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still underway. In light of that, parameters/strate gies capable of mitigating biodiesel NOx emissions are of
wide interestto further enhance the sustainability aspects of this green fuel. Among various options put
to test, the use of fuel additives due to its simplicity and cost-effectiveness has attracted a great deal of
attention. In this study, the mechanical shaft work produced by a diesel engine fueled with various
diesel/biodiesel blends (B5 and B20) containing glycerol-derived triacetin was scrutinized from envi-

gfgg\;gzgf‘ ronmental viewpoint. Neat petro-diesel, B5, and B20 were also considered as control fuels. Two envi-
Triacetin ronmental evaluation methodologies, namely discrete emissions analysis and consolidated life cycle
Die sel engine assessment (LCA) were considered to assess the impacts of fuel composition, engine speed, and engine
Emission analysis load on the environmental burdens of the shaft work produced. According to the results obtained, the
life cycle assessment outco mes of both methods considered herein were profoundly affected by engine load and speed. Even

though triacetin inclusion into both B5 and B20 pro foundly affected the outcomes of emissions analysis,
its application did not lead to any spectacular differences in the results of LCA method compared with
petro-diesel. More specifically, triacetin incorporation into fuel blends neutralized the unfavorable im-
pacts of biodiesel addition in terms of NOx emissions. However, incorporating triacetin into diesel/bio-
diesel blends in general did not profoundly mitigate the environmental impacts of the shaft work
produced in terms of LCA damage categories as well as the total environmental impacts. Overall, using
triacetin as combustion improving agent did appear to be an efficient strategy from the LCA viewpoint
considering the current production technologies. In addition, LCA approach was found to be more a
compre hensive decision-making approach compared with discrete emissions analysis for evaluatingthe
environmental impacts of the shaft work produced by internal combustion engines.
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1. Introduction

Inorderto reduce the current high dependency on conventional
fossil fuels and to subsequently reduce the consequent greenhouse
gases (GHGs) emissions on one hand and to comply with the
increasingly stringent automobile emissions standardson the other
hand, renewable fuels are more than just a choice (Aghbashloet al.,
2018b, 2017c). Interestingly, fossil-dependent global transportation
contributed to over 25% of the total GHGs emissions. In parallel
with the improvements made in diesel engine technologies over
the last decades to overcome the above-mentioned challenges,
renewable alternatives such as biodiesel have also been at the core
of attention (Sahin et al., 2014; Srivastava and Prasad, 2000). Bio-
diesel offers some notable advantages such as biode gradability,
lubricity, indigenous availability of its feedstock, non-toxidty, low
combustion emissions, and physicochemical analogy with petro-
diesel (Hosseinpour et al., 2018). In addition, the biodiesel appli-
cation requires no or little modifications to the existing die sel
engines (Akbarian et al., 2018; Ghazanfari et al., 2017).

Biodiesel is produced from various oil resources such as edible/
nonedible vegetable oils and animal fats (Aghbashlo et al., 2018f).
Nevertheless, among these feedstocks,low-cost waste oil resources
such as waste cooking oil (WCO) are of greater interest for eco-
nomic, environmental, and food security reasons (Aghbashlo et al.,
2018a, 2017a). Today, the most widely e mployed method for bio-
diesel production at industrial level is alcoholysis of triglycerides
(also known as transesterification) wusing a basic catalyst
(commonly KOH or NaOH) (Agh bashlo et al., 2018c, 2018e, 2017b).
Depending on the alcohol used, i.e., methanol or ethanol, the
resultant product includes methyl/ethyl esters (biodiesel) of the
fatty acidscontained in the feedstock used, respectively (Mohadesi
et al,, 2014; Tabatabaei et al., 2015). In addition, glycerol is gener-
ated by 10 wt% of total biodiesel production based on the stoi-
chiometric relations and the growing global demands for biodiesel
hasled to a glut of glycerol supply. Therefore, value-added chem-
icals should be synthesized from biodiesel-derived glycerol in order
to enhance the economic viability of biodiesel industry. This by-
product can be used by chemical, pharmaceutical, food, and fuel
industries in its raw and purified forms. Among the various
chemicals potentially produced from glycerol, triacetin (CgH140¢)
generally obtained through glycerol esterification with acetic acid
hasattracted a considerable deal of attention as fuel additive (Casas
et al,,2010). According to Casas etal. (2010),triacetin incorporation
into neat biodiesel up to 20 wt% can improve fuel quality with
respect to the ASTM D6751 guidelines.

Biodiesel combustion generally results in lower unburned hy-
drocarbons (HC), carbon monoxide (CO), and particulate matter
(PM) exhaust emissions compared to fossil diesel. However, bio-
diesel inneat and blend form unfavorablyincreases nitrogen oxides
(NOy) (Karabektas, 2009; Nabi et al, 2009; Panigrahi et al., 2014;
Puhanet al., 2007; Zheng et al.,2008 ). Thiscould be occurred due to
the relatively high oxygen content (~11%) of fatty acid methyl/ethyl
esters, leading to more complete combustion processes, higher
combustion chamber temperature, and consequently higher NOx
formation (Hoekman and Robbins, 2012). To justify the findings of
the reports which have claimed otherwise (Kalligeros etal., 2003;
Misra and Murthy, 2011; Redel-Macias et al., 2012), the impact of
biodiesel inclusion on increasing the cetane number of the fuel
blend should be taken into consideration. More specifically,
through increasing cetane number, the premixed combustion
phases and consequently the ignition delay will be shortened
(Kalligeros et al., 2003). Shorter ignition delays are generally
translated into slower rate of increases in combustion pressure (i.e.,
more time for heat transfer and therefore, lower localized in-
cylinder temperature) and therefore, lowered NOx formation.

Hence, it could be concluded that a trade-off exists between the
favorable and unfavorable effect of biodiesel on NOy generation in
the combustion chamber. Nevertheless, it should also be noted that
if cetane number is too high such as in the case of high biodiesel
inclusion rates, it could also result in incomplete combustion and
build-up of unburned hydrocarbon deposits (Chukwuezie et al.,
2017).

A great deal of efforts have been put into mitigating pollutant
formation, particularly NOx emissions, during combustion of fatty
acid methyl/ethyl esters and its blends (Gumus et al., 2016;
Mirzajanzadehet al., 2015; Moha mmadi et al., 2013; Senthilkumar
and Prabu, 2015; Srinivasa Rao and Anand, 2016; Velmurugan and
Sathiyagnanam, 2016). To this end, incorporation of various fuel
additives like alcohols (ethanol, n-butanol, and methanol), water,
acetal, and metals has been examined by various research groups
(Ganesh and Gowrishankar, 2011; Ithnin et al., 2015; lee et al.,
2011; Yang et al, 2013). Furthermore, the effect of glycerol-
derived triacetin as fuel additive on engine combustion character-
istics has been studied in a number of studies. For instance, Lacerda
et al. (2015) added 5—10 %v/v triacetin to neat diesel and neat
biodiesel and reported a more complete combustion and accord-
ingly, lower CO emissions by approximately 50% for die sel and to a
lower extent for biodiesel owing to the indusion of the additive.
They also stated that triacetin led to lower viscosity of the fuel
blends by 2 —3% while it increased the density of the fuels within
the limits of the standard. Concerning the NOx formation, the au-
thors claimed increased emissions by increasing the engine power
for all fuel blends tested, highlighting that the increases recorded
were more pronounced for biodiesel and its blends with triacetin in
comparison with their diesel counterparts. In another work, Rao
and Rao (2011) investigated the effect of adding triacetin in the
range of 5—25 %v/v on the engine performance and exhaust
emissions characteristics of coconut oil methyl ester in a diesel
engine. They reported that the fuel blend containing 10% triacetin
led to the most favorable outcomes. Zare et al. (2016) also studied
the effect of oxygenated fuels containing WCO biodiesel and tri-
acetin on the exhaust emissions. They found that increasing the
oxygen content of the fuel decreased CO,, (O, HC, and PM emis-
sions, while increased NOy formation.

According to the above-mentioned studies, both biodiesel and
triacetin have their own pros and cons on the pollutants generated
during the combustion process. Hence, decision making about
these additives and their inclusion rates on the basis of regulated
exhaust emissions like CO,, CO, NOy, SOy, HC, and PM in the dis crete
form is very difficult or even impossible (Hosseinzade h-Bandbafha
etal,2018). Thisproblem also becomes even more complicated in a
multi-objective optimization problem since taking into consider-
ation all emissions indices for diagnosing a global optimal point is
very problematicas aresult of incompatible objectives. In addition,
exhaust emissions analysis does not take into account the envi-
ronmental burdens imposed during the synthesis of biofuels /ad-
ditives. The main dis advantage of discrete emissions analysis is that
itrequires subjective weighting to make de dsions owingto the fact
that the level and degree of harmfulness of pollutants are not
comparable with each other. Life cycle assessment (LCA) approach
can be a promising alternative to the conventional emissions
analysis for coping with such complexity and plurality
(Hosseinzadeh-Bandbafha et al, 2018). Using this method, all
emissions indicators of each fuel blend can be converted to a
consolidated basis, i.e., dimate change, resource de pletion, human
health, and eco-system quality as well as total environmental im-
pacts. Accordingly, data emerged from emissions analysis not only
can be easily interpreted but also multi-objective optimization can
be fadlitate d by consolidating the environmental impactsrelated to
each fuel blend.
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Despite the fact that LCA approach has been broadly used in
various sectors for evaluating the sustainability index of their
products and services, this compre hensive decision making tool
has rarely been considered up to date for investigating diesel en-
gines fueled with renewable and nonrenewable fuels. Therefore,
the present study was aimed at experimentally investigating the
performance metrics and analyzing the exhaust emissions of a
diesel engine fueled with various diesel/biodiesel blends (B5 and
B20) containing different concentrations of glycerol-derived tri-
acetin in the range of 3—7 %v/v. LCA approach wasalsotaken into
account as a complementary tool to make decisions on the bio-
diesel and triacetin incdusion rates. The optimal fuel blend and
engine ope rating conditions were also selected on the basis of four
[CA-based damage categories such as climate change, resource
depletion, human health, and eco-system quality as well as total
environmental impacts.

2 Material and methods
2.1. Biodiesel synthesis and assessment

Methyl esters were synthesized by transesterifying(1 hat 60 °C)
pre-treated WCO using potassium hydroxide (KOH) catalyst. Once
the reaction completed, the mixture was left at room temperature
to separate the biodiesel phase from the glycerol phase as much as
possible (Aghbashlo et al., 2018d). Subsequently, wet washing
procedure was conducted to purify biodie sel as de scribed by Jaber
et al. (2015). Biodiesel properties including flash point, cloud point,
de nsity,and viscosity were analyzed by laboratorial procedures set
forth by the ASTM standards while the other properties were
estimated by using “Biodiesel Analyzer® software” (Talebi et al.,
2014).

2.2. Triacetin production

Triacetin production was carried out in a continuous-flow
reactor as developed by Rastegari and Ghaziaskar (2015). Briefly,
glycerol was esterified with acetic acid in the first reactor using
Amberlyst 36 as catalyst. Then, the reaction mixture was intro-
ducedinto awater separation reactor coupledtothe end ofthe first
reactor. The water separation reactor was designed to remove
water from the reaction medium as well as to catalyze the reaction
simultaneously. Toluene was pumped continuously into this
reactor for continuo us removal of water from the reaction medium
and Amberlyst 36 was used as catalyst. As a result of these two
simultaneous processes, the chemical equilibrium shifted toward
the triacetin production. Once the reaction completed, the mixture
was purified through distillation steps. Most of the acetic acid and
toluene were removed by the first distillation at reduced pressure
followed by triacetin distillation through the procedure de scribed
by Trevoy and Derek (1963). The purity of the distilled triacetin
sample was investigated using gas chromatography-flame ioniza-
tion detection (GC-FID) and gas chromatography-mass spectrom-
etry (GC-MS).

2.3. Fuel blends preparation

To prepare the fuel blends, triacetin were blended with two
sulfur-free diesel/biodiesel blends (B5 and B20) in three different
volumetric ratios (3, 5, and 7 %v/v) named as B5A3, B5A5, B5A7,
B20A3, B20A5, and B20A7, respectively. Therefore, the experi-
mental tests were carried out using six different diesel/biodiesel/
triacetin ble nds while B5,B20, and neat diesel fuels were taken into
account as control fuels.

24. Engine test set-up

Combustion trials were carried out using a turbocharged direct
injection four-cylinder MT4-244 diesel engine manufactured by
Motor Sazan (Tabriz, Iran) coupled with Schankk W700 mag netic
dynamometer (10kW). Table 1 tabulates the engine technical
specifications. The experimental procedure is schematically indi-
cated in Fig. 1. Engine test was carried out in eight modes at
different loads (25, 50, 75, and 100% of full load) and two engine
speeds (1500 and 2000 rpm). CO,, NO, HC, CO, and PM were
measured using an A-8020 AVL Dicom Ditest Gbhm gas analyzer.
Table 2 presents the measurements accuracies and the computed
parameters uncertainties.

2.5. Life cycle assessment (LCA) approach

LCA as an objective and standardized approach is capable of
investigating the behavior of products, processes, and systems in
the entire life cycle considering their impacts on the environment,
resources, and human health (Gbeza et al, 2014; Maham et al,,
2018; Neri et al., 2018; Rajaeifar et al,, 2017b). In better words,
ICA attempts to attain more sustainable production and con-
sumption systems using its structured, internationally-
standardized, and comprehensive method (Rajaeifar et al., 2019;
Yunos et al., 2017). LCA can also identify the key process steps and
areas where changes in the processes can significantly reduce the
negative impacts on the environment, resource, and human health
(Koroneos et al., 2004).

The general LCA framework is defined by SO 14040 and 14044
(ISO, 2006), consisting of four steps, i.e, aim and scope definition,
Life Cycle Inventory (LCI), Life Cycle Impact Assessment (LCIA), and
interpretation of the results. In the goal and scope definition step,
purpose, audiences, and system boundariesare defined (Ortiz et al.,
2009). In this study, the aim was to investigate and compare the
environmental impacts of the synthesis and combustion of six
different diesel/biodiesel /triacetin blends at two engine speeds and
four engine loads. The environmental impacts of these fuel blends
were compared with those of B5, B20, and neat diesel as control
fuels. The system boundary induding different stages of diesel/
biodiesel/triacetin blends production and consumption considered
throughout this study is shown in Fig. 2. In addition, two sub-
systems of WCO biodiesel and triacetin synthesis were also sepa-
rately studied in terms of their environmental impacts.

The function of a system under investigation is presented by
Functional unit (FU). It is important to note that the choice of the FU
has a profound effect on the interpretation of the final results
(Gudreault et al., 2009). The FU was considered to be 1G] shaft
power produced from the combustion of each fuel blend. For the
two sub-systems of WCO biodiesel and triacetin synthesis, the FU
considered was environmental impacts associated with 1 kg WCO
biodiesel and 1 kg of triace tin, from the extraction of raw materials
to the end of the production stage.

In the LA step, information concerning total relevant energy and

Table 1
The specifications of the four-stroke, four-cylinder Motor Sazan engine
te st bed used in the present study.

Engine parame ter Sped fiation
Number of cylinder 4

Bore and Stroke 100 x 127 mm
Displacement 3.99L

Compression ratio 17.5:1

Peak power 61.5kW@2000 rpm
Peak torque 330 Nm@1300 rpm
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Fig. 1. The schematic diagram of the engine setup used for the combustion experiments.

Table 2
The s pedi fiations of the A-8020 AVL Dicom Ditest Gbhm gas analy zer used.

Measuring instrume nt

Accuragy

Dynam ometer
Fuel flow meter
Air flow meter
@ AVL Digas4000

Pmid company

> AVL Digas4000 Light
NO AVL DiCom4000

Soot AVL 4155 smoke meter
0, AVL DiCom4000
Computed parameters

Py —

Bsfc, bte -

Pmid company (model E400)

ABB Sensyflow p (Germany)

Power, 1 Hp; Torque, 1 Nm; Speed, 1 rpm
0.01kg/h
0.3kg/h

0.01%

001%

1ppm

0.1 mg/m?
001%
Uncertainty (%)
1%

1.4%

mass inflows and outflows as well as data on pollutants release to
air, water, and soil are collected (Ortiz et al., 2009). These insights
are obtained based ontwokindsofdataset, i.e, the background and
foreground data. The background data are associated with the
production of the inputs and energy consumed in the process,
which aan be taken from Ecolnvent databa se. The foreground data
are assodated with the amount of materialsand energy used in the
process, which can be obtained from the experiments. The photo-
voltaic electricity was assumed to bethe power source used in the
triacetin synthesize from biodiesel-derived glycerol.

In the LCIA step, potential environme ntal impacts are assessed
while resources depletion of the system under investigation is
estimated bydifferent methods. Twogroups of indicators, i.e., mid-
points (problem-oriented methods) and end points (damage-ori-
ented methods) are considered in this step to quantify the envi-
ronmental impacts (Audenaert etal., 2012; Ortiz et al., 2009). Mid-
pointsreveal the environmental impacts related toglobal warming,
eutrophication, acidification, human and ecosystem toxicity, and
potential photoche mical ozone creation while end points translate
mid points into various environmental themes such as human
health, natural environment, and resources. Several methods have
been developed and applied during the past decade for environ-
mental impact assessme nt like Eco-indicator 99, EPS2000, IMPACT
2002+, and CML methods (Klinglmair et al., 2014). In the present
survey, IMPACT 2002 + method was considered for determining
the endpoints. Finally, the obtained results are interpreted and
explained in the last stage of an LCA analysis for identifying

significant problems and presenting condusions and recommen-
dations (Rashid and Yusoff,2015).

2.6. Sensitivity and uncertainty analyses

The sensitivity of the investigated damage categories to input
and output parameters was analyzed by their percentile changes.
The effective parameters on each damage category denoted by X,
include exhaust emissions gasses, diesel production, biodiesel
production, and triacetin production. The mean amount of each
parameter (X) for the tested fuels was variated by +10%. More over,
it was assumed that other parameters would remain constant at
their mean amount values when variating each parameter.
Accordingly, the sensitivity of the effective parameters on each
damage category was identified. Finally, based on the probabhility
distribution of the computed damage assessment results, the un-
certainty ranges of different damage categories for different fuel
types ( per GJ shaft power generated) were obtained.

3. Results and discussion
3.1 Fuel properties

Table 3 presents ¢me thermophysical properties of all the pre-
pared fuels measured on the basis of the ASTM standard guidelines.

The density and viscosity of the WCO biodiesel were higher than
those of neat diesel. In addition, these attributes of the fuel blends



470 M. Tabatabaei et al. / Journal of Cleaner Production 223 (2019 ) 466 —486

L T T 11

T e

ane®

u

aned pnergy

Alinte Fials

\}slem h-nundlr}

T PSP

Fig. 2 System boundary including different s tages of production and cons umption of diesel/biodiesel/ triacetin blends.

were furtherincreased byincorporating triacetin. More specifically,
the maximum density and viscosity values were recorded for
B20A7 at 0.8527 kg/L and 3.358 mm?/s, respectively. The calorific
value of the fuel blends was negatively correlated with biodiesel
and triacetininclusion rates. This could be related to high s tructural
oxygen content of the resultant blends. The lowest calorific value
(41.176 MJ/kg) was recorded for B20A7.

3.2. Engine performance metrics and exhaust emissions

3.2.1. Brake spedific fuel consumption (BSFC)

BSFC can be defined as the ratio of the of fuel consumption rate
to the power generated. The changes in the BSFC for various fuel
blends at different engine loads and speeds are presented in Fig. 3.
Obviously, elevating engine load decreased BSFC for all the pre-
paredfuels at bothengine speeds. In fact, total energy release was
increased with increasing engine load while the frictional loss was
remained almost unchanged. Accordingly, the fraction of produced
power was increased by incaeasing engine load, leading to
comparatively lower fuel consumption (Fahd et al., 2013). Inter-
estingly, this reduction was more marked in engine speed of

2000 rpm compared with 1500 rpm.

According to the data presented in Fig. 3, biodiesel inclusion
resulted in lower BSFC at the engine speed of 1500 rpm than neat
diesel likely because of oxygen content of biodiesel and, more
importantly, its positive impact on obtaining a more complete
combustion (Khalife et al, 2017a). However, an opposite trend was
detected at the engine speed of 2000 rpm possibly due to the
higher viscosity of the fuel which led to poor fuel atomization and,
consequently, less efficient combustion (Gogoi et al., 2011). In
addition to that, the lower calorific value of the blends containing
methyl esters than neat diesel could also be considered as the
reason behind the BSFC reductions observed at higher engine
speeds (Lapuerta et al., 2008). Similar findings were reported inthe
previous studies aswell (Bajjuetal.,2009; Mohammadi et al., 2014,
2013). Generally, triacetin incorporation into both B5 and B20
resulted in higher BSFC valuesin comparison with the triacetin-free
B5 and B20 blends under different engine test conditions (Fig. 3).
These findings could be explained by the lower calorific value of
triacetin (orin another word its higher oxygen content of 49.5%)
compared with the biodiesel/diesel fuel blends (Table 3) (Casas
et al,, 2010; Zare et al., 2016). Moreover, the more pronounced

Table 3
The measured physicochemicalproperties of neat diesel, biodiesel (B5 and B20) with and without triacetin (3—7 %v v).
ASTM Units Fuel samples
D B5 B5A3 B5A5 B5A7 B20 B20A3 B20A5 B20A7

Density at15°C - kg/L 0839 0.8413 0.8417 0.8421 0.8424 0.8482 03501 0.851 0.8527
Kinematic Viscosity at 40 °C D-445 mm?/s 3.09 3.144 3.149 3152 3.155 3.314 3333 3.345 3.358
Cal ori fic value - Kk/kg .57 42.304 42268 42245 42.221 41506 41364 41.270 41.176
Flash point D-92 °c 88 91 97 A 90 98 100 97 94
Cloud point D-2500 °C -5 -4 +3 +1 +2 -2 0 -2 -1
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Fig. 3. Variations in the BSFC for neat diesel, biodiesel (B5 and B20) with and witho ut triacetin (3—7 %v/v) at different e ngine loads and speeds.

increase in BSFC at higher engine speeds could be probably
attributed to the lower volumetric effidency and consequently,
incomplete combustion at higher engine speeds(Agrell et al.,2003;
Cheenkachorn et al., 2013).

3.2.2. Brake thermal efficiency ( BTE)

BTE can bede fined as the ratio of the brake power to the e nergy
supplied by fuel. The variations in the BTE for various fuels at
different engine loads and speeds are presented in Fig. 4. It is
obvious from the figure that BTE was increased by increasing en-
gine load. In fact, at lower engine loads, higher power would be
demanded to overcmme the frictional losses. However, at higher
engine loads, the engine could generate more useful work against
such frictional losses which in turn led to an improved effidency
(Fahd et al.,2013). As shown in Fig. 4, the combustionof B5 and B20
led to higher BTE values at the engine speed of 1500 rpm in com-
parison with neat diesel, while lower BTE values were recorded at
the engine speed of 2000 rpm. These findings were in line with
those of the other studies reported previowsly (Chauhan et al.,
2012; Hasimoglu et al, 2008; Kumar et al, 2013; Misra and
Murthy, 2011). The positive impacts of biodiesel inclusion on BTE
could be attributed to its oxygen content while on the other hand,
its lower clorific value could to some extent overshadow such
positive impacts (Khalife et al, 2017b; Kumar et al, 2013).
Furthermore, triacetin incorporation into both low and high le vels
of biodiesel (B5 and B20) led to lower BTE values in comparison
with those of their tria cetin-free counterparts. More spedfically, at
the engine speed of 1500 rpm, the average changes in the BTE for
low and high levels of biodiesel (B5 and B20) in response to

triacetin addition stood at about —5.87% and —6.45%, respectively.
Similar trend was also observed at the engine speed of 2000 rpm.
Overall, it could be concluded that the addition of triacetin into
both B5 and B20 in general de teriorated the BTE of the fuels pre-
pared. This phenomenon could be attributed to the higher vis cosity,
higher density, and lower calorific value of the blends containing
triacetin (Zare etal., 2016).

3.2.3. NOx emissions

Fig.5 de pictsthe variations in NOx formation for various fuels at
different engine loads and speeds. Similar to the findings of the
majority of the reports published previously in this domain (Sayin
et al.,, 2013; Xue et al., 2011 ), the addition of biodiesel into petro-
leum diesel proportionally increased NOy formation. In general,
NOy formation is driven by factors such as combustion timing,
ignition timing (injection timing), maximum temperature, and
maximum heat release rate (Hoekman and Robbins, 2012). There-
fore, apart from the oxygen content of biodiesel, its higher cetane
number and the resultant higher in-cylinder te mperature would
also contribute to the formation of higher NOy emissions (Can,
2014; Song and Zhang, 2008). Similar reasons could also be
offered for the increasing effect of load on NOy formation. More
specifially, the overall fuel—air ratio would be augmented by
increasing engine load which could in turn lead to a boost in the
mean combustion chamber temperature and consequently, NOy
formation (Raheman and Ghadge, 2007).

The addition of triacetin into diesel/biodiesel blend at both low
and high speeds under full load condition decreased NOx emissions
possibly owing to the quenching of the chamber temperature
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Fig. 4 Variations in the BTE for neat diesel, biodiesel (B5 and B20) with and witho ut triacetin (37 %v/v) at different e ngine loads and speeds.

cus ed by the lower cetane number of triacetin, i.e., 15 (Casas etal.,
2010), compared with those of diesel and biodiesel (Fig. 5). More
specifiaally, triacetin addition must have partially decreased the
cetane number of the whole fuel blends in comparison with
triacetin-free fuel blends, leading to a partial increase in ignition
delay (Kidoguchi et al., 2000), reducing the in-cylinder te mpera-
ture, and subsequently NOx generation. However, at high triacetin
inclusion rate of 7%, its negative impact on decreasing cetane
numberapparently overshadowedits favorable impacton reducing
combustion temperature and as a result, higher NOy emissions
were recorded. Moreover, thiscould also be attributed to the higher
viscosity and the consequent poor atomization of diesel/biodiesel
fuel blends containing high triacetin contents. Therefore, triacetin
content of 5% in both B5 and B20 could be regarded as optimal
inclusion rate, leading to 13.5% and 18 7% reduction in NOx emis-
sions, respectively. In better words, 5% triacetin was found to be
effident in compensating for the unfavorable impact of biodiesel
inclusion and decreased NOy emissions of the fuel blend to
approximately the same value recorded for neat diesel. These
findings were in agreement with those of the exhaust gas tem-
perature (Fig. 6).

Higher reductions in NOy formation were obtained at higher
engine speeds in response to triacetin incorporation into both B5
and B20 blends (Fig. 5). This could also be justified by the fact that
higher engine speeds could be assodated with higher in-cylinder
temperature. Accordingly, triacetin inclusion could to some
extent discount this trend, leading to less NOy formation as elab-
orated earlier. Overall, the highest mitigation in NOy generation
achieved throughout this study stood at 19.3% corresponding to the
combustion ofB20A5 at the engine s peed 0f2000rpm under 75% of

full load condition.

32.4. HC emissions

HC emissions is regarded as a good indicator representing
combustion qualityin the combustion chamber (Gogoai et al.,2011).
In general, the main driver of HC emissions is poor fuel mixtures,
either fuel-rich and fuel-lean mixtures (Hosseinzade h-Bandbafha
et al., 2018). Low/excessive injection pressure, non-stoichiometric
air-fuel ratio, small nozzZle holes, poor atomization, sac volume/
hole dribble, under or over penetration, deposits on combustion
chamber walls, and excessive ignition delay are among the factors
presented in the published literature contributing to poor fuel
mixtureformation (Greeves et al., 1977; Khalife et al,, 2017b). Fig. 7
presents variations in HC emissions of the fuels investigated at
different engine speeds and loads. The result obtained showed that
the addition of biodiesel into diesel fuel in ge neral res ulted in lower
HC emissions in comparison with neat diesel, especially at lower
loads. This result was in agreement with those of the previously
published studies (Buyukkaya, 2010; Kim and Choi, 2010; Oze ner
et al., 2014). The oxygen content of methyl esters and the conse-
quent more complete combustion on one hand and its higher ce-
tane number leading to shorter ignition delay and longer
combustion duration on the other hand, could be highlighted as the
factors contributing to lower HC emissions compared with neat
diesel (Monyem and Van Gerpen, 2001; Som etal., 2011).

An inconsistent trend in HC e missions was observed in response
to the inclusion of different concentrations oftriacetin intoB5 than
B20. In general, the combustion of B5 containing triacetin resulted
in reduced HC emissions compared with B5 and neat diesel fuel
(Fig. 7). The highest triacetin inclusion rate of 7% into B20 increased
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HC emissions compared with triacetin-free B20 and neat diesel,
whileon the contrary, addition of 5% triacetin into B20 resulted in a
steady reduction in HC emissions. This phenomenon could be
explained by the fact thatincreasing triacetin content resulted in to
increased oxyge n contentofthe fuel blend which could have in turn
led a more complete combustion and lower HC emissions. How-
ever, higher triacetin concentrations must have inaeased the vis-
cosity of the fuel blend (Table 3) negatively affecting fuel
atomization. In addition, high triacetin indusion rate lowered ce-
tane number of the blend, negatively influe ncing the combustion
process. The latter could increase ignition delay and subsequen tly
deteriorate the combustion quality, ie., higher emissions of un-
burned HC. As presented in Fig. 7,addition of 5% triacetin into both
B5 and B20 in general led to considerable HC e missions reductions.
More specifically, combusting B5A5 led to approximately 31% and
56% reduction in HC emissions at engine speed of 2000 rpm under
fullload condition compared with neat diesel and B5, respe ctively.
While combusting B20A5 resultedin 42% and 54% reduction in HC
emissions under the same engine operating conditions.

32.5. CO, emissions

Fig. 8 manifests the changes recorded in CO, emissions during
the combustion of the studied diesel/biodiesel blends containing
various amounts of tria cetin. CO, emissions in the exhaustgas were
increased for all the fuel samples studied as engine load incre ased.
More over, the inclusion of biodiesel resulted in minor changes in
(@0 emissions in comparison with neat diesel. Inclusion of triacetin
into diesel/biodiesel blends resulted in slight increases in CO3
emissions over their additive-free counterparts. Similar trends

were also reported by Rao and Rao (2011) who also investigated the
combustion of neat biodiesel containing triace tin.

32.6. PM emissions

Diesel engines are considered as major sources of particulate
emissions (Rizwanul Fattah et al., 2013). Particulate matters (PM)
are air-suspended particles includingsolid and liquid materials that
differ in size, mass, shape, origin, chemical composition, solubility,
and other physicochemical properties (Rizwanul Fattah et al., 2013;
Sakurai et al, 2003). Fig. 9 exhibits the changes measured in PM
emissions of the investigated fuels under different engine test
conditions. Based on the result obtained, PM release was increased
by increasing engine load and engine speed possibly due to the
insuffident oxygen available during combustion (Khalife et al.,
2017b). Incorporating biodiesel into petro-diesel generally
deceased PM emissions compared with neat diesel through
providing excess oxygen. More specifically, the combustion of B5
and B20 reduced PM emissions by 35% and 30% under full load
condition compared with neat diesel, respectively. Improving
combustion quality due to the oxyge n content of methyl esters and
consequent reductions in PM emissions have also been frequen tly
reported by previous studies (Ashraful et al., 2014 ; Paul etal, 2014;
Shahir et al., 2015).

Incorporating triacetin into both B5 and B20 led in general to
favorable variations in PM emissionsathigh engine speed under all
engine loads except full load. Moreover, these reductions were
more pronounced for B20 than B5 fuel, attributing to its higher
biodiesel content (Demirbas, 2007; Khalife et al., 2017b; Rashedul
et al., 2014; Shi et al., 2006). The result obtained showed that
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Table 4

Values of the environmental impact of production per kg biodiesel (B100)and triacetin.

Damage ategory Unit Biodiesel production (kg) Triae tin production (kg)
Human health DALY 6.91x1077 327 x10°°

Ecosyste m quali ty PDF'm?*yr 9.03 x 102 254 x10°"

dimate change kg O, eq 8.43 x10! 251

Re sources M] primary 17.0 81.7

although maximum PM emissions reduction was measured for
B20A7 by 48% and 43% (at engine speed of 2000 rpm under 50% of
full load condition) compared with neat diesel and B20, respec-
tively, triacetin inclusion rate of 5% resulted in a more stable
reduction in PM emissions (except at 100% engine load). More
specifically, addition of 5% triacetin into B5 reduced PM emissions
at all engine tests except under full load condition. The maximum
deaement in PM release was measured at engine speed of
1500 rpm under 75% of full load condition by 13% and 25%
compared with neat diesel and B5, respectively. These mitigations
in PM e missions observed througho ut this study were in agreement
with the results observed by Rao and Rao (2012).They also studied
the inclusion of triacetin into neat biodiesel and argued that the
reductions observed in PM emissions could be owing to the lower
arbon molecules of the fuels. On the contrary, under full load
condition in the present study, unfavorable changes in PM emis-
sions were observed when combustingboth B5 and B20 fuel blends
containing various concentrations of triacetin (Fig. 9). This phe-
nomenon could be related to the higher viscosity of the fuel blends
as aresult of the additivesinclusion, leading to poor atomization of
the sprayed fuel and consequently, deteriorated quality of the
combustion process.

32.7. CO emissions

Low oxygen concentration, low reaction temperature, and short
reactiontime as the major reasons leading to the formation of CO;
the main intermediate product of the combustion process (i et al.,
2014 ). In fact, under optimal combustion conditions like tempera-
ture, this intermediate spedes would be converted into CO, and
vice versa (Khalife et al., 2017b). Fig. 10 shows the effect of triacetin
inclusion into biodiesel blends (B5 and B20) on the CO emissions
under different engine conditions. Accordingly, it could be
concluded that at both engine speeds under full load condition,
biodiesel inclusion improved the combustion process by providing
an extra oxygen molecules, leading to lower CO formation
(Raheman and Ghadge, 2007). Triacetin inclusion further decreased
(0 emissions possibly owing to itsoxygenated nature.For instance,
approximately 4% and 14% reductions in CO emissions was
observed at 5% indusion rate of triacetin in B5 and B20,
respectively.

32.8. LCAresults

In the present study, the environmentalimpacts associated with
the production of neat biodiesel and triacetin were first calculated
through their life gycle (cradle to the gate) in four categories,i.e.,
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human health, ecosystem quality, climate change, and recourse
damage categories (Table 4).

In biodiesel production (transesterification), biodiesel and
glycerol are considered as the main product and co-product of the
process, res pectively. Therefore, due to the production of more than
one item by this system, it would be necessary to allocate the
environmental impacts to these items separately. Allocation is in
factone ofthe long-standingmeth odological issues in LCA of multi-
products systems (Suh et al., 2010). In this study, the allocation

between biodiesel and glycerol was calculated using the mass
allocation method. Since the mass of biodiesel wasabout 90% of the
total mass produced in the transesterification phase, 90% of the
environmental impacts was also allocated to biodiesel and the
remaining 10% was allocated to glycerol (glycerol was considered as
a product with commercial value).

Figs. 11 and 12 show the relative contributions of all the inputs
and processes to the environmental impacts attributed to neat
biodiesel and triacetin production, respectively. As seen in Fig. 11,
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Fig. 15. The effect of the inclusion of different levels of triacetin (3—7 %v/v) into B5 and B20 on the climate change damage category under different engine conditions.

the consumption of electridty in the transesterification step had
the most important contribution to the human health damage
category. More specificallyy, WCO biodiesel production led to
6.91 x 10~ 7 DALY/kg of human health damage category, out of
which, about 80% was related to the consumption of electridty in
the transesterification step. The main reason to this observation
was the release of SO, due to the production of electricity in power
plants. Following SOy, hydrocarbon aromatics, particulates
<2.5um, and NOy played mgor roles in the human he alth damage
category for WCO biodiesel production due to the production of
electricity in the fossil-fueled power plants. In addition, in the
resource damage category, the electricity consumed in the trans-
esterification step had the main role because of the use of natural
gas and crude oil for electridty production in the conventional
power plants. Electricity consumption in the transesterification
step also had the largest share in the climate change damage
category due to GHG emissions of fossil power plants. Therefore,
managing electricity consumption in the WCO biodiesel production
plant, as well as changing the type of fuel used for electridty
generation, could be effective strategies in improving the envi-
ronmental impacts and sustainability features of WCO biodiesel.
Moreover, WCO biodiesel production led to 9.03 x 10~2 PDF*m?2*
yr/kg of damage to the ecosystem out of which 5.83 x 102
PDF*m?% yr/kg (about 60%) was attributed to the wastewater
generated through the transesterifiation process. On that basis,
wastewater recovery in the transesterification step could reduce
the environmental burden imposed on the ecosystem quality

damage category.

Similarly in the triacetin production, electricity consumption
was a very major factor deteriorating the environmental aspects of
the process. This would be worsened because of the very low rate of
triacetin production reaction (0.15g/min). To avoid this and to
further enhance the sustainability features of this product, photo-
voltaic electricity was considered for triacetin synthesis. It should
be noted that electricity generation from fossil-oriented resources
is a key contributor to global emissions of GHG, NO, and SOy and
their related environmental impacts (Turconi et al., 2013). On the
contrary, according to Hosenuzzaman et al. (2015), photovoltaic
power generation could reduce CO3, NOx, and SOx emissions sub-
stantially. For instance, it has been reported that photovoltaic sys-
tems could save 0.53 kg CO, emissions for every KWh of electricity
generated (Chenget al., 2008)).Accordingtothe findings presented
in Fig. 12, the net consumption of acetic acid and glycerol (i.e.,
excluding the acetic acid and glycerol recovered) were the main
factors in causing the environmental impacts associated with tri-
acetin synthesis.

Inthe second part of the analysis, the environmental impacts of
the mechanical shaft power produced through the combustion of
the prepared diesel/biodiesel/triacetin blends were investigated
through four damage categories on the basis of IMPACT 2002+.
These damage categories included “arcinogenic (kg eq chloro-
ethylene into air)”, “non-carcinogenic (kg q chloroethylene into
air)”, “respiratory organic (kg eq PM2.5 into air)”, “respiratory
inorganic (kg eq ethylene into air)”, “ionizing radiation (Bq eq
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arbon-14intoair)”, and “ozone layer depletion (kg .q CFC-11 into
air)” (Maham et al., 2018). Fig. 13 reveals the effect of triacetin
incorporation into both B5 and B20 on the human health damage
ategory under different engine test conditions. NO, emissions,
markedly affecting the respiratory inorganic, is one of the mid-
points in human health damage category (Mezzullo et al., 2013).
Accordingly, it would be expected that triacetin incorporation into
both B5 and B20, owing to its favorable impacts on NOx emissions,
would mitigate this damage category. However, the combustion of
B5 and B20 containing triacetin did notlead to lower human he alth
damagebecause ofincreasing BSFC as aresult of triacetin inclusion.
As mentioned earlier,the addition oftriacetin into both B5 and B20
in general resulted in higher BSFC values compared with the con-
trol blends under different engine test conditions. Inaeasing BSFC
increased the fuel cons umption rate for the productionof 1 G]J shaft
workwhich in turn heightened the human health damage category.
In addition to NOx emissions, CO emissions as well as particulates
(soot) formation were adversely affected the human health damage
category. As a result, it could be expected that because of deaeasing
these emissions through triacetin addition, the above-mentioned
adverse effects on the human health damage category could be
reduced. However, similar to the NO, emissions, the increase
caused in BSFC in response to triacetin addition trivialized its
positive effects on the human health damage category by reducing
@0 emissions and particulates (soot) formation.

In IMPACT 2002+, ecosystem quality damage cate gory consists
of four midpoints viz. “aquatice cotoxicity (kg eq triethylene glycol
into water)”, “terrestrial ecotoxicity (kg eq triethylene glywl into
sail)”, “terrestrial acid/nutr (kg oq SO into air)”, and “land
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ocaupation (m? eq Org. arable)”. These midpoints take into
consideration the level of disruption in ecosystems on the basis of
PDF*m?* yr (Maham et al., 2018). The effect of triacetin incorpo-
ration into B5 and B20 on the ecosystem quality damage category
under different engine conditions is illustrated in Fig. 14. Analogous
to the human health ctegory, NO, emissions was the main
pollutant influencing terrestrial acid/nutr impact category and
subsequently, e cosy stem quality damage category. Despite the fact
that biodiesel/triacetin incorporation into diesel reduced NOx
emissions, their application negatively lowered BTE by increasing
BSFC. These in turn collectively increased ecosystem quality dam-
age category.

Fig. 15 indicates the influence of triacetin addition into B5 and
B20on the dimate change damage category under different engine
conditions. It is obvious from the figure that both B5 and B20 had
lower negative effects on the climate change damage category than
neat diesel. In general, CO2 emissions is the main factor affecting
this damage category (Borsato et al.,, 2018; Cellura et al., 2018).
Accordingly, both B5 and B20 having lower CO, emissions in
comparison with neat diesel had lower climate change damage
compared with petro-diesel. Indeed, biodie sel incorporation into
petrodiesel improved the combustion process as a result of its
higher oxygen content. Similarly, Rajaeifar et al. (2017a) compared
diesel/biodiesel blends with neat diesel from the LCA perspective.
They found that diesel fuel had higher unfavorable effects on the
global warming impact category compared with diesel/biodiesel
blends. In addition, Xue et al. (2012), Sheehan et al (198), and
Nanaki and Koroneos (2012) also reported a direct association be-
tween biodiesel inclusion rate and mitigation of global warming
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Fig. 16. The effect of the inclusion of different leveIs of triacetin (3—7 %v/v) into B5 and B20 on the resources damage category under different e ngine conditions.
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Fig. 17. The effect of the inclusion of different leveIs of triacetin (3—7 %v/v) into B5 and B20 on the total environmental impa cts under different engine conditions.

potential. Furthermore, triacetininclusion into both B5 and B20 in
general released more CO, when compared with neat diesel.
Interestingly, increasing triacetin inclusion rate increased CO,
emissions. This could be explained by the fact that increasing tri-
acetin content unfavorably increased BSFC, thereby increasing the
rate of fuel consumption for production of 1 GJ shaft work.

Fig.16 presents the effect of triacetin indusion into B5 and B20
on the resources depletion category at different engine speeds and
loads. Resources depletion category refers to primary energy con-
sumption in a given activity or production process. This environ-
mental impact indicator includes two midpoints, ie., “non-
renewable energy consumption (M] total primary non-renewable
energy or Kg ¢q crude oil (860kg/ m>))” and “mineral extraction
(M] additional or surplus energy or Kg ¢q iron (in ore))” (Maham
et al., 2018). Overall, biodiesel /triacetin in corporation into petro-
diesel slightly decreased this damage category. This could be
attributed to the fact that biodiesel/triacetin application abated
diesel fuel consumption and subsequently, mitigated non-
renewable energy consumption. According to Cornelissen and
Hirs (2002), the depletion of natural resources is probably the
main diffe rence between renewable and non-renewable resources.
It should also be noted that increasing BSFC as aresult of biodiesel/
triacetin inclusion depredated their positive effects on the non-
renewable ener gy consumption toa large extent.

The effect of triacetin inclusion into B5 and B20 on the total
environmental impacts under different engine conditions is
exhibited in Fig. 17. This index consolidates all human health,
ecosy stem quality, climate change, and resource damage categories

into asingle score through weighting process, thereby facilitating
dedsion-making.

Weighting could be in fact advantageous by pre senting the LCA
results as a single score, which could in turn allow easy compari-
sons of the environmental impacts attributed with different prod-
ucts. Such findings could facilitate de dsion making by immediately
revealing the comparative impacts of different products/processes
(ISO, 2006). In light of that, weighting was also used herein to
provide an objective indicator for selecting the most environmen-
tally favorable diesel /biodie sel blends at different e ngine loads and
speeds.

The weighting results are presented in Fig. 17, based on which,
B20A7 at full load and engine speed of 2000 rpm resulted in the
lowest level of environmentally harmful effects. While opposite
observations were made atlow load of engine operation (Fig. 17).
More spedficlly, the results showed that in general, increasing
engine speed could lead to increased total environmental impacts
at low load. Moreover, increasing the proportion of biodiesel in the
fuel blends containing triacetin resulted in reductions in the total
environmental impacts of the fuels (Fig. 17).

The sensitivity analysis is presented in Fig. 18. As could be
observed, the vertical line in the graphs represents the mean
environmental impacts of each damage category. Deviations from
the vertical line show how a damage category would vary by 10%
increase or 10% decrease in the mean value of each parameter.
Accordingly, the human health, ecosystem quality, and climate
change damage categories were mainly affected by the exhaust
emissions gasses, while the resource damage category was mainly
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Fig. 18. Sensitivity analysis of the different damage categories related to neat diesel, biodiesel (B5 and B20) with and without triacetin (3—7 %v/v) for the input and output pa-

rameters of the diesel engine.

affected by diesel production. Considering the results of the
sensitivity analysis, as the first step, the focus should be to reduce
the exhaust emissions gasses byimple menting different strategies.
For instance, since there is a coloration between injection timing
and exhaust emissions gasses (Agarwal et al., 2013 ), proper injec-
tion timing settings could be effective in reducing exhaust emis-
sions gasses and consequently, the above mentioned damage
categories. On the other hand, since diesel was a very effective
parameter on the resource damage category, reducing diesel pro-
portion in the fuel blends by increasing that of biodiesel could
contribute to reduced burdens on the resource damage cate gory.
Table 5 presents the results of th e uncertaintyanalysis. The 95%
confidence interval reveals that for the 95% of the cases, the results

of the damage categories for each GJ shaft power generated would
fall within the range (L, U). Moreover, based on the normalized
standard distribution, for 1G] shaft power generated, the uncer-
tainty percentages of different damage categories range between
911% and 20.38% for different fuel types.

Overall, it could canbe concluded that triacetin indusion into B5
and B20 did not lead to a positive outcome in terms of total envi-
ronmental impacts owing to an increase in BSFC as a result of tri-
acetin incorporation into B5 and B20 blends. Overall triacetin
inclusion into diesel/biodiesel blends does not appear to be an
environmentally sound strategy considering the current produc-
tion technology. For reducing the environmental impacts assod-
ated with triacetin production, it could be recommended toem ploy
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Fig. 18. (continued)

methods and technologies capable of further increasing the pro-
duction speed vs. the current production speed of 0.15 g/min.,
leading to less electricity consumption. In addition, it would be
advisable to reduce the environmental impact of biodiesel pro-
duction at different stages of production. For example, the use of
more sustainable energy carriers such as photovoltaic systems in
different processes, i.e., oil extraction/purification and trans-
esterifiation, wouldresultin improvements in the environmental
effects attributed to biodiesel production. Another solution would
be the implementation of effident technologies for treating the
wastewater produced during biodiesel production. This could also
lead to reduced environmental impacts on ecosystem quality
damage category.

In addition, the LCA approach was found to be a more
comprehensive dedsion-making ap proach compared with discrete
emissions analysis for evaluating the environmental impacts of the
shaft work produced by internal combustion engines. Future
investigation should be also directed towards using the consoli-
dation of exergy concept with LCA principles, i.e., exergeticlife cycle
assessment (ELCA) for better assessment of the overall environ-
mental impacts of shaft work production by internal combustion
engines.

4. Conclusions

Inthis work, a die sel engine fueled with B5 and B20 containing

glycerol-derived triacetin was analyzed based on two environ-
mental assess ment approaches, i.e., discrete emissions analysis and
consolidated LCA method. More specifially, the variations in both
exhaust emissions and LCA variables in res ponse to changes in fuel
composition, engine speed, and engine load were comprehensively
investigated. Based on the results obtained in the presentstudy, the
additionof triacetin into B5 and B20blends slightly decreased the
calorific value of the blends and increased their viscosities. In
addition, by incorporating triacetin into the B5 and B20 blends,
BSFC was increased and subsequently, BTE was deaeased.
Furthermore, triacetin inclusion into diesel/biodiesel blends
markedly mitigated NOx formation and PM emissions. Neverthe-
less, HC emissions did not show a clear trend in response to the
addition of triacetin into diesel /biodiesel blends.

The results of the experiments also revealed that triacetin in-
clusion into diesel/biodiesel blends led to decreased CO emissions,
while CO, emissions was increased by adding triacetin. Des pite the
reduction of the exhaust emissions (e specially NOy emissions), the
LCA variables viz. human health, eco-system quality, climate
change, and resource depletion damage categories were not
remarkably influenced by triacetin incorporation because of the
increasing impact of triacetin addition on BSFC. Overall, the results
of this study showed that although triacetin could markedly miti-
gate the environmental performance of the engine in terms of
discrete emissions analysis, the LCA approach could not diagnose
any substantial differe nces among the fuel blends with respect to
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Table 5
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Uncertainty analysis of different damage categorie sfor neat diesel, biodiesel (B5 and B20) with and without triacetin (3—7%v/v)witha 95% confidence interval.

Fuel type Damage category Amount of damage category (Confidenceranges for normalized standard Uncertainty (%)
(based on unit of damage category ) distribution
Min Max Lower band (L) Upper band (U)
Die sel Human health 1.57 x 104 276 x 104 1.28 197 12.43
Ecosyste m quali ty 9.98 17.66 125 205 12.58
dimate change 168 263 1.47 196 963
Re sources 3418 5563 1.26 222 11.70
B5 Human heal th 1.58 x 1074 281x107* 115 188 15.53
Ecosyste m quali ty 10.25 18.11 113 194 15.63
dimate change 159 234 1.44 203 958
Re sources 3080 4707 1.26 221 11.77
B5A3 Human health 1.93 x 104 343 x 104 112 234 14.10
Ecosyste m quali ty 12.62 22.22 1.08 238 14.87
dimate change 185 275 117 235 13.04
Resources 3648 5585 0.86 237 20.38
B5A5 Human heal th 1.88 x 1074 294 x 107* 1.01 213 17.28
Ecosyste m quality 12.47 19.13 0.94 223 18.65
dimate change 181 281 117 225 13.32
Re sources 3436 5523 1.07 222 15.55
B5A7 Human health 1.93 x 104 304 x 104 1.28 208 13.12
Ecosyste m quali ty 12.80 19.84 127 218 11.67
dimate change 178 280 1.31 211 11.25
Re sources 3403 5585 119 227 12.86
B20 Human health 1.72 x107* 304 x 10°* 124 197 13.12
Ecosyste m quali ty 11.65 19.99 124 204 12.83
dimate change 169 248 129 212 11.65
Re sources 2826 4315 119 226 12.88
B20A3 Human health 1.82 x 104 300 x 104 1.30 199 12.07
Ecosyste m quali ty 12.42 19.87 1.31 205 11.43
dimate change 178 273 1.45 193 999
Re sources 3563 5436 091 212 19.84
B20A5 Human heal th 1.90 x 107* 314x 1074 0.93 227 17.47
Ecosyste m quali ty 13.03 20.86 0.99 231 17.04
dimate change 3453 5523 1.02 223 16.64
Re sources 194 291 1.01 195 18.18
B20A7 Human health 1.79 x 104 286 x 104 129 197 12.32
Ecosyst em qual ity 1.9 19.10 1.50 197 911
dimate change 181 306 117 212 13.81
Re sources 2793 5585 1.62 173 944

their compositions. Moreover, in order to make comprehensive
dedsions on the environmental performance of internal combus-
tion engines fueled with various alternative and fossil fuels and
their blends, the LCA approach appears to be more plausible over
discrete emissions analysis.
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