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ABSTRACT

Biofuels are considered as the alternative to petrofuels in Compression Ignition (CI) engines. However, investigations on combustion exergy,
exergetic life cycle, and environmental impacts are imperative for understanding the sustainability of biofuel in engine applications. In the
present study, the sustainability of Waste Cooking Oil (WCO) microemulsion biofuel in CI engines is validated by evaluating the life cycle
performances, emission characteristics, and cogeneration potential. The life cycle assessment (LCA) analysis indicated that the
environmental impact of fossil resource exploitation could be reduced up to 34% with WCO microemulsion biofuel–petrodiesel blends
(WMBDs) in comparison to petrodiesel. Moreover, CO, CO2, and NOx emissions decreased for WMBDs at different load conditions. In
addition, WMBDs exhibited higher cylinder pressure and the highest net heat release rate (NHRRmax) than petrodiesel. WMBDs showed the
net system exergy output, relative shares of brake power, and exhaust exergy comparable to petrodiesel, justifying the cogeneration potential
of the formulated WCO microemulsion blends. In addition, WMBDs exhibited higher utilization efficiency over petrodiesel in exergetic life
cycle assessment analysis. Furthermore, the resource utilization efficiency and environmental sustainability could be increased up to 27.76%
and 26.62%, respectively, with waste heat recovery (cogeneration) facility for WMBDs. CI engines (both with and without integrated
cogeneration facility) fueled with WMBDs outperformed petrodiesel in terms of environmental sustainability.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0143658

I. INTRODUCTION

The global reliance on fossil fuels for energy production dimin-
ishes its reserves and escalates greenhouse gas (GHG) emissions from
end-use sectors. Replacing fossil fuels with advanced biofuels com-
bined with technical and operational energy efficiency measures can,
therefore, offer the least carbon-intensive technology options. Out of
the different novel advanced biofuel production methods, microemul-
sion biofuel production using microemulsification presents multiple
advantages in terms of process sustainability. Simple production meth-
ods, technology implementation with 100% product utilization, short
production period without heat (energy) application or chemical reac-
tions, requiring no product purification or separation, and the absence

of by-products characterize microemulsification processes.1,2 Thus,

simple mixing of vegetable oil, surface active agents, and a polar sol-

vent (e.g., ethanol), at an ambient temperature, can yield microemul-

sion biofuels with properties comparable to petrodiesel and biodiesel.2

The microemulsion fuel formulations are characterized by nano-
sized fluid droplets (or colloidal dispersions) of size 1–150nm. These
are defined as the optically isotropic, thermodynamically stable, trans-
parent, and homogeneous fluid medium. Microemulsion systems
exhibit unique structural characteristics and dynamic behavior.
Therefore, detailed investigation concerned with droplet formation,
interaction, and aggregation is very much critical in investigating
the fuel quality as well as for a better understanding of the formulated
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system.2 The phase behavior, droplet parameters, and thermodynamic
stability were studied for a microemulsion biofuel from Thevetia
peruviana seed oil.2,3 Ashikhmin et Al.4 have recently investigated die-
sel fuel�rapeseed oil blends using distilled water as a polar solvent to
define the temperature-dependent aggregate thermal stability and rhe-
ological properties. Liu et al.5 demonstrated the palm oil fractionations
based microemulsion as a potential biomaterial feedstock, especially in
terms of the viscosity characteristics or anti-shearing properties.

The surface active agents (surfactants and co-surfactants) stabilize
the microemulsion system by reducing the interfacial tension, between
the oil phase and the polar solvent.2 Nonionic surfactants are generally
preferred for microemulsion fuel formulations since they show superior
phase behavior with polar organic solvents (e.g., ethanol and butanol).
The possibility of fuel system destabilization and the occurrence of
chemical reactions (during processing and storage) can be reduced with
the utilization of nonionic surfactants.2,3 The thermal stability and phase
behaviors of water-diesel microemulsion system prepared using the
nonionic surfactants Neonol AF 9-6 and PEG-6 nonylphenyl ether and
the cosurfactant 2-ethylhexanol were studied in two (2) recent studies.6,7

In addition, Kayali et al.8 interpreted the phase behavior of a water-
diesel microemulsion system formulated using nonionic surfactant alkyl
polyglycol ethers and alcohol carboxylates. Acharya and his coauthors
investigated the phase behavior, cloud point, electrical conductivity, soot
estimation, and density of water in the diesel based microemulsion sys-
tem formulated using the nonionic surfactant Tween-80 and cosurfac-
tant n-butanol/isobutanol.9,10 The microemulsion formulation with
branched alkyl chain (isobutanol) cosurfactant exhibited superior fuel
compatibility in comparison to the system formulated with straight alkyl
chain (n-butanol) cosurfactant.10

However, subsequent cost escalation due to the addition of exter-
nal surfactants has favored surfactant free microemulsion fuel sys-
tems11–13 even vs environmentally benign and nonionic surface active
agents.2,14 Vegetable oils contain a significant amount of naturally
occurring surfactants, such as mono-, di-glycerides, and free fatty acids
(FFAs) or fatty esters. Consequently, the production of microemulsion
biofuel from five different indigenous vegetable oil feedstocks was
attempted without adding any external surfactants.14 Thus, crude veg-
etable oil could become the major feedstock for biofuel production as
external surfactants are not required and it is economically viable.

At present, much emphasis is being placed on Waste Cooking Oil
(WCO) as a feasible feedstock for microemulsion biofuel production, as
humungous quantities of WCO generated annually from the global
food market are raising serious environmental concerns.15,16 For
instance, China, United States, India, and Japan generate 5.6, 1.2, 1.1,
and 0.57 Mt ofWCO per year, respectively.16 Therefore, recycling, effec-
tive repurposing, or efficient utilization of WCO for advanced biofuel
production would aid ecosystem sustainability.17 Phasukarratchai17

studied the phase behavior and fuel properties of a WCO microemul-
sion biofuel blended with diesel fuel. WCO microemulsion biofuels
were formulated using ethanol, 1-butanol, and nonionic surfactants. In
one of the previous studies, microemulsion biofuel from WCO using
ethanol as a polar solvent and butan-2-ol as a cosurfactant was formu-
lated.15 It was reported that the gross calorific value (GCV) for pre-
treated WCO (P-WCO) based microemulsion biofuel (39.01MJ/kg)
was comparable to the GCV of WCO biodiesel (39.3MJ/kg).15

However, this study warrants further research into the sustainability of
the engine application process. It is pertinent to mention that the

presence of nano-sized droplets in the microemulsion fuel systems can
enhance microexplosions during combustion in compression Ignition
(CI) engines, which improves engine performance and emission charac-
teristics.18 However, since the GCV of WCO microemulsion biofuel is
lower than petrodiesel, it enables investigations into engine perfor-
mance, combustion, and emission characteristic studies with WCO
microemulsion biofuel–petrodiesel blends (WMBDs).

In addition, it is vital that the environmental performance of
WMBDs is evaluated using a structured tool such as life cycle assess-
ment (LCA). The LCA approach analyzes the environmental impacts
and energy consumptions patterns pertaining to the services of the
entire life cycle of WMBDs from “cradle to grave.”19–21 In addition,
the waste-heat and GHG generated at the CI engine exhaust for a par-
ticular fuel is crucial for energy conservation and environmental pollu-
tion, respectively. Therefore, cogeneration facilities equipped with a
waste heat recovery unit, and integrated with the CI engine is a feasible
option for maximizing the resource (fuel) utilization efficiency and
environmental sustainability (ES) of the process. In addition, the unde-
sirable GHG emission at the CI engine exhaust can be further com-
bated with environmentally benign fuels like biofuels.

The waste heat recovery potential at the diesel engine exhaust
can be evaluated using “exergy analysis,” which takes into account
changes in quality or usefulness of different forms of energy (such as
physical, chemical, thermal, etc.) as defined by the Second Law of
Thermodynamics. The thermodynamic irreversibility is quantified as
exergy destruction in exergy analysis, which is otherwise a wasted
energy-production potential.22,23 Exergy analysis identifies the pro-
cesses and as well as the components of a system that engender con-
siderable destruction of exergy.22,24 It reflects the degree of deviation
of the system or its components (of the system), with respect to a refer-
ence environment. It is a state function that can be defined with pres-
sure, temperature, and chemical potential of a system or a fluid
stream.19 The exergy concept has been extensively applied to several
studies investigating diesel engines with diesel–biodiesel, and diesel–
biodiesel–ethanol/methanol fuel blends in recent years.25–28 However,
these studies are focused only on exergy analysis of the combustion
processes.

Therefore, a comprehensive understanding of the cogeneration
potential of CI engine based energy conversion systems with WMBDs
must necessarily be derived from exergoenvironmental life cycle
assessments in which exergy analysis is correlated with the environ-
mental impact evaluations, in addition to conventional LCA. This
implies that the thermodynamic performance of CI engine based
energy conversion systems can be effectively assessed using the exer-
getic life cycle assessment analysis (ELCA), i.e., by integrating exergy
analysis with the entire life cycle of WMBD or its service. The advan-
tage of ELCA approach over conventional LCA is that the former takes
into consideration the cumulative exergy consumption, attributed to
the life cycle of WMBDs. Thus, ELCA includes the extensive system
boundary to the CI engine under investigation.19,20 Moving ahead
from the work of Peir�o et al.21 on ELCA for production of biodiesel
from WCO over a decade ago, the study by Hosseinzadeh-Bandbafha
et al.20 recently conducted in 2021, offers fresh insights into an ELCA
study of a heavy-duty diesel engine with diesel–biodiesel–bioethanol
fuel blends.

The present study is a novel effort toward investigating the sus-
tainability of WCO microemulsion biofuel–diesel blends in a CI
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engine, evaluated by using both ELCA and LCA approaches.
Surfactant free microemulsion biofuels were prepared from WCO
using ethanol as polar solvent and butan-2-ol as cosurfactant based on
the previous studies. The engine performance and combustion charac-
teristics of a CI engine, in addition to exhaust emissions, were evalu-
ated for WMBDs and petrodiesel. Moreover, the physicochemical
properties of all the WMBDs were determined and compared with
petrodiesel and crude WCO. In addition, the combustion exergy anal-
ysis of exhaust gases has been undertaken to evaluate the cogeneration
potential of the engine system.

II. MATERIALS ANDMETHODS

A. Materials

WCO was collected from various restaurants in Guwahati,
Assam. Ethanol (<99.9%), synthesis-grade methanol (�99% assay
and �0.2% water content), NaHCO3 (99%), NaOH (99%), Na2SO4

(99.5%), and H2SO4 (98%) were procured from Merck India Limited,
Mumbai. Butan-2-ol (Reagent PlusR �99%) was purchased from
Sigma Aldrich. Petrodiesel (product name: High Speed Diesel,
Manufacturer: Indian Oil Corporation Limited29) was sourced from
local filling stations at Guwahati, Assam. All chemicals and reagents
were used without further purification.

B. Methods

1. Preparation and pretreatment of microemulsion

biofuel

The collected WCO was filtered under vacuum for 2-3 times in
order to separate the solid contaminants and other impurities. The fil-
trate was then allowed to settle under gravity for 72 h to remove fur-
ther impurities (if any). The samples were again subjected to vacuum
filtration, followed by drying over anhydrous Na2SO4. The dried
WCO samples were pretreated for 30min to convert the FFAs to cor-
responding fatty acid methyl esters (FAMEs).2 After completion of the
pretreatment process, excess methanol was recovered using a rotary
evaporator. Unreacted catalysts (2wt.% H2SO4) were neutralized with
1M NaHCO3 solution. The resulting pretreated WCO was dried in an
oven maintained at 110 �C. Microemulsion fuel formulations were
prepared by mixing the pretreated WCO (P-WCO) with butan-2-ol
and ethanol at ambient temperature. Three fuel formulations, as men-
tioned in Table I, were selected for engine performance, combustion,
emission, exergy, LCA, and ELCA study, as per the best results
obtained from the previous studies by Bora et al.15 and Kumar et al.30

The microemulsion biofuel samples (as mentioned in Table I) were
blended with petrodiesel fuel in 1:1 v/v ratios for further study.

2. Engine performance and emission characteristics

analyses

The CI engine performance parameters, such as brake thermal
efficiency (BTE), brake specific fuel consumption (BSFC), brake power
(BP), mechanical efficiency (ME), indicated thermal efficiency (ITE),
exhaust gas temperature, along with combustion characteristics: Net
Heat Release Rate (NHRR) and in-cylinder pressure, were determined
for WMBDs and petrodiesel at varying load conditions. The emission
levels of unburned hydrocarbon (HC), CO, NOx, and CO2, from the
engine exhaust, were also evaluated for the fuels, using a Testo 350 flue
gas analyzer system. The 95% confidence level (or prediction band)
was taken into account for these analyses. A detailed description of the
experimental set up used for performance and emission characteristic
analyses along with testing procedures is provided in the supplemen-
tary material.

3. Exhaust exergy analysis

A significant quantity of harmful gases and waste heat is released
into the atmosphere through the CI engine exhaust, at high pressure
and temperature relative to the ambient conditions. The thermal
energy content that manifests in the exhaust gas by virtue of the ele-
vated pressure and temperature levels could be harnessed for useful
energy applications. Additionally, the exhaust gases comprise of cer-
tain gaseous components, which might undergo further chemical reac-
tions with the liberation of energy. This type of chemical reaction is
caused due to the components’ disequilibrium between the “exhaust
emission condition” and the surrounding environment. Further, the
concentration difference between the emission stream and the refer-
ence environment results in energy liberation by diffusion of the
chemical species of the exhaust gases.19,20

To quantify the overall high grade energy content extractable
from the exhaust gas, an exergy analysis was performed for the petro-
diesel as well as WMBDs. Following the study by Li et al.,31 the ther-
momechanical exergy, Exth (extractable from the exhaust gas’ thermal
energy content), was calculated with Eq. (1); and chemil exergy, Exch

(extractable from the chemical potential existing between exhaust gas
components and surrounding reference environment), was calculated
with Eq. (2),

Exth ¼
X

k

i¼1

Hi Teð Þ �Hi Toð Þ � To Si Teð Þ � Si Toð Þ � Rln
pe
po

� �

; (1)

Exch ¼ R To

X

k

i¼1

ln
xei
xoi

; (2)

where Hi and Si represent the enthalpy and entropy of the i-th compo-
nent of the exhaust gas. These values were calculated from the specific
property values extracted using REFPROP software,32 for each compo-
nent of the exhaust gas, at different pressure (pe) and temperature
(Te), and under different load conditions on the engine. The ambient
conditions were taken as 25 �C (To) and 1 bar (po), with xei and xoi
being mole fractions of the i-th component of the gas at exhaust and
ambient conditions, respectively. Further details about the composi-
tions of gases and vapor at the engine exhaust are provided in the sup-
plementary material.

TABLE I. Compositions of microemulsion biofuel samples.

P-WCO
(vol. %)

Butan-2-ol
(vol. %)

Ethanol
(vol. %)

Petrodiesel
(vol. %)

Sample
name

30 15 5 50 Sample 1

27.5 16.5 6 50 Sample 2

25 20 5 50 Sample 3
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4. LCA

LCA analysis was performed in four steps in accordance with
ISO 14040:200619–21 principles and framework. The first step of LCA
analysis is the selection of “goal and scope” of the investigation. The
study aimed to analyze the environmental impact of WMBD produc-
tion from (i) WCO, (ii) butan-2-ol, (iii) ethanol, and (iv) petrodiesel,
which formed the four major components. The functional unit (FU)
for this analysis was taken as 1 kg of the product (fuel). The system
boundary consisted of procedures for WCO pretreatment (WCO col-
lection, delivery to treatment plant, water removal, treatment of impu-
rities, conditioning and storage of oil, effluent treatment steps, GCV of
biomass, CO2 credit in the process etc.), in addition to ethanol, butan-
2-ol, and petrodiesel production processes, microemulsion fuel formu-
lation with ethanol and butanol; and blending in petrodiesel.
Inventory analysis constituted the second step, where the materials
and energy incorporated in the fuel production were determined.
Thus, the emissions to the air, water, and soil by the fuels over their
entire life cycle were specified and environmental impacts were analyzed
using the software program SimaPro 9.2.0 with databases EcoInvent
(version 3) and Agri-footprint (version 5). Life cycle impact assessment

is the third step, where the end point damage categories (human health,
ecosystem quality and resource scarcity) were obtained based on the
inventory data. The contributions of different impact factors in the end
point damage categories were also configured. The results obtained were
then interpreted and evaluated in the fourth and final step of LCA anal-
ysis. The results obtained forWMBDs were compared with the environ-
mental impacts of conventional petrodiesel.

5. ELCA

ELCA included the same system boundaries and steps, which
were considered for the LCA approach. The cumulative exergy con-
sumption values of WMBD and petrodiesel per kg of the fuels were
computed from the Ecoinvent databases in SimaPro software (version
9.2.0). The resource utilization efficiency (Eff) and environmental sus-
tainability (ES) were obtained for the fuels at different load operating
conditions of CI engine following Hosseinzadeh-Bondbafha et al.20

The resource utilization efficiency and environmental sustainability
for CI engine (without cogeneration), i.e., Eff�CI and ESCI were calcu-
lated with Eqs. (3) and (4), respectively, as follows:

Eff�CI ¼

BP

_mf

Cumulative exergy consumption of fuel formulations
; (3)

ESCI ¼

BP

_mf

Cumulative exergy consumption of fuel formulationsþ
Exch

_mex

 ! ; (4)

where _mf and _mex are the mass flow rates of fuel and exhaust gas in kg/s, respectively. The resource utilization efficiency and environmental sus-
tainability for CI engine cogeneration system (CCS), i.e., Eff�CCS and ESCCS were similarly calculated with Eqs. (5) and (6), respectively, as follows:

Eff�CCS ¼

BP

_mf
þ
Exth

_mex

Cumulative exergy consumption of fuel formulations
; (5)

ESCCS ¼

BP

_mf
þ
Exth

_mex

Cumulative exergy consumption of fuel formulationsþ
Exch

_mex

 ! : (6)

C. Characterization

The fatty acid compositions of WCO were determined using gas
chromatography (GC). WCO microemulsion biofuels were also char-
acterized by 1H NMR and FT-IR spectroscopy. Details about the fatty
acid compositions ofWCO and spectra are provided in the supplemen-
tary material. Moreover, the physicochemical properties of WCO, pet-
rodiesel, microemulsion biofuel, and WMBDs, such as density,
kinematic viscosity, GCV, cloud point, and flash point, were deter-
mined using standard test methods. The cloud point was analyzed
according to ASTM D 2500-11. The flash point was determined in an
open cup analyzer as per ASTM D 93, while density and kinematic

viscosity were measured by ASTM D1298 and Haake, type C falling-
ball viscometer (as per ASTM D 445), respectively. GCV was deter-
mined in an oxygen bomb calorimeter (model: 6050, make: Parr
Instruments, USA) according to ASTM D 4809. In all of the experi-
mental investigations, uncertainty on measurements was taken into
consideration, with triplicatemeasurements.

III. RESULTS AND DISCUSSION

A. Physicochemical properties of the oil

The physicochemical properties of microemulsion biofuel formu-
lations and WMBD samples are presented in Tables II and III,
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respectively. These results of the physicochemical properties of the
microemulsion biofuels are in accordance with a previous study.15 The
fuel properties of WCO and petrodiesel are also presented in Table III
for comparative assessment. Moreover, the specifications for petrodie-
sel as per the standard testing methods are mentioned in Table III for
reference. WMBDs exhibited superior fuel quality in terms of viscosity,
GCV, and cloud points in comparison to corresponding microemul-
sion biofuels (which were not blended with petrodiesel).

B. CI engine performance analysis

The engine performance parameters, such as BTE, BSFC, ME,
ITE, and BP, under various load conditions with petrodiesel and
WMBD are presented in Figs. 1(a)–1(e), respectively. As expected,
BTE (gbte) in Fig. 1(a) increased with the rise in load condition, though
the overload flattens the BTE vs load curve slightly toward right or full
load condition.33 The phenomenon occurs when in comparison to
part and full load conditions, when the time available for heat dissipa-
tion to the cylinder walls is reasonably high during zero loading condi-
tions, resulting in significant heat loss. Though, at higher load
conditions, the net heat release rate increases with load and causes
high combustion pressure and equivalent rise in BTE.34 The BTE of
the CI engine at CR 17 for petrodiesel was greater than that for
WMBDs by around 5%–8% under full load conditions. This might be
due to the higher viscosity and density of the WMBDs in comparison
to petrodiesel, which prevented atomization of the fuel up to a certain
extend in the combustion chamber.35

A significant increase in BSFC was observed at 1 kg load for both
petrodiesel and WMBDs [Fig. 1(b)]. However, the increment in BSFC
was distinctly higher for WMBDs than for petrodiesel. However, a
drastic fall in BSFC was observed for petrodiesel and WMBDs on fur-
ther increase in crank shaft load from 1 kg operating condition. This
implies better combustion inside the engine cylinder under higher
loading conditions, which results in efficient burning of fuel in the
engine. BSFC of a CI engine mainly depends on amount of fuel

injected and fuel properties, such as density, kinematic viscosity, and
GCV of the fuel.36,37 Generally, a fuel with lower GCV is predicted to
have higher BSFC at a particular load to meet the output power
demand.38However, in this investigation, BSFC for both the fuels (pet-
rodiesel and WMBD) followed similar trends, with almost equivalent
results at part and full loading conditions. It confirms that the suffi-
cient degree of alcohol-microexplosion (of ethanol and butan-2-ol)
forming a homogeneous air fuel mixture took place in the CI engine,
fueled by WMBD, especially at higher load conditions, despite the
lower GCV of the fuel samples.36,37 In addition, with respect to petro-
diesel, no significant variation in ME (gmech) was observed for WMBD
under different loads [Fig. 1(c)]. ITE (gite) of an internal combustion
engine depends on power developed during the power stroke inside
the cylinder. At 3 kg condition, sample 2 exhibited highest ITE among
all the tested fuel samples. ITE for WMBDs, in general, were lower
than for petrodiesel by around 2%–6% [Fig. 1(d)]. The unusual data
trends [observed in Figs. 1(c) and 1(d)] for ME and ITE at engine
loads 9 and 3 kg, respectively, were due to the increase in the friction
power to overcome the friction of mechanical components (e.g., bear-
ings, piston, etc.) and drive the engine accessories. This increase in
mechanical friction component, particularly at part load conditions is
mainly caused by the higher cylinder gas pressure.39 The BP increased
from zero to full load condition [Fig. 1(e)]. Since petrodiesel exhibited
highest GCV among all the tested fuels; therefore, it produced
highest BP followed by sample 2, sample 1, and sample 3, respectively.
At lower load (e.g., at 1 kg load condition), BP of WMBD was
significantly less than that of petrodiesel. However, BP of WMBDs
and petrodiesel was almost equivalent at higher load conditions. This
is due to the fact that WMBD contains 20%–25% alcohol (ethanol and
butan-2-ol), which increases the latent heat of vaporization and causes
cooling inside the engine cylinder. This cooling effect creates a nega-
tive impact on thermal efficiency, which results in reduction of BP,
though; this negative effect could be overcome with increase in engine
load.40

TABLE II. Fuel properties of microemulsion biofuels.

Microemulsion composition
(p-WCO:butan-2-ol:ethanol)

Density
(g cm�3) @15 �C

Viscosity
(cSt) @ 40 �C

GCV
(MJ Kg�1)

Flash point
(�C)

Cloud point
(�C)

60:30:10 0.8926 0.001 5.406 0.01 38.876 0.02 456 1 �76 2

55:33:12 0.8786 0.001 5.106 0.03 39.216 0.02 446 2 �76 1

50:40:10 0.8666 0.001 4.736 0.01 37.946 0.03 436 2 �66 1

TABLE III. Fuel properties of WMBD samples, petrodiesel, and WCO.

Sample
Density

(g cm�3) @ 15 �C
Viscosity

(cSt) @ 40 �C
GCV

(MJ Kg�1)
Flash point

(�C)
Cloud point

(�C)

Sample 1 0.8846 0.001 4.566 0.01 41.106 0.02 516 2 �106 2

Sample 2 0.8746 0.001 4.146 0.01 41.886 0.03 506 2 �116 1

Sample 3 0.8636 0.002 3.986 0.03 40.496 0.02 496 1 �116 1

Petrodiesel 0.8356 0.002 2.566 0.02 45.206 0.01 656 2 �126 1

WCO 0.9106 0.002 33.316 0.01 39.126 0.03 >100 06 2

Specifications for petrodiesel29 0.815–0.845 2.0–4. 5 � � � � � � � � �
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FIG. 1. CI engine performance for the WMBDs and petrodiesel under different load conditions: (a) BTE, (b) BSFC, (c) ME, (d) ITE, and (e) BP.
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C. CI engine combustion characteristics analysis

To investigate the combustion characteristics, cylinder pressure vs
crank angle and net heat release rate vs crank angle for the tested fuel
samples were plotted in Figs. 2(a) and 2(b), respectively. The engine
cylinder pressure increased from compression to power stroke in CI
engines, regardless of the fuel type. The highest value of peak cylinder
pressure (CPmax) was obtained for sample 2 (73.7 bar), followed by pet-
rodiesel (70.99 bar), and sample 1 (71.31 bar). CPmax was obtained at
corresponding crank angles of 370� for all the tested fuel samples.

The greater CPmax values for WMBDs vs petrodiesel signifies the
combustion-worthy abilities of WMBDs in CI engines. These values
further indicate the occurrence of successful microexplosion inside the
combustion chamber for WMBDs. The possibility of microexplosion
in the combustion engine had been extensively studied for water–
diesel and water–rapseed oil emulsion systems by Antonov and his
co-researchers.41,42 One such research work demonstrated 40% proba-
bility of microexplosion for water in diesel and water in rapseed oil
emulsion systems with a mean droplet diameter of 1.2lm.41 Another
investigation with initial droplet radii in the range 0.62–1.34mm
showed that the time to microexplosion increased with increasing
water droplet sizes and decreased with increasing temperature, but
was not much influenced by the volume fraction of fuel.42 However, in
the present study, the microexplosion phenomenon is concerned with
the reverse micellar microemulsion structure or nano-sized dispersed
droplets, where the presence of surface active agents completely dis-
perses the polar ethanol phase to the droplets in the oil continuum.36

The presence of such reverse micelle (dispersed droplets) contributed
to the formation of a fine and homogeneous microemulsion system,
further enhancing the probability of the successful microexplosion
phenomenon, which resulted in higher CPmax for WMBDs.

The NHRR of all the tested fuels followed a similar increasing
trend from compression to power stroke. The NHRRmax for sample 2
was 58.39 J (highest among all the tested fuels) at 350� CA (crank

angle). In general, NHRR followed a “delayed trend” for petrodiesel
with respect to WMBDs, which is also in accordance with previous
studies.36 The improvement and earlier rise in NHRR for WMBDs are
based on the following facts: The combustion process starts in-
advance in the case of WMBDs because of its lower flash points
(which is due to the incorporation of alcohols) than petrodiesel. The
sudden and earlier combustion for the fuels with low flash points
(such as WMBDs) materializes a premixed-combustion phase thereby
partially advancing and improving the combustion process as well as
increasing the NHRR.35 Overall, optimum combustion for the CI
engine with no ignition delay was obtained for the fuel samples at the
crank angle in the range of 350�–353�.

D. Exhaust emission characteristics analysis

The exhaust emissions (such as CO, CO2, NOx, and unburned
HC) from a CI engine, measured for the tested fuels at CR 17 under
different loading conditions are presented in Fig. 3. CO emission from
the incomplete combustion of fuel inside the engine cylinder was
attributed to the poor air fuel mixture; consequently, the CO emission
levels for petrodiesel and WMBD were almost equivalent under lower
load conditions.38 However, at maximum load conditions, petrodiesel
CO emissions were three times greater than the WMBD; 50% decrease
in CO emissions was noted in WMBD at maximal load in comparison
to the lower load emission levels [Fig. 3(a)]. Conversely, CO emission
percentage increased for petrodiesel particularly at higher load condi-
tions. The formulated microemulsion biofuels comprised of 20%–25%
alcohol, increased oxygen content in theWMBDs, enhanced the atom-
ization and combustion of the fuels, and contributed to lower CO
emission. Since alcohols cause cooling effect inside the engine cylinder;
therefore, at low engine loads, it reduced the in-cylinder gas tempera-
ture leading to poor combustion. This resulted in the higher level of
CO emission. However, when the in-cylinder temperature increased
due to full engine load, the cooling effect caused by alcohol

FIG. 2. CI Engine combustion characteristics for the WMBDs and petrodiesel under different load conditions: (a) cylinder pressure vs crank angle, and (b) net heat release
rate vs crank angle.
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components was overcome. This resulted in complete combustion
with the lower amount of CO emission.36,43

Unburned HC results from incomplete combustion caused by
insufficient air supply and inadequate combustion temperature.44

Unburned HC emission at all loads was higher for WMBDs than for
petrodiesel [Fig. 3(b)]. This might be due to incomplete combustion of
high molecular weight triglyceride component of WMBD in CI
engine.45 The prolonged duration of combustion leads to increased
accumulation of air–fuel mixture inside the CI engine combustion
chamber. This, in turn, increases the unburned HC emissions caused
by incomplete combustion inside the cylinder. In addition, incorpora-
tion of oxygenated compounds, such as alcohol and fatty acids (or
fatty acid methyl esters), also contributed to higher unburned HC
emission.36 Under maximum load condition, the amount of unburned
HC emitted by petrodiesel and WMBD (sample 3) were 15 and
29.5 ppm, respectively. However, the unburned HC levels were very

negligible in comparison to the emission levels of the major exhaust
gases such as CO2. Moreover, the incombustibility of high molecular
weight triglycerides component of WMBDs was not much prevalent,
and therefore, it did not have impact on the CI engine combustion
characteristics, as evident from the above discussions in Sec. III C.

On the other hand, the presence of the significant amount of
CO2 at the exhaust of a CI engine signals proper combustion inside
the engine cylinder. The CO2 emission trend of all the tested fuels
under varying loading conditions is presented in Fig. 3(c). These data
endorse effective combustion at higher loads evinced by increased
CO2 emission. It is noteworthy, that at all loads, the CO2 emission lev-
els from petrodiesel were markedly higher vs WMBDs; the rapid evap-
oration of alcoholic compounds in WMBDs may have restricted
conversion of CO2 from CO.36,43 At maximum load, the CO2 emission
level for petrodiesel was 1.8%, while emission levels for sample 1, sam-
ple 2, and sample 3 were 1.1%, 1.08%, and 1.09%, respectively.

FIG. 3. CI engines exhaust emissions for the WMBDs and petrodiesel under different load conditions: (a) CO, (b) unburned HC, (c) CO2, and (d) NOx.
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The NOX emissions from the CI engine fueled with the tested
fuels at various loading conditions are presented in Fig. 3(d). NOx for-
mation during combustion in a CI engine is primarily due to oxygen
concentration, peak combustion temperature, and residence time.
Thus, the oxygen content of fuels dictates the level of NOx formation
in CI engines, combined with atmospheric nitrogen, which constitutes
the major component of air intake. Consequently, NOx formation in
engine exhaust results from the combustion of the fuel at high temper-
atures.38 NOX emission levels for WMBD followed an increasing trend
up to 80% load (9 kg) and decreased slightly at full load condition. On
the other hand, an exponential rise in NOx emission was observed at
full load for petrodiesel. NOx emission of WMBDs was found to be
significantly lower (70 ppm) than petrodiesel (170 ppm), particularly
at higher load conditions. This is due to the higher latent heat of
vaporization of ethanol and butan-2-ol in WMBDs that reduced the
combustion temperature inside the engine cylinder.36,45

E. Exhaust gas temperature analysis

The exhaust gas temperature for all the tested fuels at different
engine loads is presented in Fig. 4. The exhaust gas temperature
increased with an increase in engine load. Petrodiesel has the highest
exhaust temperature of 433.33 �C at full load. The exhaust tempera-
tures for WMBDs were much lower (350–360 �C) than that of the
exhaust temperature for petrodiesel. The higher latent heat of vapori-
zation of alcohol reduces in-cylinder temperature during combus-
tion,34 which is the major reason for lower exhaust temperature for
WMBDs. However, the exhaust temperatures obtained for WMBD
fuels are quite sufficient for useful energy generation through effective
heat recovery system.43

F. Exhaust exergy analysis

The Exth and Exch of the exhaust gases [calculated from Eqs. (1)
and (2) using Modelica software] for WMBDs and petrodiesel at

different loads are presented in Fig. 5. Several inferences could be
drawn from these results. The total exhaust exergy increased with
increasing load. The pressure and temperature of exhaust gases
increased for each load increment, which led to an increase in Exth.
The surge of Exch with increasing load for all the samples is attributed
to the significant chemical potential between the exhaust and the sur-
rounding ambient environment. This chemical potential existed
between the “exhaust” and “ambient” mainly due to (1) concentration
difference and (2) reactive nature of the exhaust gases.19,20 However,
the pattern and nature of the exhaust gases (discussed in Sec. IIID)
suggest that the concentration difference is most likely to have the
major impact on “chemical potential” as well as on Exch. Moreover, at
lower loads, both Exth and Exch of the petrodiesel were lower in com-
parison to that of WMBDs. However, this trend was reversed at the
highest load (i.e., 12 kg). This suggests that WMBD fuels could be suc-
cessfully used at the proposed cogeneration system, particularly under
low to medium load conditions. On the other hand, petrodiesel exhib-
ited the highest cogeneration potential both in terms of Exth and Exch

at full load conditions.
A clear observation from Fig. 6 is that the total exergy of the sys-

tem increased with increasing load for all the tested samples. It resulted
from the steady increment of both BP and total exhaust exergy in rela-
tion to engine load for all the samples. Moreover, the share of BP in
the total exergy content of the system increased with load increment;
the latter also reduced the disparities in the BP at similar loads for dif-
ferent fuel samples (Fig. 7). A larger easily extractable BP share at
lower loads from petrodiesel could easily furnish as compared to the
WMBDs. However, operating the engine at higher loads will marginal-
ize the exergetic performance variations across the tested fuels, where
the net system exergy outputs, as well as the relative shares of BP and
exhaust exergy, tend to become similar for each candidate.

G. LCA analysis

The variations in environmental impact factors, as well as end
point damage categories namely, human health, ecosystem quality,

FIG. 4. Exhaust temperature for WMBDs and petrodiesel under different load
conditions.

FIG. 5. The thermomechanical exergy (Exth) and chemical exergy (Exch) of the
exhaust gases for WMBD samples and petrodiesel at different load conditions.
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and resource exploitation for WMBDs and petrodiesel, are presented
in Table IV. WMBDs indicated a greater impact in the human health
damage category in comparison to petrodiesel. The major contribution
of human health damage category arose from the impact of particulate
matter formation for both WMBDs and petrodiesel. Although the per-
centages of increase were not widely divergent, it can be concluded
that the incorporation of alcohols in WMBDs contributed to increased
particulate matter formation. In addition, water consumption and
global warming were the two predominant factors for the higher

impact of WMBD in the human health damage category over petro-
diesel. This might emanate from the alcohol manufacturing processes;
especially the butan-2-ol, which requires higher water consumption
for hydration, thus apprehending global warming. However, among
the human health damage category impact parameters, the human
non-carcinogenic toxicity, stratospheric ozone depletion, and ionizing
radiation impacts were significantly lower for WMBDs than that of
the petrodiesel.

WMBDs showed greater impact in the ecosystem quality damage
category over petrodiesel. Global warming, terrestrial ecosystem ozone
formation, and terrestrial acidification were the main impact factors,
with the greatest contributions in the ecosystem quality damage cate-
gory for WMBDs and petrodiesel. The terrestrial ecosystem ozone for-
mation and global warming impact levels for WMBDs were higher
than that of petrodiesel. The butan-2-ol production process might be
responsible for increasing the impact of these two factors in the case of
WMBDs. On the contrary, WMBDs showed a lower impact of terres-
trial acidification and terrestrial ecotoxicity than petrodiesel, among
the ecosystem quality impact assessment factors. The incorporation of
alcohols and WCO in WMBDs contributed toward reducing the
impact of terrestrial acidification and ecotoxicity.

WMBDs suggested a lower impact on resource depletion level in
the damage category in comparison to petrodiesel. The present LCA
analysis indicated that the impact of fossil resource exploitation or
scarcity could be reduced up to 34% with the utilization of WMBD,
instead of petrodiesel in energy applications. It confirms that WMBD
fuels produced fromWCO can play a significant role in combating the
scarcity of fossil fuel reserves, as well as worldwide impending energy
crisis.

The alcohol fraction in WMBD contributed toward increasing
the impact of human health and ecosystem quality damage catego-
ries, attributed to hydration for conversion of ethene and butane to
ethanol and butan-2-ol, respectively. This manufacturing process
impacted water consumption, water eutrophication, freshwater tox-
icity, global warming, and ozone formation in LCA analysis.
Therefore, the adoption of an alternative manufacturing process
could bypass these significant and negative impacts on human health
and ecosystem quality damages. The feedstock chosen for ethanol
and butanol production is also crucial in this respect. Bioethanol
produced from different biodegradable or renewable biomass is cur-
rently viewed as a feasible solution.46 Similarly, biobutanol produc-
tion from various second- and third-generation biomass feedstocks,
such as sugarcane bagase, rice straw, wheat straw, corn stover, and
microalgal biomass, are part of the resources under consideration.47

Methods for fermentative production of butan-2-ol (2-butanol)
from various waste and bio-based materials have also received signif-
icant consideration in recent years.48–50 Bioethanol and bio-based
butan-2-ol will possibly negate the human health and ecosystem
quality damage impacts of WMBDs.

H. ELCA analysis

The cumulative exergy consumption of WMBDs and petrodiesel
is presented in Table V. Cumulative exergy consumption of petrodiesel
was greater than that of WMBDs. The major contribution in the
cumulative exergy consumption was obtained from nonrenewable
resources, whereas renewable resources exhibited a negligible share
of the cumulative exergy consumption. Moreover, petrodiesel and

FIG. 7. The brake power (BP) share in the total exergy of the exhaust gases for
WMBD samples and petrodiesel under different load conditions.

FIG. 6. The total exergy of the exhaust gases for WMBD samples and petrodiesel
under different load conditions.
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butan-2-ol had the greater exergetic influence in the entire life cycle of
the WMBD fuels. The Eff and ES at all loads for the fuel samples are
presented in Figs. 8 and 9, respectively. Eff and ES for the WMBDs
were comparatively greater than that of petrodiesel at all loads.
Moreover, Eff and ES increased significantly with the integration of
waste heat recovery (cogeneration) unit for all fuels. Generally, Eff and
ES increased with an increase in load conditions of the CI engine
(without cogeneration facility) for each of the fuel samples. The high-
est Eff in CCS was obtained for each of the WMBDs at full load condi-
tions of the engine. At full loading conditions, Eff-CCS for sample 1,
sample 2, and sample 3 were 27.76%, 26.96%, and 24.57%, respec-
tively. ESCCS was maximum (26.62%) for the sample 1 at full load con-
ditions, followed by sample 2 (25.94%), and sample 3 (23.72%). The
ELCA analysis justifies that WMBD fuels exhibit superior utilization
efficiency. Moreover, both CI engine (without cogeneration) and CCS,

possessed greater compatibility with WMBD fuels, than petrodiesel in
terms of environmental sustainability.

The improvement in exergetic life cycle performance parame-
ters after incorporation of oxygenated biofuel in petrodiesel was in
agreement with the previous study by Hosseinzadeh-Bondbafha
et al.20 The engine performance and combustion exergy analyses
indicated inferior performance for WMBDs with respect to petrodie-
sel particularly at the low engine loading conditions (discussed in
Sec. III B). However, ELCA analysis suggests counterbalancing of
such negative effects associated with BP and BSFC, and Eff and ES
values of WMBDs surpassed the values corresponding to petrodiesel.
Although WMBDs exhibited lower GCV and viscosity than the pet-
rodiesel, the former exceeds the latter in terms of exergetic life cycle
performance indicators. Overall, the blending of WCO microemul-
sion biofuel with petrodiesel was proved to be a successful strategy
from the perspectives of resource saving and environmental sustain-
ability. Eff and ES results obtained in the study can be important for
practical applications of WMBDs for power production and in the
transportation sector.

IV. CONCLUSIONS

The sustainability of WMBDs was investigated in the present
study. The CI engine performance, combustion, and emission charac-
teristics for WMBDs were evaluated and compared with petrodiesel.
The engine performance parameters, such as BSFC, BP, and ME, of

TABLE V. Cumulative exergy consumption of the fuels.

Sample Cumulative exergy consumption (MJ/kg)

Petrodiesel 54.1

Sample 1 38.2

Sample 2 39.5

Sample 3 40.4

TABLE IV. Impacts of end point damage categories (and different factors associated with them) for the fuels.

Endpoint damage
category Impact factors Unit

Impact quantity/points

Petrodiesel Sample 1 Sample 2 Sample 3

Human health Global warming, human health Daily 4.93� 10�8 6.92� 10�8 7.4� 10�8 7.9� 10�8

Stratospheric ozone depletion Daily 1.74� 10�10 1.02� 10�10 1.03� 10�10 1.05� 10�10

Ionizing radiation Daily 1.39� 10�10 1.02� 10�10 1.03� 10�10 1.06� 10�10

Ozone formation, human health Daily 1.89� 10�9 2.39� 10�9 2.59� 10�9 2.62� 10�9

Particulate matter formation Daily 1.25� 10�7 1.33� 10�7 1.38� 10�7 1.5� 10�7

Human carcinogenic toxicity Daily 5.55� 10�10 6.24� 10�10 6.66� 10�10 6.93� 10�10

Human non-carcinogenic toxicity Daily 2.39� 10�9 2.2� 10�9 2.28� 10�9 2.48� 10�9

Water consumption, human health Daily �7.22� 10�10 4.79� 10�8 5.27� 10�8 6.38� 10�8

Ecosystems Global warming, terrestrial ecosystems species.yr 3.23� 10�10 4.54� 10�10 4.55� 10�10 5.17� 10�10

Global warming, Fresh water ecosystems species.yr 8.8� 10�15 1.24� 10�14 1.32� 10�14 1.41� 10�14

Ozone formation, Terrestrial ecosystems species.yr 2.85� 10�10 4.2� 10�10 4.6� 10�10 4.6� 10�10

Terrestrial acidification species.yr 7.99� 10�10 6.4� 10�10 6.64� 10�10 7.0� 10�10

Fresh water eutrophication species.yr 2.8� 10�11 1.01� 10�10 1.14� 10�10 1.05� 10�10

Marine eutrophication species.yr 7.29� 10�15 1.07� 10�14 1.12� 10�14 1.21� 10�14

Terrestrial ecotoxicity species.yr 6.36� 10�12 4.11� 10�12 4.15� 10�12 4.34� 10�12

Freshwater ecotoxicity species.yr 3.72� 10�12 5.56� 10�12 5.84� 10�12 6.55� 10�12

Marine ecotoxicity species.yr 2.41� 10�13 2.87� 10�13 3� 10�13 3.31� 10�13

Land use species.yr 5.65� 10�11 8.96� 10�11 9.48� 10�11 1.07� 10�10

Resources Mineral resource scarcity USD2013 0.000 107 0.000 1 0.000 104 0.000 112

Fossil resource scarcity USD2013 0.528 0.348 0.358 0.365

Human health Daily 1.79� 10�7 2.56� 10�7 2.7� 10�7 2.99� 10�7

Ecosystems species.yr 1.5� 10�9 1.71� 10�9 1.83� 10�9 1.9� 10�9

Resources USD2013 0.528 0.348 0.358 0.365
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WMBDs were comparable to petrodiesel. WMBDs exhibited higher
cylinder pressure and NHRRmax than petrodiesel. However, BTE and
ITE were lower for the WMBDs than that of the petrodiesel. WMBDs
emitted a lower amount of CO, CO2, and NOx in comparison to petro-
diesel, particularly at intermediate, and higher loading conditions of
the CI engine. The CO emission level for WMBDs reduced signifi-
cantly, with an increase in load of the engine. Although the unburned
HC percentage was higher for WMBDs in comparison to the
unburned HC percentage of petrodiesel, the emission levels were insig-
nificant with respect to the other exhaust gases.

LCA analysis indicated that the impact of fossil resource exploita-
tion could be reduced up to 34% with WMBDs in comparison to pet-
rodiesel. The alcohol fraction (ethanol and butan-2-ol) in WMBD
contributed toward increasing the human health and ecosystem qual-
ity damage impacts in LCA analysis. However, the higher human

health and ecosystem damaging impacts for WMBDs most likely
could be eliminated with the utilization of bioethanol and biobased
butan-2-ol/biobutanol.

The thermomechanical exergy and chemical exergy analyses of
the exhaust gases suggest that WMBDs exhibited cogeneration poten-
tial particularly at low and medium load conditions, while petrodiesel
possessed the highest cogeneration potential under full load condi-
tions. The net system exergy output, as well as the relative shares of
brake power and exhaust exergy, tended to become similar for both
WMBDs and petrodiesel at higher operating loads. The ELCA analysis
proves that WMBD fuels exhibited superior utilization efficiency over
petrodiesel. Moreover, the CI engine with and without cogeneration
facility (or integrated waste heat recovery facility) showed better per-
formance with WMBD fuels than petrodiesel in terms of environmen-
tal sustainability. The resource utilization efficiency (Eff) and

FIG. 8. Resource utilization efficiency WMBDs and petrodiesel at different load conditions (representing CI and CCS): (a) Petrodiesel, (b) sample 1, (c) sample 2, and (d) sample 3.
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environmental sustainability (ES) increased significantly with the inte-
gration of waste heat recovery unit (CCS) for all the fuels.

The combustion exergy and exergoenvironmental life cycle
assessments along with engine performance and emission characteris-
tic study suggests that WMBDs offer strong candidature as a sustain-
able environmentally benign alternative fuel for CI engine based
power generation processes. Nonetheless, the sustainability of the sur-
factant free microemulsion biofuels from WCO can be further vali-
dated through extensive real-world based energy production
applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on experimental setup
and testing procedure for engine performance and emission

characteristics evaluation (Sec. S.I), compositions of gases and vapor at
the engine exhaust (Sec. S.II), fuel characterization (Sec. S.III), techni-
cal specification of the CI engine set up (Table S.I), CRDI VCR engine
measurement accuracies (Table S.II), measurement range, resolutions
and accuracies of the gas analyzer (Table S.III), fatty acid compositions
of WCO (Table S.IV), statistical data for confidence interval for Figs.
1, 3, 4, and 7 (Tables S.V–S.XVI), schematic representation of the
experimental setup (Fig. S.1), 1HNMR spectroscopy of microemulsion
biofuel (Fig. S.2), and FT-IR spectroscopy of microemulsion biofuel
(Fig. S.3).
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