aydin [6] tested the performance of a diesel en-
gine fuelled with TPO-diesel blends in terms of engine
power, engine torque, brake specific fuel consumption, ex-
haust temperature and emission parameters. They reported
that TPO-diesel blends can efficiently be used in diesel en-
gines without any modifications. However, considerably
high CO, HC, SO, and smoke emissions were observed for
the blends having TPO ratios higher than 50%. Bodisco et al.
[7] reported that the NOx emissions when a diesel engine is
fuelled with TPO-diesel blends are not significantly different
than that of neat diesel. Frigo et al. [8] evaluated the perfor-
mance of single-cylinder diesel engine fuelled with 20 vol.%
TPO+ 80 vol.% diesel and 40 vol.% TPO+ 60 vol.% diesel
blends. It was found that the blend having 20 vol.% TPO did
not perform significantly different performance in terms of
engine power, engine torque, specific fuel consumption and
exhaust emissions compared to neat diesel. However, the en-
gine combustion characteristics deteriorated when the engine
was fuelled with the blend having 40 vol.% TPO. Murugan
et al. [9] investigated the performance of a diesel engine
fuelled with distilled TPO-diesel blends without any engine
modification. Lower NOy and higher HC and CO exhaust
emissions compared to diesel fuel were observed when TPO
diesel blends are used. Karagoz et al. [10] reported that brake
specific fuel combustion increased and break thermal effi-
ciency decreased with increasing TPO content of TPO-diesel
blends. TPO-diesel blends had longer ignition delay com-
pared to neat diesel. When TPO content was increased, NOx
emissions slightly increased and HC gradually decreased.
Martinez et al. [11] found that TPO-diesel blends had the al-
most same brake specific fuel consumption and brake ther-
mal efficiency at high engine loads. However, at low engine
loads, TPO addition to neat diesel deteriorate these parame-
ters. Hurdogan et al. [12] reported that TPO-diesel blends
showed similar performance with neat diesel in terms of
torque and power output of test engine. Dogan et al. [13]
tested TPO-diesel blends for five different TPO content
(10%, 30%, 50%, 70% and 90% in volume basis) in a diesel
engine. In their study, it was found that TPO does not have
an important effect on the engine output torque, engine
power, break specific fuel consumption and break thermal
efficiency of test engine. Karagoz et al. [14] investigated the
performance of a diesel engine fuelled with TPO-diesel
blends in terms of energy, exergy, economics and sustaina-
bility. At engine load of 12 Nm, TPO-diesel blend including
10% TPO had exergy efficiency of 26.36% and sustainabil-
ity index of 1.358, while exergy efficiency and sustainability
index of test engine were determined to be 25.19% and 1.337
for neat diesel, respectively.

Koc and Abdullah [15] investigated the engine power, en-
gine torque, brake specific fuel consumption and exhaust
emissions of a four-cylinder, light-duty compression ignition
(CI) engine fuelled with the binary and ternary blends of
TPO, biodiesel and certified #2 diesel fuels. The blend with
10% TPO+ 10% biodiesel+80% diesel provided the highest

engine power and engine torque and it significantly reduced
the brake specific fuel consumption. In addition, this blend
provided lower NOx and CO emissions than the 10% bio-
diesel+ 90% diesel binary blend. Karagoz [16] found that bu-
tanol addition to TPO-diesel blend decreased the CO, HC
and NOx emissions of blend. In addition, butanol addition to
TPO-diesel blend led to decrease of brake specific fuel con-
sumption and increase of brake thermal efficiency. Tudu et
al. [17] investigated the effect of diethyl ether addition to 40
vol.% TPO+ 60 vol.% diesel blend. The ignition delay was
reduced with increasing diethyl ether content. 4% diethyl
ether addition to the blend reduced about 6% the brake spe-
cific fuel consumption and about 25% the NOx emission
compared to neat diesel. Mikulski et al. [18] tested ternary
mixtures of rapeseed oil, TPO and diesel blends in a com-
mon-rail compression ignition diesel engine. They reported
that blends containing a large fraction of rapeseed oil (up to
55% by volume) could be effectively combusted when TPO
was used as additive.

Literature survey revealed that TPO-diesel blends did not
perform significantly different performance compared to
neat diesel in terms of engine power, engine torque, specific
fuel consumption and they can be used in diesel engines
without any engine modification. However, exhaust emis-
sions are more susceptible compared to other parameters for
changes of TPO ratio in blends. Yildiz et al. [19] presented
environmental pollution cost analysis with combining eco-
nomic and environmental parameters. They compared bio-
diesel and diesel fuel usage for diesel engines with consider-
ing this analysis and reported that the diesel fuel usage for
diesel engine is slightly better option than biodiesel fuel in
terms of environmental pollution cost analysis for better en-
vironmental management.

In this study, neat diesel, 10 vol.% TPO + 90 vol.% diesel
(TPO10D90), 30 vol.% TPO + 70 vol.% diesel (TPO30D70)
and 50 vol.% TPO + 50 vol.% diesel (TPO50D50) blends
were tested on a single-cylinder, four-stroke, naturally aspi-
rated, CI diesel engine. The study was performed for differ-
ent engine loads of 3 Nm, 6 Nm, 9 Nm and 12 Nm and for
constant crankshaft speed of 2000 rpm. TPO-diesel blends
utilization in the diesel engine were firstly compared with
neat diesel in terms of environmental pollution cost analysis
in this study.
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2. System Description

The system diagram is shown in Figure 1.

1 | Control panel 5 | Test fuels

2 | Mainboard and Computer 6 | Testengine

3 | Exhaust emission analyzer | 7 | Torgue meter
4 | Exhaust pipe 8 | Dynamometer

Fig. 1. Test engine and experimental setup

As can be seen from Figure 1, the test system was includ-
ing test engine, generator, exhaust gas analyzer and torque
measurement apparatus. The test engine was a single-cylin-
der, four-stroke, naturally aspirated, compression ignition
(CI) diesel engine. The cylinder diameter and cylinder stroke
for the test engine was 82 mm and 66 mm, respectively. In
addition, the test engine has a compression ratio of 20.3/1 and
the opening pressure for injector nozzle is 207 bar. Kemsan
trademark generator is connected to the test engine with cou-
pling. The generator can regulate the test engine load and it
is necessary to provide different test engine loads. The ex-
periments were performed on the different engine loads of 3
Nm, 6 Nm, 9 Nm and 12 Nm and on the constant crankshaft
speed of 2000 rpm. The effective power values correspond
to these engine loads were 0.6283 kW, 1.2567 kW, 1.8850
kW and 2.5134 kW, respectively. The torque values were
measured with a torque gauge, which is Kistler Rotor type
4550A magnetic torque measuring device (0 100 0 5000).
The CO-, emissions of test engine were measured with the K-
Test exhaust emission analyzer (C with 0 15%, CO; with 0
20%, HC with 0 2000 ppm, NOx with 0 5000 ppm). This de-
vice can also measure NOy, CO and HC emissions precisely.

3. Preparation of Test Fuels

The vacuum pyrolysis technique was used to produce the
TPO from waste tires. Several processes were followed to
upgrade the properties of TPO. Firstly, 8 g hydro-sulfuric
acid (H2SO4) per 100 g TPO was added and the mixture was
preheated up to 50°C . The mixture was stirred with a me-
chanical stirrer for 4 h and then left to rest for 50 h. After this

process, the mixture was filtrated and then 5 g calcium oxide
and 10 g activated bentonite per 95 g mixture was added. The
new mixture prepared was heated up to 70°C and stirred
with mechanical stirrer for 4 h. The mixture was left to rest
for 24 h. To decontaminate from sludge, the mixture was fil-
trated. The vacuum distillation process was used to distill the
mixture. After this process, the oxidative desulfurization pro-
cess was applied to reduce the sulfur content of mixture. For
this process, 10 g formic acid and 20 g hydrogen peroxide
per 95 g mixture was added. The mixture was stirred for 2 h
at a fixed temperature of 60°C and then left to rest for 24 h.
After this process, the mixture was filtrated with fabric filter
and diesel fuel filter, respectively. The mixture was washed
with distilled water. In washing process, 200 mL distilled
water per 1000 mL mixture was used. Finally, the mixture
was heated up to 110°C  for 30 min to dehumidify. By this
way, TPO used in this study was obtained.

Diesel fuel was procured from a commercial company.
Table 1 shows the properties of diesel fuel and TPO used in
this study.

Table 1. Properties of diesel fuel and TPO used in this study

Property Diesel fuel | TPO

Density (kg/m?; @ 15°C ) 835 899
Cetane number 54.92 <40
Viscosity (cSt; @ 40°C ) 2.929 2.153
Lower heating value (MJ/kg) 45.94 40.88

Flash point (°C ) 60 60.3

Carbon content (wt. %) 86.74 86.17
Hydrogen content (wt. %) 13.26 10.31
Nitrogen content (mg/kg) 44 820

Oxygen content (wt. %) 0 0

Diesel fuel and TPO were blended for different volumetric
ratios. TPO10D90, TPO30D70 and TPO50D50 blends were
used in the experiments.

4. Methodology

The environmental pollution cost analysis is based on
costing of environmental impact of the CO,. This methodol-
ogy combines the economic and environmental analyses.
The emitted CO. emission rates are converted to economical
aspects with using cost of CO,. By this way, the environmen-
tal costs can be calculated. The aim of this method is to in-
vestigate the economic aspects of environmental aspects and
the cost of environmental impact of CO; [19]. The cost of
CO, was determined to be C,, = 0.0327 $/kg [20].

The specific environmental pollution cost (SEP) can be given
as follow [19]:

SEP =Cq, co, (1)
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where C,, is the cost of CO; emission and e, is the

CO; emission emitted from the test engine.

The cost of the CO, emission emitted from the test engine
during the lifetime of test engine is defined as the total envi-
ronmental pollution cost (TEP) and it can be calculated with
following expression [19]:

TEP =Cq,, (co, PNY) @)

where P isthe effective power, N isthe operating hours
inayearand t isthe total lifetime of test engine. The oper-
ating hours in a year and total lifetime of test engine are de-
termined to be 8000 h/year and 20 year, respectively.

The life cycle based total environmental pollution cost
(TEPR. ) considers the cost of CO, emission emitted from the
test engine and the pollution costs caused by the production of
the test engine and fuel. TER, can be expressed as follows
[19]:

TER, = Ceo, [ (6o, PNt) +(Micebice ) + (e Nt) | (3)

where my . isthe mass of testengine, e.. isthe emission
rate Oé‘ test engine material, Q. is the heat energy of fuel
and F is the emission caused by the fuel production pro-
cess. The mass of test engine was measured to be m,.. = 33
kg. The emission rate of test engine material was assumed to
be e =3.012 kgCOy/kg [19, 20]. The emission caused by
the fuel production process was 0.083 kgCO./MJ for neat
diesel and 0.082 kgCO,/MJ for TPO [19, 20]. The emission
caused by the fuel production process for TPO-diesel blends
was calculated with considering mass fractions of TPO and
neat diesel in TPO-diesel blend as follows:

m.e.  + M€
e|: _ D F,.D m.TPO F,TPO (4)
mD + mTPO

The life cycle based specific environmental pollution cost
(SEP,. ) can be expressed as follows [19]:

TEPR,
ER. =— 5

The total CO; emission parameter (£ ) can be given as fol-
lows [20]:

m
£=—% 6
W (6)

net

where mg,, isthe mass flow rate of CO; emission emit-
ted by the test engine and W, is the network output rate of
the test engine.

The payback period of test engine (PP) can be expressed
as follows [21]:

net

»_ 43(PEC+OM)

N (Wnetcel + QF CF ) (7)

where PEC is the purchased equipment cost, OM
operation and maintenance cost, c,, is the electricity price
and c. isthe fuel price.

The environmental payback period ( EPP ) can be given
as follows [20]:

TEP
NW. _.c

net el

EPP =

®)

The life cycle based environmental payback period
(EPPR_ ) can be expressed as follows [20]:

TEP
EPPe = W.c ©)
el

net

The purchased equipment cost of test engine was PEC =
60000 $. The unit cost of electricity and neat diesel was c,, =
0.1212 $/kWh [22] and c, = 2.932x 10° $/kJ [22]. The unit
cost of TPO-diesel blends was ¢, = 2.792 x 10° $/kJ for
TPO10D90, c. = 2.507 x 10° $/kJ for TPO30D70 and c, =
2.218 x 105 $/kJ for TPO50D50. The operation and mainte-
nance cost of test engine can be considered as 1.092% of pur-
chased equipment cost [23].

5. Results and Discussions

In this study, the environmental pollution cost analysis of
a single-cylinder, four-stroke, naturally aspirated, CI diesel
engine fuel with neat diesel, TPO10D90, TPO30D70,
TPO50D50 was performed on for the engine loads of 3 Nm,
6 Nm, 9 Nmand 12 Nm at constant crankshaft speed of 2000
rpm.

The measured CO, emissions of the test engine for TPO-
diesel blends considered in this study at different test engine
loads were given in Figure 2.
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3 6 9 12
Engine load (Nm)

Fig. 2. CO2 emissions emitted by the test engine

The CO; emissions emitted by the test engine decreased
with increase in test engine load. At test engine load of 3 Nm
and 9 Nm, the highest CO2 emissions were observed for neat
diesel. It was followed by TPO30D70, TPO50D50 and
TPO10D90, respectively. The highest CO2 emission at test
engine load of 6 Nm was observed for TPO30D70 and it was
followed by TPO50D50, TPO10D90 and neat diesel, respec-
tively. At test engine load of 12 Nm, the highest CO2 emis-
sion was observed for TPO50D50 and it was followed by
neat diesel, TPO10D90 and TPO30D70, respectively. The
reduction in CO2 emission with TPO addition is due to de-
creasing oxygen content of air-fuel mixture. TPO addition to
diesel fuel reduced the air-fuel ratio. However, increasing
TPO content increased the air-fuel ratio.

The SEP, TEP, SEP. and TEPR, valuesoftesten-
gine for TPO-diesel blends were represented in Figures 3-6.

The lowest values of SEP and TEP attestengine load
of 3 Nm and 9 Nm were obtained for TPO10D90, while the
highest ones were obtained for neat diesel. At test engine
load of 6 Nm, the lowest and the highest values of SEP
and TEP were observed for neat diesel and TPO30D70, re-
spectively. At test engine load of 12 Nm, the lowest and the
highest values of SEP and TEP were observed for
TPO30D70 and TPO50D50, respectively. For all cases con-
sidered in this study, the highest SEP value was obtained
to be 0.0536 $/kWh for neat diesel at 3 Nm, while the lowest
one was obtained to be 0.0183 $/kWh for TPO30D70 at 12
Nm. In addition to this, the highest TEP value was found
to be 7869.87 $ for TPO50D50 at 12 Nm, while the lowest
one was obtained to be 4749.29 $ for TPO10D90 at 3 Nm
when all cases were considered. The SEP values of
TPO10D90 were calculated to be 0.04724 $/kWh at 3 Nm,
0.02999 $/kWh at 6 Nm, 0.02175 $/kWh at 9 Nm and
0.01850 $/kWh at 12 Nm. Similarly, The TEP values of
TPO10D90 were determined to be 4749.29 $ at 3 Nm,
6029.99 $ at 6 Nm, 6559.69 $ at 9 Nm and 7437.56 $ at 12
Nm. The TEP values of neat diesel were obtained to be
5389.77 $ at 3 Nm, 5861.49 $ at 6 Nm, 6858.62 $ at 9 Nm
and 7597.05 $ at 12 Nm.
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0.05

SEP (§/kWh)
g8 8

o

Q

=
L

0.01

0.00 -

[ Diesel

[ TPO10D90
@ TPO30D70
[ TPO50D50

3

6 9 12

Engine load (Nm)

Fig. 3. Specific environmental pollution cost
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Fig. 4. Specific environmental pollution cost
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Life cycle based specific environmental pollution cost
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Fig. 6. Life cycle based total environmental pollution cost

The SER. and TEP, values were ordered as neat
diesel > TPO50D50 > TPO30D70 > TPO10D90 at 3 Nm and
9 Nm, TPO50D50 > TPO30D70 > neat diesel > TPO10D90
at 6 Nm and neat diesel > TPO50D50 > TPO10D90 >
TPO30D70 at 12 Nm. When all cases in the study were con-
sidered, the highest SEP,. value was obtained to be 0.1353
$/kWh for neat diesel at 3 Nm, while the lowest one was
found to be 0.0531 $/kWh for TPO30D70 at 12 Nm. Simi-
larly, the highest and lowest TEP,. values were obtained to
be 22210.91 $ for neat diesel at 12 Nm and 11723.11 $ for
TPO10D90 at 3 Nm, respectively. It was also observed that
the obtained SEP and TEP values were lower compared
to the SER. and TEP, values, respectively. The
SEP_. values of neat diesel were determined to be 0.1353
$/kWh at 3 Nm, 0.0764 $/kWh at 6 Nm, 0.0632 $/kwWh at 9
Nm and 0.0552 $/kWh at 12 Nm. These values were calcu-
lated to be 0.1166 $/kWh at 3 Nm, 0.0756 $/kWh at 6 Nm,
0.0584 $/kWh at 9 Nm and 0.0532 $/kWh at 12 Nm for
TPO10D90. The TEPR, values of TPO10D90 were ob-
tained to be 11723.11 $ at 3 Nm, 15194.56 $ at 6 Nm,
17616.27 $ at 9 Nmand 21381.95 $ at 12 Nm.

The £, PP, EPP and EPP, values of test engine

for TPO-diesel blends were given in Figures 7-10.

Neat diesel had the highest £ value at test engine load
of 3 Nm and 6 Nm, while the lowest one was obtained for
TPO10D90 at the same test engine loads. However, at 6 Nm,
the blends were ordered as TPO30D70 > TPO50D50 >
TPO10D90 > neat diesel for their £ values. This order
changed as TPO50D50 > neat diesel > TPO10D90 >
TPO30D70 at test engine load of 12 Nm. The highest and
lowest £ values for all cases considered in this study were
obtained to be 4.5541% 10-4 kg/kJ for neat diesel at 3 Nm
and 1.5560% 10-4 kg/kJ for TPO30D70 at 12 Nm, respec-
tively.

N Diesel

3 TPO10D90
@ TPO30D70
[ TPO50D50

£x 10" (kg/kd)

3 6 9 12
Engine load (Nm)

Fig. 7. Total CO2 emission parameter

[ Diesel

[ TPO10D90
N TPO30D70
[ TPO50D50

3 6 9 12
Engine load (Nm)

Fig. 8. Payback period

10

[ Diesel

[ TPO10D90
@ TPO30D70
[ TPO50D50

3 6 9 12
Engine load (Nm)

Fig. 9. Environmental payback period
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Fig. 10. Life cycle based environmental payback period

The PP values decreased with increase in test engine
load for all fuels considered in this study. According to their
PP values, the fuels were ordered as TPO50D50 >
TPO30D70 > TPO10D90 > neat diesel at all test engine
loads considered in this study. When this alignment was con-
sidered, it may be said that the PP value decreased with
decrease in TPO ratio of TPO-diesel blends. The highest
PP value was obtained to be 71.2696 year for TPO50D50
at 3 Nm, while the lowest PP value was found to be
25.2490 year for neat diesel at 12 Nm. Neat diesel had the
PP value of 51.7264 year at 3 Nm.

TPO10D90 had the lowest EPP values at 3 Nm, 9 Nm
and 12 Nm. At 6 Nm, neat diesel had the lowest EPP
value. The highest EPP values were observed for neat die-
sel at 3 Nm and 9 Nm, TPO30D70 at 6 Nm and TPO50D50
at 12 Nm. For all cases considered in this study, the highest
EPP value was found to be 8.8471 year for neat diesel at 3
Nm, while the lowest EPP value was obtained to be
3.0227 year for TPO30D70 at 12 Nm.

Accordingtothe EPP. values, the fuels were ordered as
neat diesel > TPO50D50 > TPO30D70 > TPO10D90 at test
engine loads of 3 Nm and 9 Nm. At 6 Nm, this alignment
was as TPO50D50 > TPO30D70 > neat diesel > TPO10D90.
However, at 12 Nm, the fuels were ordered as neat diesel >
TPO50D50 > TPO10D90 > TPO30D70 in regard to their
EPP. values. The highest and lowest EPP,. values for all
cases considered in this study were obtained to be 22.3223
year for neat diesel at 3 Nm and 8.7687 year for TPO30D70
at 12 Nm, respectively.

When the results were considered, low TPO content of
TPO-diesel blends can have an advantage compared to neat
diesel and TPO-diesel blends having high TPO content in
terms of environmental pollution cost analysis except PP
parameter. Relatively lower values were obtained for
TPO30D70 and especially for TPO10D90. This means that
TPO10D90 showed better performance compared to neat
diesel in terms of environmental pollution cost analysis.

6. Conclusions

Environmental pollution cost analysis was performed on
single-cylinder, four-stroke, naturally aspirated, CI diesel en-
gine fuelled with neat diesel, TPO10D90, TPO30D70 and
TPO50D50 blends. The experiments were conducted on dif-
ferent test engine loads of 3 Nm, 6 Nm, 9 Nm and 12 Nm
and on constant crankshaft speed of 2000 rpm. Some conclu-
sions can be ordered as follows:

e Atengine load of 3 Nm, CO emission emitted by
test engine was determined to be 1.6395 kg/kWh
for neat diesel and 1.4447 kg/kWh for
TPO10D90. This value was determined to be
0.5777 kg/kwh for neat diesel and 0.5656
kg/kwh for TPO10D90 at 12 Nm.

e  The specific environmental pollution cost and life
cycle based specific environmental pollution cost
values of neat diesel were calculated to be 0.0536
$/kWh and 0.1353 $/kWh, respectively, at engine
load of 3 Nm. These values were calculated to be
0.0472 $/kWh and 0.1166 $/kWh for TPO10D90.

e At engine load of 3 Nm, the total environmental
pollution costs of neat diesel and TPO10D90
were obtained to be 5389.77 $ and 4749.29 $, re-
spectively. The life cycle based total environmen-
tal pollution cost value was determined to be
13598.98 $ for neat diesel and 11723.11 $ for
TPO10D90.

e The environmental payback period and life cycle
based environmental payback period values of
neat diesel were obtained to be 8.8471 year and
22.3223 year, respectively, at engine load of 3
Nm. These values were determined to be 7.7958
year and 19.2431 year, respectively.

In general framework, it may be said that TPO10D90 had
better performance and increasing in TPO content of blends
made worse the results. Similar trend of TPO-diesel blends
for engine power output, combustion characteristics and ex-
haust emissions has been reported by References [6, 8, 12,
14]. Finally, it can be said that TPO-diesel blends having low
TPO content can be used as alternative fuel for neat diesel in
diesel engines in the perspective of environmental pollution
cost analysis.

Nomenclature

Cel : electricity price ($/kJ)

Cr : fuel price ($/kJ)

Ceco, : cost of carbon dioxide ($/kg)

€co, - carbon dioxide emission emitted from test en-
gine (kg/kwh)

er . emission caused by fuel production process

(kgCOL/MJ)
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€1ce : emission rate of test engine (kg(Tjglkg)

EPP : environmental payback period (year)

EPP ¢ - life cycle based environmental payback period
(year)

£ . total carbon dioxide emission parameter
(ka/kJ)

M,ce : mass of test engine (kg)

Meo : mass flow rate of carbon dioxide emission

: emitted by test engine (kg/s)

My : mass flow rate of diesel (kg/s)

Mrpo : mass flow rate of tire pyrolytic oil (kg/s)

N : operating hours in a year (h/year)

oM : operation and maintenance cost ($)

P : effective power (kW)

PEC : purchased equipment cost ($)

PP : payback period (year)

QF - heat energy of fuel (kJ/h)

SEP

SEP_. : life cycle based specific environmental pollu-
tion cost ($/kWh)

t : total lifetime (year)

TEP : total environmental pollution cost ($)

TEP,. . life cycle based total environmental pollution
cost ($)

\/\'/net : net work output of test engine (kW)
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