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A B S T R A C T

In this study, different diesel-alcohol (methanol, ethanol, and butanol) blends termed as ‘diesohols’ were used to
investigate the performance and emission characteristics of a modern common rail direct injection (CRDI)
transportation diesel engine. A comparative characterization of regulated emissions, unregulated emissions, and
particulate matter (PM) to explore suitability of methanol, ethanol, and butanol blending with mineral diesel
was the main objective of this study. In this study, engine experiments were performed at different engine loads
(3, 6, 9 and 12 bar BMEP) and speeds (1500, 2500 and 3500 rpm). Results showed that the use of diesohols
improved the engine performance, leading to relatively higher brake thermal efficiency (BTE) compared to
baseline mineral diesel. Addition of alcohols in mineral diesel reduced both, the PM, and the oxides of nitrogen
(NOx) emissions and this reduction was dominant at higher engine loads. Trace concentrations of various un-
regulated emission species such as isocyanic acid (HNCO), formaldehyde, etc. increased slightly with addition of
alcohols in baseline mineral diesel. However, diesohol-fueled engine emitted relatively lower concentrations of
sulfur dioxide (SO2), nitrogen oxide (NO), etc. compared to baseline mineral diesel. Amongst different primary
alcohols, methanol showed most significant reduction in NOx and PM emissions and most significant increase in
BTE compared to other alcohols. Overall, addition of alcohol, especially methanol and ethanol in mineral diesel
showed significant potential for engine performance improvement and exhaust emission reduction in a medium-
duty CRDI transportation diesel engine.

1. Introduction

Diesel engines are widely used in various sectors of economy due to
their higher efficiency, durability, and reliability compared to their
spark-ignited (SI) gasoline engine counterparts. However in the last few
decades, mineral diesel-fueled compression ignition (CI) engines are
criticized heavily for producing environmental pollution and fossil fuel
consumption. Oxides of nitrogen (NOx) and particulate matter (PM)
emitted from diesel engines are harmful to the human health and po-
tentially cause respiratory diseases. In many studies, PM has been re-
ported to be the main source of mutagenicity and carcinogenicity in the
engine exhaust [1]. PM originating from CI engines comprise of highly
agglomerated solid carbonaceous matter and volatile organic com-
pounds (VOCs), vaporized/pyrolyzed fuel, lubricating oil, trace metals,
and sulfates [2]. Solid carbonaceous core or the soot in the PM mainly
originates from the unburnt fuel, which nucleates from vapor-phase to
solid-phase in fuel-rich regions of the combustion chamber at elevated

temperatures, typically in the diffusion flames [3–4]. Many researchers
have suggested that the PM formation takes place in several stages,
starting with combustion of non-homogeneous fuel–air mixture, which
can be reduced by many techniques including use of optimized fuel
injection parameters, and oxygenated alternative fuels [5–7].

On the other hand, increasing energy demands and limited re-
sources of fossil fuels have opened up new opportunities for large-scale
utilization of alternative fuels such as primary alcohols, which are re-
latively lower cost, renewable and cleaner fuels compared to conven-
tional fossil fuels used in transport sector such as petrol and mineral
diesel [8–9]. These primary alcohols such as methanol, ethanol, and
butanol can be used as fuel in diesel engines, with potential of reduction
in emissions of harmful pollutants. Fuel properties of alcohols improve
the spray characteristics of diesohols and additional fuel-bound oxygen
present in alcohols results in more complete combustion [10–12].
Presence of oxygen in alcohol molecules alters their oxidation path-
ways. Oxygen improves the oxidation of fuel carbon atoms, leading to
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relatively reduced participation of carbon in growth pathways, which
reduces the formation of higher molecular weight compounds [13].
During fuel-rich combustion conditions (global or local) in the com-
bustion chamber, partial oxidation might occur leading to formation of
oxygenated species with high molecular weight, which reduces PM
formation as well as its growth [14–16]. The main challenge of using
primary alcohols in existing diesel engines include its lower cetane
number and higher corrosiveness [17]. A number of methods can be
used for alcohol utilization in diesel engines including fumigation [18],
dual-fuel injection [19], blending and emulsification [20–24]. Among
these methods, blending of primary alcohols with mineral diesel is the
simplest and most adapted technique for alcohol utilization in diesel
engines. However, this technique cannot be used in higher blending
ratios, especially for Methanol, due to its miscibility issues with mineral
diesel. Hence only lower diesohol blends are used in diesel engines
mostly. Few researchers have explored the use of additives to improve
the miscibility of primary alcohols with mineral diesel for achieving
higher diesohol blends with limited success [25]. To investigate die-
sohol blend stability and their potential, researchers have investigated
the performance, combustion and gaseous and PM emissions from
diesel engines fueled with diesohols (methanol, ethanol, and butanol
blended with diesel) [26–27]. Canakci et al. [28] investigated engine
combustion, performance, and emissions characteristics of a single-cy-
linder, four-stroke diesel engine fueled with blends of diesel/methanol
(0–15% v/v). Increasing methanol fraction in the test fuel results in
increased brake specific fuel consumption (BSFC) and NOx emissions,
and reduced hydrocarbon (HC) and carbon monoxide (CO) emissions.
Agarwal et al. [25] performed a similar study, in which a single-cy-
linder diesel engine was fueled with diesel/methanol blends (10 and
15% v/v). They reported that the addition of methanol in mineral diesel
improved engine performance and reduced emissions. Higher blending
ratio of methanol in mineral diesel resulted in lower NOx emissions
compared to baseline mineral diesel. Huang et al. [29] focused on the
oxygen content of diesel/methanol blends (0 to 14% w/w). They found
that increasing oxygen percentage in the test fuel shifted the combus-
tion predominantly towards the premixed combustion phase, which
reduced the emissions of CO and smoke but increased NOx emissions
slightly.

Very few researchers investigated unregulated emissions from the
use of diesohols in diesel engines [30–32]. Agarwal et al. [30] in-
vestigated unregulated emissions from a CI engine fueled with 5%
methanol blended diesel (MD5) and reported no significant change in
unregulated emissions compared to baseline mineral diesel. A detailed
study of unregulated emissions (CH3CHO, HCHO, and NO2) was done
by Zhou and Qiu [31] using a six-cylinder, turbocharged, CRDI diesel
engine employing dual fuel technique for utilization of diesel and al-
cohols. Alcohol was injected into the intake manifold and diesel was
directly injected into the engine combustion chamber using CRDI
system. They reported that introduction of alcohol as secondary fuel in
diesel engine resulted in higher emissions of unregulated species, which
further increased with increasing premixed ratio of methanol. They
suggested that unregulated emissions can be controlled by using ex-
haust gas after-treatment devices such as diesel oxidation catalysts
(DOC). Sayin [33] studied the performance and emission characteristics
of a CI engine by using diesel-methanol and diesel-ethanol blends (5%
and 10% v/v). Addition of alcohols with mineral diesel increased the
NOx emissions and BSFC, and reduced the brake thermal efficiency
(BTE), HC, and CO emissions as well as smoke opacity. Jamrozik [34]
investigated the effect of higher diesohol blends (ethanol and methanol
up to 40% v/v) on engine performance and emission characteristics of a
direct injection single-cylinder engine. They reported that increasing
blending ratio resulted in higher BTE and CO emission, however CO2

and HC emissions remained unchanged. Merritt et al. [35] investigated
regulated and unregulated emissions from a heavy-duty diesel engine
fueled with ethanol-diesel blends. They reported that increasing
blending ratio of ethanol in mineral diesel resulted in reduced PM

emissions, reduced smoke opacity, reduced emissions of organic com-
pounds such as 1, 3-Butadiene, 1-nitropyrene, polycyclic aromatic hy-
drocarbons (PAHs), and Benzene but increased emission of acet-
aldehyde. He et al. [36] also investigated the effect of blending ratio of
ethanol in mineral diesel, and reported that smoke opacity, emissions of
NOx and CO2 reduced, however emissions of ethanol, acetaldehyde,
and CO increased with increasing blending ratio. They also reported
that use of an ignition improver additive reduced the emissions of un-
burned ethanol, CO and acetaldehyde. Cheung et al. [37] also per-
formed experiments to investigate regulated and unregulated emissions
from a direct injection diesel engine fueled with diesel-ethanol blends.
They reported that addition of ethanol in mineral diesel reduced
emissions of CO and HC at high engine loads, however, NOx reduction
potential was limited up to low engine loads only. Ethanol blending
with mineral diesel was helpful in reducing emissions of ethane, for-
maldehyde, 1,3-butadiene, ethylene, benzene, toluene, and xylene at
higher engine loads, however, emission of acetaldehyde increased.
Presence of ethanol in diesohol showed a remarkable effect on PM
emissions, which reduced significantly at high engine loads. Lapuerta
et al. [38] used a Euro-VI engine for evaluating the effect of butanol
addition (up to 20% v/v) in mineral diesel. They reported that diesel-
butanol blend-fueled engine emitted relatively higher CO and HC
emissions compared to baseline mineral diesel. They concluded that
diesohol with butanol (up to 16% v/v) was the optimum blend ratio,
which reduced the PM emissions significantly compared to baseline
mineral diesel. Further higher blending ratios led to negative results of
PM reduction. Chen et al. [39] investigated the performance and
emissions characteristics of a direct injection diesel engine using diesel-
butanol blends (up to 40% v/v). The results showed that addition of
butanol resulted in increasing BTE. Butanol-diesel blends were effective
for NOx reduction up to low loads only and at higher engine loads, NOx
emissions increased with increasing blending ratio of butanol. Smoke
opacity decreased with increasing butanol blending ratio. Choi and
Jiang [40] investigated HC and PM emissions emanating from a tur-
bocharged diesel engine fueled with diesel-butanol (5, 10, and 20% v/
v) blends at various loads and speeds. They reported that benzene,
ethylene, and formaldehyde emissions were higher at low loads, which
increased with increasing butanol blending ratio. They also measured
the number-size distribution of particles emitted by diesel-butanol
blend-fueled engine and reported that butanol blending with mineral
diesel resulted in emission of higher number of particles of relatively
smaller size compared to baseline mineral diesel. Yusri et al. [41] in-
vestigated the combustion and emission characteristics of a diesel en-
gine fueled with diesel-butanol (5, 10, and 15 v/v) blends. They re-
ported that butanol addition with mineral diesel resulted in relatively
lower emissions of CO, HC and NOx compared to baseline mineral
diesel. Kim et al. [42] performed experiments using diesel-butanol
blends and reported similar trends. Liu et al. [43] investigated the effect
of blending ratio on particulate emission characteristics of diesel-bu-
tanol blend fueled partially premixed combustion (PPC) engine. They
reported that increasing blend ratio of butanol resulted in lower
number concentration of accumulation mode particles (AMP), however
number concentration of the nucleation mode particles (NMP) in-
creased sharply. Total number and mass concentration of particulates
reduced with increasing blend ratio of butanol in the test fuel.

The literature discussed above clearly shows the potential of pri-
mary alcohols (methanol, ethanol, and butanol) for the partial dis-
placement of mineral diesel in modern CI engines used in transport
sector. Different fuel injection strategies and their effects are discussed
earlier in this paper. It is clear that only lower diesohol blends (up to
10% v/v) are suitable to be implemented at a large-scale and diesohol
blends with higher blending ratio (> 10% v/v) remain of academic
interest only. Most studies carried out using diesohol blends focused on
engine’s combustion, performance and emissions characteristics. Very
few studies are reported, which investigated unregulated emission and
particulate characteristics of modern CRDI transportation diesel
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engines fueled with diesel-alcohol blends. In this study, unregulated
emissions and PM characteristics of a medium-duty transportation CRDI
engine are explored using three diesohols namely DM10 (10% me-
thanol blended with diesel, v/v), DE10 (10% ethanol blended with
diesel, v/v) and DB10 (10% butanol blended with diesel, v/v) vis-a-vis
baseline mineral diesel. Experiments were performed at different en-
gine loads (3, 6, 9 and 12 bar BMEP) and speeds (2000, 2500 and
3000 rpm) to cover the entire operating range of the CRDI test engine
selected for the purpose. A comprehensive comparative study of suit-
ability of methanol, ethanol, and butanol blending in mineral diesel is
the novelty of this study. Detailed characterization of PM emitted from
engine fueled with DM10, DE10 and DB10 is another innovative aspect
of this study, which has not been reported in the literature previously.

2. Experimental setup and methodology

To investigate the PM and unregulated emission characteristics of
different diesohols, a four-cylinder in-line, four-stroke, CRDI transpor-
tation CI engine (Tata; Safari DICOR 3.0 L), was chosen as a test engine
(Table 1). The engine consisted of a high-pressure fuel pump connected
with a common rail, which supplied high-pressure fuel to the electro-
nically controlled solenoid injectors. All control parameters such as fuel
injection pressure (FIP), fuel injection timing, fuel quantity, etc. were
controlled by an electronic control unit (ECU). This engine was coupled
with an eddy current dynamometer (Dynomerk; EC-300) to control the
engine speed and load according to the engine operating conditions and
requirements of the test. The dynamometer controller displayed the
temperature of lubricating oil and coolant, in order to avoid any failure
due to excessive heating. During the experiments, temperature of lu-
bricating oil and coolant were maintained at ~ 90 °C and ~ 75 °C re-
spectively. The schematic of the experimental setup is shown in Fig. 1
and the technical specifications of the test engine and dynamometer are
given in Table 1.

For engine performance and emission characterisation, intake air-
flow rate and fuel consumption rate were measured. For air-flow rate
measurement, a laminar flow element (LFE) and a U-tube manometer
were used. Pressure difference across the orifice plate was measured
using the U-tube manometer. For measurement of the exhaust gas
temperature (EGT), a K-type thermocouple with an accuracy of ± 2 °C
having a digital display unit was used. To minimize errors in the
measurement of EGT, thermocouple was installed very close to the
exhaust port, and EGT was measured only after thermal stabilization of
the engine at each measurement point. For emission characterization,
three emission analyzers were used in this study namely: Raw exhaust
gas emissions analyzer (Horiba; EXSA-1500) for regulated gaseous
species measurement; Fourier transform infrared (FTIR) emissions
analyzer (Horiba; MEXA-6000FT-E) for unregulated species measure-
ments, and engine exhaust particle sizer (EEPS) spectrometer (TSI Inc.;
3090) for particulate characterization. Raw exhaust gas emisison ana-
lyzer measured regulated gaseous emission species namely CO, HC,

NOx, and CO2. In this analyzer, non-dispersive infrared (NDIR) tech-
nique was employed to measure CO and CO2 emissions, flame ioniza-
tion detection (FID) technique was employed to measure HC emissions,
and Chemiluminescence (CLD) technique was employed for measuring
NOx emissions. FTIR emission analyzer is a combination of an inter-
ferometer and a high-speed Fourier transform, which absorbs the high
resolution infrared spectrum to measure the unregulated gaseous
emission species precisely. Exhaust gas sampling systems of Regulated
emission analyzer and FTIR emission analyzer were maintained at
191 °C by using a heated sampling line, as per the US Environmental
Protection Agency (USEPA) norms, in order to avoid condensation of
high boiling point hydrocarbons and moisture during the sampling.
Other details of these emission analyzers can be seen in our previous
publications [30,44]. EEPS spectrometer measured the engine exhaust
particles in the sizes ranging from 5.6 nm to 560 nm, with a maximum
concentration up to #108 particles/cm3 of the exhaust gas. To avoid
excessive concentration error at higher engine loads, a rotating disk
thermo-diluter (Matter Engineering AG; MD19-2E) was used to dilute
the exhaust gas before its entry into the EEPS. Detailed working prin-
ciple of EEPS can be found in our previous publications [44–45].
Technical specifications of the EEPS are given in Table 2.

For test fuel preparation, a mechanical stirrer (Remi equipment;
RQT-124A) was used at 1800 rpm. In this study, blending of different
alcohols with mineral diesel was limited only up to 10% (v/v). This was
mainly due to miscibility issues of methanol with mineral diesel, which
exhibited separation at blending ratios higher than 10% v/v. These
blending issues have been reported in many previous studies [25,46] as
well. Fig. 2 shows the fuel mixing system used for blending the test fuels
and two methanol-diesel blends namely unstable DM15 (15% v/v me-
thanol blended with mineral diesel) and stable DM10 (10% v/v me-
thanol blended with mineral diesel). To ensure no phase separation, all
test fuels were stored for 48 h before their use. All test fuels exhibited
stable blend characteristics.

Important test fuel properties such as density, kinematic viscosity
and calorific value of mineral diesel, DM10, DE10, and DB10 were
measured using portable density meter (Kyoto Electronics; DA130N),
kinematic viscometer (Stanhope-Seta; 83541–3), and bomb calorimeter
(Parr; 6200), respectively. The calorific value of diesohols was rela-
tively lower than baseline mineral diesel, primarily due to relatively
lower calorific values of constituent alcohols [10,25]. Important test
fuel properties are shown in Table 3.

All measurements were done after thermal stabilization of the en-
gine in order to reduce the experimental errors. To reduce measurement
errors, experiments were performed thrice and an average of these
measurements was used as raw data for further analysis. In this study,
root-of-the-sum-of-the-squares (RSS) method was used for the un-
certainty analysis, in which all uncertainties such as precision, bias,
calibration and measurement uncertainties were considered.

3. Results and discussion

The results of engine experiments performed using three diesohols
and baseline mineral diesel are discussed in three sub-sections namely:
(i) performance and regulated emissions, (ii) unregulated emissions,
and (iii) PM emissions. In each sub-section, results show (i) the effect of
varying engine load (BMEP) from (3, 6, 9, and 12 bar) at constant
engine speed (2500 rpm), and (ii) the effect of varying engine speed
(2000, 2500 and 3000 rpm) at constant BMEP (6 bar). These engine
operating conditions were selected based on the engine's operation 'on-
road'. Most times, vehicles operate in this speed range at roughly con-
stant engine load (~50% of full load), while cruising at highways.

3.1. Performance and regulated emissions

In this study, three performance parameters (BTE, brake specific
energy consumption (BSEC) and EGT) of a diesohol-fueled engine were

Table 1
Technical specifications of the test engine and dynamometer.

Engine Make/ Model Tata/ Safari DICOR 3.0 L

Engine Type Water-cooled, Turbo-charged, Inter-cooled
Bore/ Stroke 97/ 100 mm
Number of Cylinders Four
Cubic Capacity 2956 cc
Rated Power Output 84.5 kW @ 3000 rpm
Rated Torque 300 Nm @ 1800–2000 rpm
Compression Ratio 17.5
Fuel Injection System CRDI; 1600 bar max fuel injection pressure
Dynamometer Make/ Model Dynomerk/ EC-300
Type Eddy Current
Rated Capacity 220 kW @ 2500–8000 rpm
Rated Torque 702 Nm @ 8000 rpm
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compared. These performance parameters were then qualitatively cor-
related with regulated emissions (CO, HC, and NOx) (Figs. 3 and 4).
Raw emissions were measured in ppm, and then converted to mass

emissions (in g/kWh) using standard BIS and SAE procedures [47]. The
first part of this sub-section presents the variations in engine perfor-
mance and emission characteristics at varying BMEP (Fig. 3).

Fig. 3 shows the variations in performance and emissions char-
acteristics of engine fueled with diesohols at different engine loads.
Results showed that BTE increased with increasing engine load. At a
lower BMEP (3 bar), BTE for all diesohols as well as mineral diesel were
almost similar and as the engine load increased, the BTE also increased.
However, the increments were different for different test fuels. Results
showed that blending of primary alcohols with mineral diesel improved
engine performance and resulted in higher BTE compared to baseline
mineral diesel. The maximum BTE was observed for DM10 at 12 bar
BMEP, which was ~ 5% higher than baseline diesel. At 12 bar BMEP,
lower BTE of mineral diesel compared to diesohols might be possibly
due to the presence of relatively richer fuel–air mixture, leading to

Fig. 1. Schematic of the experimental setup.

Table 2
Technical specifications of the EEPS.

Make/ model TSI/ EEPS 3090

Particle size range 5.6–560 nm
Electrometer channels 22
Time resolution 10 Hz
Sample flow rate 10 L/min
Operating temperature range 0–40 °C
User interface EEPS software
Maximum concentration #108 particles/cm3

Fig. 2. Blend preparation system, unstable DM15 and stable DM10 fuel blend.
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higher degree of incomplete combustion. Increased heat transfer due to
relatively higher EGT of mineral diesel at 12 bar BMEP might be an-
other possible reason for lower BTE [3]. Relatively lower BTEs at higher
engine loads were also reported by Lee et al. [48]. Among different
diesohols, DM10 exhibited relatively higher BTE compared to DE10 and
DB10 (except at 6 bar BMEP). This was mainly due to combined effect
of fuel properties of methanol and availability of fuel oxygen (~4.75%
w/w), which led to more complete combustion [30,46]. Relatively
higher flame-speed of DM10 might be another possible factor, which
improved combustion, resulting in higher BTE [46]. Relatively lower
peak in-cylinder temperature during the combustion of DM10, which
led to lower heat transfer from the cylinder walls might be another
potential reason for higher BTE [3,49]. BSEC showed an inverse trend
than that of BTE. BSEC at lower BMEP was the highest, which reduced
with increasing BMEP. The lowest value of BSEC was ~ 9 MJ/kWh for
DM10 at 12 bar BMEP and the highest BSEC was ~ 16 MJ/kWh at 3 bar
BMEP. EGT is an indirect measure of bulk in-cylinder temperature. EGT
increased with increasing engine load, primarily due to combustion of
relatively larger fuel quantity at higher engine loads. Alcohol blending
with mineral diesel reduced the EGT at all engine loads. Relatively
higher latent heat of vaporization of alcohols was the main factor re-
sponsible for this trend. Similar results of EGT variations were also

reported in previous studies [23,25,46]. Among different diesohols,
DM10 exhibited the lowest EGT due to significantly higher latent heat
of vaporization of methanol compared to ethanol and butanol, however
EGTs of DE10 and DB10 were almost similar.

Emission results showed that CO and HC emissions decreased with
increasing engine load. Both CO and HC are incomplete combustion
products, formed due to lower in-cylinder temperatures and oxygen
deficiency [3]. At higher engine loads, higher in-cylinder temperature
promoted more complete combustion, hence lower HC and CO emis-
sions. Alcohol blending with mineral diesel resulted in slightly higher
HC and CO emissions, primarily due to relatively higher latent heat of
vaporization of alcohols compared to mineral diesel. Yusri et al. [41]
and Kim et al. [42] also reported similar findings. Among different
diesohols, DM10 exhibited the highest CO emission and DE10 exhibited
the highest HC emissions. Relatively higher CO emission from DM10
was mainly due to higher latent heat of vaporization of methanol
compared to other alcohols, which resulted in relatively lower in-cy-
linder temperature. This was also seen in the EGT trends (Fig. 3).
Agarwal et al. [25] and Singh et al. [46] also reported similar trends.
NOx emissions increased with increasing engine load. NOx emissions
are mainly affected by the peak in-cylinder temperature, localized
oxygen availability and reaction time [3]. Increasing engine load results
in higher in-cylinder temperature, and hence more NOx formation takes
place. Alcohol blending with mineral diesel reduced NOx emissions due
to reduction in the peak in-cylinder temperature. This trend was also
observed for EGT, which exhibited a qualitative measure of peak in-
cylinder temperature [23,42]. Relatively higher latent heat of vapor-
ization of alcohols compared to mineral diesel was the main reason of
relatively lower peak in-cylinder temperature of diesohols. Among
different diesohols, DM10 emitted the lowest NOx, followed by DE10,
and DB10.

The second part of this sub-section presents the variations in the
engine performance and emission characteristics at different engine
speeds (2000, 2500, and 3000 rpm) (Fig. 4). Fig. 4 shows that BTE
decreased with increasing engine speed at constant engine load. In-
complete combustion due to lesser time available at higher engine
speeds was the main reason for this trend. Alcohol blending with mi-
neral diesel resulted in slightly higher BTE, which was more dominant
for methanol and ethanol. At all engine speeds, DM10 and DE10 re-
sulted in relatively higher BTE compared to mineral diesel and DB10.
Among different test fuels, DM10 exhibited the lowest BSEC. EGT in-
creased with increasing engine speed. Among different diesohols, DM10
exhibited the lowest EGT, which was dominant at 3000 rpm.

Fig. 4 also showed the emission characteristics of all test fuels at
varying engine speeds at fixed BMEP. Results showed that CO and HC
emissions from mineral diesel-fueled engine first increased and then
decreased. Alcohol blending in mineral diesel resulted in slightly higher
HC and CO emissions compared to mineral diesel (except CO emission
at 2500 rpm). At 2500 rpm, reduction in chemical kinetics of fuel–air
mixture due to alcohol blending in mineral diesel may be a possible
reason for this trend, which became dominant at 2500 rpm, resulting in
higher variations in CO emission from different test fuels. At 2500 rpm,
a trade-off between increased turbulence and available time for heat
transfer from the cylinder walls might be another possible reason,
leading to increased heat transfer. This might have led to relatively
lower in-cylinder temperature, hence higher CO emission. Relatively

Table 3
Important test fuel properties.

Test fuel Diesel DM10 DE10 DB10

Composition 100% diesel 10% v/v methanol, 90% v/v diesel 10% v/v ethanol, 90% v/v diesel 10% v/v butanol, 90% v/v diesel
Calorific Value (MJ/kg) 44.26 40.78 41.33 42.86
Kinematic Viscosity @ 40 °C (mm2/s) 2.96 2.74 2.82 2.93
Density (g/cm3) @ 30 °C 0.837 0.819 0.822 0.834

Fig. 3. Performance and regulated emissions variations from diesohols with
varying BMEPs at constant engine speed of 2500 rpm.
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higher HC emissions from DB10-fuelled engine was an important ob-
servation of this study. This might be due to combined effect of rela-
tively higher latent heat of vaporization compared to mineral diesel,
and lower flame-speed compared to other diesohols, which might have
resulted in higher degree of incomplete combustion of fuel near the
cylinder walls [23,42]. Kim et al. [42] also carried out engine experi-
ments using mineral diesel blended with hydrated butanol and reported
similar observations. NOx emissions at different engine speeds showed
an important trend. Although EGT increased with increasing engine
speed, however NOx emissions reduced slightly. This was mainly due to
two effects (i) shifting to predominantly diffusion combustion phase
due to less time availability for fuel–air premixing, and (ii) less time
availability for NOx formation. Effect of relatively lower in-cylinder
temperature at 2500 rpm was also visible in NOx emissions. Results
showed that DM10 emitted the lowest NOx emissions at different en-
gine speeds, possibly due to charge cooling effect of methanol blended
with mineral diesel.

3.2. Unregulated emissions

Figs. 5 and 6 show the unregulated emission characteristics of
DM10, DE10, DB10 and mineral diesel-fueled engine at varying engine
speeds and loads. These unregulated gaseous species were measured
using FTIR emission analyzer, which was capable of measuring 31
unregulated emission species precisely [25,44]. However, only six
species were detected in this study with reasonable confidence and
precision and remaining unregulated emission species (ammonia, for-
maldehyde, formic acid, methane, ethylene, ethane, propylene, pro-
pane, 1,3-butadine, acetic acid, acetylene, ethanol, acetaldehyde, me-
thanol, iso-pentane, n-pentane, n-octane, iso-butylene, n-butane,
isobutene, benzene, toluene) were below the detection limit of the in-
strument. The detected unregulated species are divided into two

categories namely (i) inorganic species (such as NO, NO2 and SO2), and
(ii) carbonyl species (such as HCHO, HCOOH, and HNCO). These spe-
cies have been grouped based on their concentration levels in the ex-
haust. The first part of this sub-section presents the variations in un-
regulated emission (inorganic species) characteristics at varying BMEP
(Fig. 5) at constant engine speed of 2500 rpm. The second part of this
sub-section presents the variations in unregulated emission (inorganic
species) characteristics at varying engine speeds (Fig. 6) at constant
BMEP of 6 bar.

Results showed that increasing BMEP resulted in higher NO emis-
sion for all test fuels, mainly due to higher fuel quantity being injected
into the combustion chamber. This resulted in higher peak in-cylinder
temperature, which created favorable conditions for NO formation.
Relatively lower NO emission from diesohols compared to baseline
mineral diesel was an important observation. This trend was noticeable
dominantly at higher BMEP, where the charge cooling effect of alcohols
was significant. Among different diesohols, DM10 exihibited the
highest reduction in NO emission. This is directly correlated to distinct
methanol property of the highest latent heat of vaporization amongst
all test alcohols.

NO2 emission followed an exactly opposite trend than NO emission
and it decreased slightly with increasing engine load. NO2 formation is
governed more by localized oxygen availability, which reduced at
higher BMEPs. Relatively higher NO2 emissions from diesohols com-
pared to baseline mineral diesel was an important observation. In NO2

variations, a weak correlation with fuel oxygen was also observed. As
the fuel oxygen increased, NO2 emission also increased e.g. DM10 re-
sulted in the maximum NO2 emissions up to 9 bar BMEP. However, as
an experimental outlier, DE10 emitted the maximum NO2 at 12 bar

Fig. 4. Performance and regulated emissions variations for diesohols with
varying engine speeds at constant BMEP of 6 bar.

Fig. 5. Unregulated emission (inorganic species) characteristics of diesohols
with varying BMEPs at constant engine speed of 2500 rpm.
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BMEP. SO2 emitted by diesel engine is yet another important un-
regulated species, which mainly originates from fuel sulfur. Fig. 5
shows very low levels of SO2 emission from diesohol-fueled engine,
which was marginally lower than baseline mineral diesel. With in-
creasing engine load, SO2 emitted from the engine remained almost
constant for all test fuels. This might be due to the fact that 90% of the
fuel constituent in all test fuels was still mineral diesel and SO2 from
mineral diesel participated in PM formation, as a soot precursor. A
fraction of SO2 produced in the combustion chamber also gets con-
verted into H2SO4 after reacting with water vapors and gets adsorbed
on to the particle surface. Presence of H2SO4 vapors in the exhaust acts
as a site for condensation of volatile materials, which promotes soot
formation with higher adsorbed organic content.

Fig. 6 shows that NO emission from all test fuels were almost
identical at different engine speeds. At maximum engine speed, NO
emission reduced slightly, possibly due to availability of lesser time for
NO formation. Among different diesohols, DM10 exhibited the lowest
NO emission.

For all test fuels, increasing engine speed first reduced and then
increased the NO2 emission and was the lowest at 2500 rpm. Among all
diesohols, DB10 emitted the highest NO2, followed by DM10. With
increasing engine speed, SO2 emission remained almost constant up to
2500 rpm, however, it reduced slightly at 3000 rpm, although the va-
lues were very low. DM10 and DE10 emitted slightly lower SO2 com-
pared to baseline mineral diesel, and DB10 emitted almost similar SO2

as that of baseline mineral diesel.
Figs. 7 and 8 showed variations of carbonyl species emitted from

diesohols and mineral diesel-fueled engine at different engine loads and
speeds, respectively. The term ‘carbonyl’ refers to the carbonyl func-
tional group, which is a bivalent group consisting of a carbon atom

double-bonded to oxygen. The carbonyls in diesel particulates enhance
its physiological response [50]. Carbonyl group species include HCHO,
HCOOH, and HNCO, which are considered to be harmful to the human
health. HCHO and HCOOH are the intermediate species formed during
the combustion process and are emitted in the exhaust gas, mainly due
to incomplete combustion. Literature shows that carbamylation of
proteins by cyanateanions (NCO − ) is responsible for several negative
health effects ranging from cardiovascular and ocular impairments, to
chronic diseases such as rheumatoid arthritis [50,51].

HCHO emission was a result of partial combustion of fuel and lu-
bricating oil in the combustion chamber. Fig. 7 showed that HCHO
emission first decreased with increasing BMEP and then increased
slightly at the highest BMEP. Increasing BMEP resulted in higher in-
cylinder temperature, which led to more complete combustion, leading
to lower HCHO emission. However, at higher BMEP, presence of richer
fuel–air mixture resulted in higher degree of incomplete combustion,
leading to slightly higher HCHO emission. Alcohol blending with mi-
neral diesel resulted in a specific trend of HCHO emission. Among
different diesohols, DB10 showed relatively lower HCHO emission
compared to DM10 and DE10. This may be due to combined effect of
higher calorific value and lower oxygen mass fraction of butanol.
HCOOH emission from mineral diesel-fueled engine increased with
increasing BMEP, however in diesohols, the trend was exactly reverse
(Fig. 7). At lower engine loads, HCOOH emission from diesohol-fueled
engine was higher compared to mineral diesel, however, at higher en-
gine loads, mineral diesel-fueled engine emitted relatively higher
HCOOH emission. Among all test fuels, DB10 emitted the lowest
HCOOH, which was almost constant (~0.8 ppm) at all engine loads.
With increasing BMEP, continuous reduction in HCOOH emission from

Fig. 6. Unregulated emission (inorganic species) characteristics of diesohols
with varying engine speeds at constant BMEP of 6 bar. Fig. 7. Unregulated emission (carbonyl species) characteristics of diesohols

with varying BMEPs at constant engine speed of 2500 rpm.

V. Kumar, et al. Fuel 278 (2020) 118269

7



DM10 and DE10 was another important observation, which showed the
combined effect of temperature and fuel oxygen, leading to higher
degree of completion of combustion. Agarwal et al. [30] also reported
similar trends of emission of carbonyl species. HNCO emission was yet
another important unregulated species, which forms in higher quan-
tities, when NO, CO, and H2/NH3 react in presence of precious metals
[50].

Fig. 7 shows that HNCO emission for mineral diesel-fueled engine
remained almost constant (~2 ppm) up to 9 bar BMEP and then de-
creased slightly at 12 bar BMEP. Diesohol-fueled engine showed a
random pattern of HNCO emission. At low and high BMEPs, HNCO
emission was slightly lower compared to mineral diesel, however at
intermediate BMEPs, diesohol-fueled engine emitted relatively higher
HNCO emission compared to mineral diesel. Among different diesohols,
DM10 emitted the least amount of HNCO compared to DE10 and DB10.

Fig. 8 showed variations of HCHO, HCOOH and HNCO emissions at
different engine speeds at constant BMEP of 6 bar. Engine speed affects
the time available for completion of the combustion process hence at
too high engine speed, emission of intermediate combustion products
increases. Fig. 8 showed that HCHO emission increased with increasing
engine speed. At medium engine speed, HCHO emission from diesohol-
fueled engine was slightly higher compared to mineral diesel, however
at low and high engine speeds, diesohol-fueled engine emitted rela-
tively lower HCHO. Among different alcohols, DM10 emitted slightly
higher HCHO compared to DE10 and DB10. HCOOH emission trend
was similar to HCHO emission, which increased with increasing engine
speed. Among different diesohols, DM10 emitted slightly higher
HCOOH compared to DE10 and DB10. HNCO emission at different
engine speeds showed an interesting trend. For all test fuels, HNCO

emission first increased with increasing engine speed from 2000 rpm to
2500 rpm and then decreased at 3000 rpm. This was mainly due to
relatively longer synthesis time required for HNCO formation. Results
showed that mineral diesel-fueled engine emitted relatively lower
HNCO. This might be due to higher degree of completion of combustion
of mineral diesel compared to diesohols. Among different diesohols,
DM10 emitted relatively lower HNCO compared to DE10 and DB10.

3.3. Particulate emissions

For exhaust particulate characterization from diesohols, exhaust gas
was sampled using EEPS for one minute at a sampling frequency of
1 Hz. The average data of the 60 data sets was used for further analysis.
In this study, PM characterization included particle number-size dis-
tribution, particle number-mass distribution and optimization contours
of total particle numbers (TPN) and total particle mass (TPM) at varying
engine loads and speeds.

Fig. 9 shows the particle number-size distribution from DM10,
DE10, DB10, and mineral diesel-fueled engine at different BMEP at
constant engine speed. The number-size distribution of particles can be
divided into three categories namely nano-particles (NP, Dp < 10 nm),
NMP (10 nm < Dp < 50 nm) and AMP (Dp > 50 nm). For all test
fuels, increasing BMEP resulted in higher peak of particle number-size

Fig. 8. Unregulated emission (carbonyl species) characteristics of diesohols
with varying engine speeds at constant BMEP of 6 bar.

Fig. 9. Number-size distribution of particles from diesohols with varying
BMEPs at constant engine speed of 2500 rpm.
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distribution, which reflected a higher number concentration of parti-
cles. With increasing engine load, shifting of the peak towards larger
particle sizes was another important observation, which showed that
increasing BMEP resulted in formation of higher number of AMPs. This
was mainly due to higher fuel quantity injected into the engine com-
bustion chamber, resulting in longer combustion duration, therefore
availability of longer time for particulate agglomeration.

For all test fuels, increasing BMEP also led to a slightly higher
number of NPs, which were in different range for all test fuels. Presence
of intense in-cylinder conditions may be a probable reason, which
promoted pyrolysis of fuel and lubricating oil. Among different test
fuels, mineral diesel exhibited greater tendency of NP emissions com-
pared to other test fuels. This might be due to higher in-cylinder tem-
perature and lesser availability of oxygen, which enhanced soot pre-
cursor formation, i.e. more NPs [52]. At higher BMEP, particle number-
size distribution showed a significant difference in the concentration of
NMPs (especially in the size range 15 to 30 nm). At all engine loads,
diesohols emitted lower particle number concentrations compared to
mineral diesel. The presence of oxygen in the fuel molecules is an im-
portant reason for this trend, which improved soot oxidation during
post-combustion processes [53–55]. Verma et al. [52] reported that the
use of oxygenated fuels resulted in soot particles having disordered
nano-structure with shorter and more curved graphitic layers/fringes,
which led to relatively higher soot reactivity compared to straight
fringes. Superior spray characteristics of diesohols due to lower visc-
osity and density compared to mineral diesel may be an important
factor for lower particle concentration from these test fuels [53]. Val-
linayagam et al. [54] reported that lower viscosity and cetane number
of oxygenated fuels improve the soot oxidation. Improved fuel spray
characteristics lead to homogeneous fuel–air mixing, more complete
combustion and reduction in combustion duration, which are important
factors affecting particulate formation. Among different diesohols,
DM10 showed the lowest particle number concentration, followed by
DE10. Presence of higher oxygen content (w/w) in DM10 compared to
other test fuels is the main reason for the lowest particle number con-
centration from DM10. Lower NPs from DM10-fueled engine at all
BMEPs is another important observation, possibly due to higher latent
heat of vaporization of methanol, which resulted in relatively lower in-
cylinder temperature (charge cooling effect), eventually leading to
lesser soot nuclei formation. With increasing BMEP, the rate of increase
in particle number concentration was relatively lower for DM10 and
DE10, however diesel and DB10 showed almost similar number con-
centration at different engine loads. This was mainly due to greater
charge cooling effect of DM10 and DE10, which became dominant at
higher engine loads (because of relatively higher fuel quantity injected)
compared to DB10 and baseline mineral diesel [25].

Fig. 10 showed the number-size distribution of particles emitted by
DM10, DE10, DB10 and mineral diesel at different BMEPs. With in-
creasing engine speed, number concentration of particles emitted by
different test fuels increased, possibly due to lesser time available for
fuel-air mixing, leading to higher soot nuclei formation. At all engine
speeds, diesohol-fueled engine emitted relatively lower number of
particles compared to mineral diesel. Among all test fuels, DM10-fueled
engine emitted lower particles compared to other diesohols (except at
2000 rpm).

Figs. 11 and 12 showed the number-mass correlation of particles
emitted from diesohols and mineral diesel-fueled engine at different
engine loads and speeds respectively. In this correlation, larger lobe
represents higher particle emissions. Horizontal inclination of the lobe
reflects relative dominance of particle numbers, and vertical inclination
of the lobe reflects relative dominance of particle mass [56].

Fig. 11 showed that increasing BMEP resulted in bigger lobes of the
number-mass correlation of particles, which represents that both
numbers, as well as mass of particles increased with increasing BMEP.
At lower engine load (3 bar BMEP), the lobes of all test fuels were
symmetrical, which showed equal contribution of particle number and

mass, however at higher BMEP, lobes were inclined towards the hor-
izontal axis (Particle number axis). This showed that particle number
concentration dominated at higher BMEPs and the contribution of
smaller particles was greater in number concentration compared to
larger particles. At higher BMEP, diesel lobes were inclined towards
number axis more compared to diesohols, which showed that diesel-
fueled engine emitted higher number particles of smaller size compared
to diesohols. Similar results were reported by Agarwal et al. [25].
Among different diesohols, lobes of DM10 and DE10 were always inside
the mineral diesel lobe, which showed that lower numbers as well
lower mass of particles were emitted by DM10 and DE10 compared to
mineral diesel. However, the lobe of DB10 showed a different pattern,
especially at higher engine loads. At 12 bar BMEP, presence of two
peaks in lobes of DB10 (outside of the diesel lobe) showed two extreme
points for both particle numbers as well as mass dominance. The first
peak of DB10 lobe corresponding to higher mass and lower number
concentration of particles signified presence of higher number con-
centration of bigger particles (AMPs). Similarly, the second peak cor-
responding to lower mass and higher number concentration of particles
signified presence of higher number concentration of smaller particles
(NPs and NMPs).

Fig. 12 showed that increasing engine speed resulted in higher
particle numbers as well as mass for all test fuels. At 3000 rpm, both the
number and mass of particles were significantly higher compared to
that at 2000 rpm. Fig. 12 showed that at 2000 rpm, both particle
number as well as the mass were lower than higher engine speeds,
however inclination of lobes towards the particle number axis reflected

Fig. 10. Number-size distribution of particles emitted by diesohols at varying
engine speeds and constant BMEP of 6 bar.
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dominance of particle numbers compared to particle mass. This was
mainly due to higher time available at lower engine speeds, which in-
turn provided more time for oxidation of adsorbed hydrocarbons on the
particle surface. With increasing engine speed, the lobes became more
symmetrical compared to lower engine speeds, which reflected equal
contribution of number and mass in the particle emissions. Among
different test fuels, mineral diesel showed significantly higher particle
emissions (for both numbers as well as mass) compared to diesohols.
This was due to presence of inherent oxygen atoms in alcohol mole-
cules, which promoted soot oxidation, resulting in relatively lower
particle numbers as well as mass. Among different alcohols, lobes of
DM10 at different engine speeds (except 2000 rpm) were smaller
compared to DE10 and DB10, which represented relatively lower PM
emissions from DM10-fueled engine.

Figs. 13 and 14 show the TPN and TPM emitted from DM10

(~4.75% oxygen, w/w), DE10 (~3.25% oxygen, w/w), DB10 (~1.5%
oxygen, w/w) and mineral diesel (No oxygen, w/w)-fueled engine at
different engine loads and speeds respectively. In these figures, back-
ground color represents the TPN variations and line represents the TPM
variations. These figures show the overall particulate characteristics

Fig. 11. Correlation between particle number and particle mass from diesohols
with varying BMEPs at constant engine speed of 2500 rpm.

Fig. 12. Correlation between number and mass-size distribution of particles
emitted by diesohols with varying engine speeds at constant BMEP of 6 bar.

Fig. 13. Correlation between particle number and mass-size distributions from
diesohols with varying BMEPs at constant engine speed of 2500 rpm.
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(irrespective of particle size) w.r.t. oxygen content in the test fuel at
varying engine speeds and loads.

Fig. 13 showed that contours of TPN and TPM variations followed a
similar trend with increasing BMEP. At low-to-medium engine loads,
the effect of oxygen was not significant, which resulted in higher TPN as
well as TPM. However at higher engine loads, both TPN and TPM re-
duced with increasing oxygen content in the test fuels. This reduction
was more dominant at higher oxygen containing blend (DM10), which
was also visible in the particle number-size distribution. Blends with
higher oxygen content exhibited almost constant TPN at higher engine
loads, however TPM showed slight increase. This was due to the com-
bined effect of two properties of methanol namely: higher fuel oxygen
availability, and higher latent heat of vaporization. Presence of higher
oxygen content in DM10 led to higher soot oxidation, however higher
heat of vaporization resulted in lower in-cylinder temperature, there-
fore greater deposition of volatile species on the particle surface. This
trade-off was absent in other diesohols though. These contours showed
that maximum TPN (2x109 particles/cm3 of the exhaust gas) was ob-
served at 12 bar BMEP in ~ 0.5% to 2% fuel oxygen (w/w) region,
which corresponds to DB10. Similarly, maximum TPM (1.5x105 μg/m3

of exhaust gas) was observed at 12 bar BMEP for ~ 1% to 2% fuel
oxygen (w/w) region, which also corresponds to DB10. Fig. 13 showed
that DM10 has greater potential for TPN and TPM reduction, especially
at higher engine loads.

Fig. 14 showed the TPN and TPM emitted from DM10, DE10, DB10
and mineral diesel-fueled engine at different engine speeds at constant
BMEP of 6 bar. Results showed that contours of TPN and TPM followed
a similar trend at different engine speeds. Both TPN and TPM were
lower at lower engine speeds, which increased with increasing speed.
Fig. 14 showed that the effect of oxygen in the test fuels was not sig-
nificant up to medium engine speeds, however DM10 showed a mar-
ginal reduction in TPN and TPM at higher engine speeds. These con-
tours showed that maximum TPN (2x109 particles/cm3 of exhaust gas)
was observed at 2500 rpm for 0% to ~ 3% fuel oxygen (w/w) region,
which corresponds to mineral diesel, DB10, and DE10. Similarly,
maximum TPM (2.5x105 μg/m3 of exhaust gas) was found at 3000 rpm
for 0% to ~ 0.5% fuel oxygen (w/w) region and ~ 3% to ~ 3.5% fuel
oxygen (w/w) region, which corresponds to mineral diesel and DE10
respectively. Fig. 14 showed that DM10 has significant potential to
reduce TPN and TPM at higher engine loads, however DB10 showed
some potential of TPM reduction at higher engine speeds. Overall,
Figs. 13 and 14 showed that the effect of oxygen on TPN and TPM
reduction was more dominant than the one due to BMEP variations.
However, engine speed variations didn’t show any noticeable effect.
Dominant contribution of time factor at higher engine speeds might be

a main reason for this.

4. Conclusions

In this study, performance, regulated emissions, unregulated emis-
sions, and PM emission characteristics of a medium-duty transportation
CRDI engine fueled with different diesohol blends of methanol, ethanol,
and butanol were compared with that of baseline mineral diesel. Results
showed that alcohol blending with mineral diesel improved the BTE
and reduced NOx emissions, especially at higher engine loads and
speeds, where higher emissions still remained a prime concern from
transport diesel engines. Unregulated emissions from different test fuels
showed that diesohols emitted relatively lower NO and SO2 compared
to mineral diesel, however, HCHO, HCOOH, and HNCO emissions from
diesohol-fueled engine were relatively higher compared to baseline
mineral diesel. Significant reduction in particulate emissions from
diesohol-fueled engine compared to mineral diesel was an important
finding of this study. This reduction was dominant at extreme engine
operating conditions, which was upto 60% for DM10. Particle number-
mass correlations for different test fuels showed that DM10 has great
potential to reduce PM emissions compared to DE10 and DB10. Overall,
this study showed that blending of primary alcohols, especially me-
thanol, with mineral diesel can improve engine performance and re-
duce emissions at high engine loads and speeds in modern transporta-
tion CRDI engines.
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