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Abstract: Currently, n-butanol is a promising oxygenate (potentially of renewable origin) to be
used in blends with conventional diesel fuel in compression ignition engines. However, its poor
ignition quality can drastically deteriorate the cetane number (CN) of the blend. In the present
work, the effects of adding n-butanol to ultra-low-sulfur diesel (ULSD) were assessed, aiming at
simultaneously eliminating its negative effect on the blend’s ignition quality. Concentrations of
10% and 20% (v/v) n-butanol in ULSD fuel were studied. As cetane-improving agents, a widely
used cetane improver (2-ethylhexyl nitrate—EHN) and a high-CN, bio-derived paraffinic diesel
(hydrotreated used cooking oil—HUCO) were used. The initial investigation of ignition quality
improvement with the addition of either EHN or HUCO produced four “ignition quality response
curves” that served as mixing guides in order to create four blends of identical ignition quality as the
baseline ULSD fuel. These four blends (10% and 20% v/v n-butanol in ULSD fuel, with the addition
of either EHN or HUCO, at the cost of ULSD volume share only) were evaluated comparatively to the
baseline ULSD fuel and a 10% (v/v) n-butanol/90% ULSD blend with regards to their physicochemical
properties and the effect on the operation and exhaust emissions of a stationary diesel engine.

Keywords: n-butanol; 2-ethylhexyl nitrate (EHN); hydrotreated used cooking oil (HUCO);
ultra-low-sulfur diesel (ULSD); exhaust emissions

1. Introduction

Diesel engines (also referred to as compression ignition engines) are the powertrain of choice for
a wide range of applications, varying from light-duty passenger cars to enormous marine propulsion
engines, and from small-home diesel generators to high-power remote electrical stations. Compared
to its spark-ignited sibling, the compression ignition engine is more robust and less fuel-sensitive
(meaning it can be supplied with a wide range of fuel qualities), and it can reach a higher thermal
efficiency. These advantages, however, are often overshadowed by its exhaust emissions, mainly
nitrogen oxides (NOx) and particulate matter (PM), for which diesel engines are notorious [1–3].

To overcome these drawbacks, researchers’ attention turned not only to engine evolution, but also
to fuel technologies and fuel mixing strategies [4–8]. Research also showed that engine calibration can
prove essential in order to maximize the beneficial effects of specific alternative fuels [9–14]. Moreover,
since the degradation of the atmosphere renders the reduction of the dependence on fossil fuels highly
important, alternative fuels deriving from biomass feedstocks drew the interest of many researchers
across the globe [5,15–20].
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Alcohols constitute a widely tested category of oxygenated fuel components to use in mixtures
with conventional ultra-low-sulfur diesel (ULSD) [21–23]. As oxygenates, they introduce oxygen into
the fuel and are known to help promote complete combustion and reduce PM, usually leaving NOx
unaffected or slightly changed (increased or decreased) [5,8,21,24–27]. Furthermore, alcohols can be
produced from biomass, thus helping increase the renewable energy share in the fuel blend.

Short-carbon-chain alcohols are arguably the most studied alcohols for use in internal combustion
engines [5,21]. Ethanol, in particular, is already widely and successfully used in spark-ignition
engines, while extensive research was also conducted for its potential implementation in diesel
engines [5,28–30]. Methanol, studied and tested in the past, was recently reintroduced in various
places and applications [31]. Furthermore, n-butanol is considered more compatible for use in blends
with ULSD because it does not suffer from miscibility issues, and its physicochemical properties are
somewhat closer to those of diesel fuel [5,24,32].

Short-carbon-chain alcohols such as ethanol and n-butanol are not yet widely used in compression
ignition engines because of the detrimental effect they have on the fuel blend’s physicochemical
properties [22,24,29,33,34]. The properties more significantly affected are flash point and cetane
number (CN).

Flash point has more to do with safety categorization for transport, storage, and handling.
Generally, it is not possible to improve the flash point of a fuel blend once it is reduced due to the
presence of more volatile components with lower flash point [35].

CN is an important fuel property significantly affecting the engine operation and exhaust
emissions. Methods of lessening the expected ignition quality deterioration include the use of a baseline
ULSD of high CN, maintenance of low alcohol concentration, or use of a cetane-improving agent.

Biomass-to-liquid technologies constitute another potential path of creating alternative fuels
for use in diesel engines [19,36]. Methods like Fischer–Tropsch and catalytic hydroprocessing are
widely employed to create high-CN, clean-burning fuel (or biofuel, depending on the feedstock),
often referred to as “paraffinic diesel”. The Fischer–Tropsch process has relatively limited
industrial application [37,38]; however, catalytic hydroprocessing is a well-established process in
the petrochemical industry, routinely used for over a century for various purposes such as heteroatom
(sulfur, nitrogen, oxygen, and metal) removal, saturation of olefins and aromatics, isomerization,
and cracking [19].

The products of catalytic hydroprocessing of liquid biomass (normal paraffins) can be further
hydrotreated for isomerization in order to improve their cold flow properties [36]. Nevertheless,
the extra cost of the isomerization step can be avoided if normal paraffins are directly mixed with
conventional diesel in low-to-moderate concentrations [39].

In the present work, n-butanol was chosen as a popular, potentially renewable oxygenate in
blends of 10% and 20% (v/v) with conventional ULSD fuel. As stated above, n-butanol was the
oxygenate of choice in many research studies assessing oxygenated ULSD blends, but its serious
impact on ignition quality of the blends usually was not taken out of the equation. In order to develop
better insight into the effects of oxygen addition in diesel fuel, it was decided that the deterioration of
the ignition quality of the blend (due to n-butanol addition) should be designedly counterbalanced
using a cetane-improving agent. For this reason, 2-ethylhexyl nitrate (EHN) and hydrotreated used
cooking oil (HUCO) were used. EHN is a standard, widely used cetane improver, while HUCO is
the non-isomerized product of catalytic hydroprocessing of used cooking oil, characterized by a very
high CN.

For 10% and 20% (v/v) n-butanol concentrations, four ignition quality response curves (due to
the addition of EHN and HUCO) were developed, providing detailed mixing rules for creating blends
with specific ignition quality characteristics. According to these response curves, four ternary blends
(10% and 20% (v/v) n-butanol, with CN improved using either EHN or HUCO, hereinafter abbreviated
as Bu10E, Bu20E, Bu10H, and B20H) with the same ignition quality behavior as the baseline ULSD fuel
were created (a blending approach not seen in the literature, to the knowledge of the authors).
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Afterward, the effects of n-butanol, EHN, and HUCO on the blends’ physicochemical properties
were measured and studied. Also, the four blends along with the baseline ULSD and a 10% (v/v)
butanol/90% ULSD blend (without a cetane improver of any kind, hereinafter abbreviated as Bu10)
were tested in a stationary diesel engine, and their effects on engine operation and exhaust emissions
were investigated.

2. Fuels

The baseline diesel fuel was supplied by Hellenic Petroleum SA (Athens, Greece). This was a
standard-quality fossil-only diesel fuel coming from the hydrotreating unit of the refinery and was
free of biodiesel or any additives whatsoever.

The n-butanol was supplied by Carlo Erba Reagents (Barcelona, Spain) and it was of ≥99.5%
purity (w/w).

EHN was supplied by Sigma-Aldrich (St. Louis, MO, USA) and it was of 97% purity (w/w).
HUCO was supplied by the Centre for Research and Technology Hellas (CERTH). The catalytic

hydrotreatment technology used for production of this fuel was developed and demonstrated in the
hydrotreating pilot plants of the Chemical Processes and Energy Resources Institute of CERTH, via the
financial contribution of the BIOFUELS-2G LIFE+ project [40]. A total of 2 tons of fuel was produced
from used cooking oil collected from local restaurants.

Since the baseline ULSD was free of lubricity additives, it was considered necessary to add a
standard lubricity agent in each of the SIX samples, in the same concentration of 0.1 mL per sample liter.

The measured properties of the fuels used and the samples tested in the diesel engine are presented
in Table 1.

Table 2 shows the composition of this non-isomerized paraffinic diesel fuel [41]. The high
concentration of normal paraffins in the HUCO explains the excellent ignition quality characteristics of
the fuel, as well as its poor cold flow properties.
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Table 1. Measured properties of fuels and samples.

Property ULSD HUCO n-Butanol Bu10 Bu10E Bu10H Bu20E Bu20H Unit
EN 590 Limits EN 15940

Limits (Class A) Method
Min Max Min Max

Oxygen content 0 0 22 2.2 2.2 2.2 4.3 4.3 % (w/w)
Density 824.7 ± 0.10 790.8 ± 0.08 813.6 ± 0.11 823.1 ± 0.09 823.0 ± 0.12 816.3 ± 0.10 822.3 ± 0.08 808.8 ± 0.11 kg/m3, 15 ◦C 820.0 845.0 765.0 800.0 EN ISO 12185

Viscosity 2.567 ± 0.002 3.704 ± 0.003 2.267 ± 0.001 2.305 ± 0.002 2.299 ± 0.002 2.474 ± 0.002 2.213 ± 0.002 2.499 ± 0.002 mm2/s, 40 ◦C 2.000 4.500 2.000 4.500 ASTM D7042
IBP a 173.4 ± 1.4 254.8 ± 1.0 116.7 ± 0.8 116.7 ± 0.9 117.5 ± 1.0 116.7 ± 1.0 115.7 ± 1.2 ◦C EN ISO 3405
T10 b 199.9 ± 1.3 292.0 ± 0.8 171.3 ± 1.3 172.4 ± 1.2 127.2 ± 1.2 130.0 ± 1.0 118.6 ± 1.1 ◦C EN ISO 3405
T50 b 269.8 ± 0.8 298.1 ± 0.7 260.8 ± 0.8 260.9 ± 0.8 274.1 ± 0.7 251.6 ± 0.7 279.7 ± 0.7 ◦C EN ISO 3405
T90 b 336.3 ± 1.0 310.9 ± 0.9 333.2 ± 1.0 332.9 ± 0.9 326.1 ± 0.9 332.9 ± 1.0 317.8 ± 1.1 ◦C EN ISO 3405
T95 b 354.9 ± 1.2 322.2 ± 1.1 350.8 ± 1.1 350.5 ± 1.2 345.4 ± 1.1 350.5 ± 1.1 340.0 ± 1.0 ◦C 360 360 EN ISO 3405
FBP c 362.0 ± 1.8 349.1 ± 1.3 359.1 ± 1.4 359.3 ± 1.4 354.4 ± 1.5 359.3 ± 1.5 347.6 ± 1.6 ◦C EN ISO 3405

Boiling point 118 ◦C
DCN d 52.3 ± 0.3 102.7 ± 0.5 ~25 46.2 ± 0.3 53.2 ± 0.5 52.2 ± 0.3 51.4 ± 0.0 52.0 ± 0.2 51.0 70.0 ASTM D7170
LHV e 43.3 ± 0.10 43.7 ± 0.09 33.1 ± 0.10 42.1 ± 0.11 42.1 ± 0.12 42.3 ± 0.11 41.1 ± 0.12 41.4 ± 0.12 MJ/kg ASTM D240
CFPP f −8 ± 0.5 21 ± 0.5 <−50 −9 ± 0.8 −8 ± 0.8 −8 ± 1.0 −8 ± 0.8 2 ± 0.5 ◦C −5 −5 EN 116

Flash point 67 ± 0.6 >100 35 ± 0.5 37 ± 0.5 37 ± 0.5 37 ± 0.5 36 ± 0.6 36 ± 1.0 ◦C 55.0 55.0 EN ISO 2719
a Initial boiling point; b recovery temperatures of specified volumetric percentage ratio; c final boiling point; d derived cetane number; e lower heating value; f cold filter plugging point.
ULSD—ultra-low-sulfur diesel; HUCO—hydrotreated used cooking oil; Bu10—10% n-butanol (v/v) mix; Bu10E—10% n-butanol (v/v) mix with 2-ethylhexyl nitrate (EHN); Bu10H—10%
n-butanol (v/v) mix with HUCO; Bu20E—20% n-butanol (v/v) mix with EHN; Bu20H—20% n-butanol (v/v) mix with HUCO; EN—European standards; ISO—International Organization
for Standardization; ASTM—American Society for Testing and Materials.
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Table 2. Composition of HUCO used (%, w/w) [41].

Carbon Number Normal Paraffins Iso-Paraffins

C15 7.8 0.0
C16 7.0 5.9
C17 41.8 5.0
C18 30.6 1.0

3. Experimental Set-Up and Procedures

3.1. Apparatus Used

Measurements of physicochemical properties of all fuels and blends took place in the Laboratory
of Fuels Technology and Lubricants of the National Technical University of Athens, Greece. Density
and viscosity were measured using an SVM 3000 Stabinger Viscometer, made by Anton-Paar GmbH
(Graz, Austria). Distillation curves were obtained using an ADU 5 automatic distillation unit made
also by Anton-Paar GmbH. All derived cetane number (DCN) measurements were carried out using
the fuel ignition testing (FIT) instrument made by Waukesha, (Waukesha, WI, USA). Lower heating
value (LHV) was determined via elemental analysis (hydrogen content for the calculation of lower
heating value from higher heating value) with a Euro EA analyzer made by Eurovector SrI (Pavia,
Italy), and higher heating value was measured with a Calorimeter 6200 made by Parr Instruments
(Moline, IL, USA). Cold filter plugging point (CFPP) was measured with an FPP 5Gs instrument made
by ISL (Verson, France). Flash point was measured with an Automatic Flash Point Tester (Pensky
Partens method) made by Scavini (Baveno, Italy).

The experimental work on exhaust emissions was carried out using a typical stationary diesel
generator by Lister Petter (Teignmouth, UK). Technical specifications of the engine–generator set are
provided in Table 3. No after-treatment of exhaust emissions was applied whatsoever. The engine load
was controlled by Avtron’s K490 AC (Cleveland, OH, USA) resistive load bank.

Table 3. Technical specifications of engine–generator [24,39].

Description Types, Value and Unit

Fuel injection Direct
Number of cylinders 2, inline

Aspiration Natural
Displacement 0.93 liters

Compression ratio 18.5:1
Speed 1500 rpm

Cooling Liquid-cooled
Alternator Brushless

Electrical output power 5.6 kW, 50 Hz

Carbon monoxide (CO), carbon dioxide (CO2), nitrogen oxides (NOx), and unburned
hydrocarbons (HC) were measured with a Kane 9206 Quintox gas analyzer (Welwyn Garden City, UK).
The sampling probe was positioned just after the exhaust manifold, and the exhaust gas was led to the
analyzer through a heated line to avoid water condensation. Table 4 presents details regarding the
resolution, measurement range, and accuracy of the gas analyzer.
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Table 4. Gas analyzer specifications [24,39]. HC—hydrocarbons.

Measured Variable Resolution Measurement Range Accuracy

Exhaust gas temperature 0.1 ◦C 0–1100 ◦C 1.0 ◦C ± 0.3%

CO 1 ppm 0–2000 ppm
±5 ppm when <100 ppm

±5% when >100 ppm and <2000 ppm
±10% when >2000 ppm

CO2 0.1% 0–10% ±5%

HC 1 ppm 0–5000 ppm ±5%

NO 1 ppm 0–1000 ppm
±5 ppm when <100 ppm

±5% when >100 ppm and <1000 ppm
±10% when >1000 ppm

NO2 1 ppm 0–100 ppm ±5 ppm when <100 ppm
±10% when >100 ppm

Particulate matter was measured with units of mass per exhaust gas volume. Exhaust gas was
driven through Whatman glass microfiber filters (Little Chalfont, UK) that were thoroughly dried
and weighed prior to the sampling procedure. The exhaust gas volume passing through the filter
was measured with a Ritter (Bochum, Germany) bellows-type gas meter. To measure filter mass,
a high-accuracy analytical balance with a resolution of 0.1 mg was used.

Fuel consumption was measured by mass using a digital scale.
The experimental set-up (shown in Figure 1) was located in the Laboratory of Fuels Technology

and Lubricants of the National Technical University of Athens, Greece, and was also employed in
previous work [24,39].
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3.2. Experimental Procedure

3.2.1. Ignition Quality Investigation Procedure

The main goal of this work was to create oxygenated fuel blends while keeping the ignition
quality of the blend the same as baseline ULSD fuel. For this reason, a detailed investigation was
carried out in order to assess the effect of either cetane-improving component (EHN or HUCO) on the
CN of the final blend.

The volumetric ratios of n-butanol studied were 10 and 20%. These ratios were kept the
same, and the third component (either EHN or HUCO) was introduced by small steps improving
ignition quality characteristics. Equation (1) describes the general rule for creating multiple samples
with increasing concentration of either EHN or HUCO as cetane improvers. The values inside the
brackets (where X takes a value equal to either 10 or 20) indicate the volumetric percentage ratio of
each component.

n − Butanol(X), CetaneImprover(Y), ULSD(100 − X − Y). (1)

The ignition quality of each sample was measured according to the American Society for Testing
and Materials (ASTM) D7170 method. This method is based on a fixed range injection period system.
The apparatus consists of a constant volume combustion chamber and all necessary instrumentation to
measure the duration between the start of fuel injection and start of combustion (i.e., the ignition delay
(ID)), which is then used as a unique variable in an equation provided by the method to calculate the
derived cetane number (DCN).

3.2.2. Exhaust Gas Investigation Procedure

The exhaust gas measurements were taken under steady-state conditions at 1500 rpm. The engine
was kept running at a specific load until it reached steady-state operating conditions before any
sampling took place. A K-type thermocouple was fitted in the exhaust manifold to provide exhaust gas
temperature readings. This way, energy equilibrium of the engine system (indicative of steady-state
operation) was identified.

After steady-state conditions were reached, the gas analyzer started sampling. The final values at
each applied load resulted from the average of ten consequent readings during a period of 10 min.

To measure PM, a fresh, dried, and weighed glass microfiber filter was put in a custom-made
sampling probe. A custom-made buffer was positioned between the exhaust manifold and the
sampling probe to help decrease gas temperature, facilitate particulate nucleosis, and ensure that too
large pieces of soot, accidentally torn away from the internal walls of the sample tubing, would not get
drawn onto the filter. The temperature drop was necessary to protect filter from high temperatures,
while nucleosis was needed to eliminate the existence of particulates of small diameter that would
otherwise pass through freely. The PM sampling took place for different durations, depending on the
engine load. This was considered necessary because, at high loads, too many PM emissions accumulate
on the filter, forming a thick crust that alters the filtration characteristics, while, at low loads, the PM
emissions are so low that the filter net weight gets too close to the accuracy limits of the scale. After
the sampling duration, the PM-loaded filter was removed, dried, and weighed again. The final PM
value results from the PM net weight divided by the sampling exhaust gas volume measured by the
Ritter gas meter.

After gas, PM, and gravimetric fuel consumption measurements were taken, the next load was
imposed through the load bank, and the exhaust gas temperature was monitored until steady-state
conditions were reached again.

The engine loads used for the measurement of exhaust emissions and fuel consumption were
1.5 kW (low), 3.5 kW (medium), 4.5 kW (medium–high), and 5.5 kW (full), as presented in Table 5.
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Table 5. Engine loads used.

Load Torque (N·m) Speed (rpm) Power (kW)

Low 9.6 1500 1.5
Medium 22.3 1500 3.5

Medium–high 28.7 1500 4.5
Full 35.0 1500 5.5

The experimental procedure was developed and optimized for the specific apparatus in hand
over the last few years and, as a result, the basic aspects of the methodology are the same as those
described in previous work [24,39]. However, some parameters (such as the duration of sampling for
the PM measurement, or the imposed loads on the engine) were carefully chosen after trial and error
runs with each sample set, according to the scope and the particularities of each separate work.

4. Results and Discussion

4.1. Ignition Quality Investigation

4.1.1. Effect of EHN on Ignition Quality

Figure 2 shows the effect of EHN addition on the measured DCN of 10% and 20% n-butanol (v/v)
samples. The results indicate that the effect of EHN on DCN is not linear across the EHN concentration
range. The introduction of EHN even at an amount as low as 0.02% (v/v) gives a significant boost of
DCN. However as EHN concentration increases (even by small steps of 0.02% (v/v)), its beneficial effect
gradually diminishes, and the correlation of DCN to EHN concentration acquires a linear behavior
with lower slope. As indicated by the R2 values on Figure 2, the data points of the first six EHN
concentrations (from 0 to 1% (v/v)) were found to be described well by a second-degree polynomial
trend line, whereas, for data points with concentrations from 1% (v/v) and up, a linear trend line was
found to work best.
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As demonstrated by Figure 2, with a lower initial DCN, the effect of EHN as a cetane improver
was lower. This is clearly indicated by the trend lines, where the slope of EHN effect on DCN of blends
containing 10% (v/v) n-butanol is a lot steeper than that of blends containing 20% (v/v) n-butanol. It is
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important to note that one would require less than 0.15% (v/v) EHN to match the DCN of the Bu10E
sample to that of ULSD (i.e., 52.3 units), but more than three times that quantity (i.e., 0.5% (v/v) of
EHN) to match the DCN of the Bu20E sample to that of ULSD fuel, even if the DCN decrease caused
by 20% (v/v) n-butanol (11 units DCN drop) is slightly less than twice of that caused by 10% (v/v)
n-butanol (6 units DCN drop).

4.1.2. Effect of HUCO on Ignition Quality

Figure 3 shows the effect HUCO concentration on n-butanol–HUCO–ULSD blends. As seen,
the linear behavior is much more obvious here. The better R2 values can be explained, at first, by the
inconsistent nature of DCN boost that EHN provides (as shown in Figure 2) and, secondarily, by the
fact that HUCO concentrations used are two orders of magnitude higher than those of EHN, in order
to achieve the same DCN boost. This could have a considerable effect on the accuracy during the
preparation of the sample, since the error of the amount of EHN added is more significant than that of
the amount of HUCO added.
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The trend lines that describe the effect on DCN as ULSD concentration decreases and HUCO
concentration increases in both blends of 10% and 20% (v/v) n-butanol appear to have very similar
slopes. Again, HUCO performs slightly more effectively in blends with 10% (v/v) n-butanol, but the
difference is not as significant as in EHN blends.

As Figure 3 shows, the 10% (v/v) n-butanol ternary blend would require a little over 15% (v/v)
HUCO to reach the DCN of baseline ULSD fuel, leading to 25% potential renewable content by volume.
For the 20% (v/v) n-butanol blend, the HUCO required to reach DCN equal to that of baseline ULSD
fuel would be more than 30% (v/v), leading to a total potential renewable content of more than 50%
by volume.

4.2. Physicochemical Properties

4.2.1. Samples Studied

Using the data presented in Figures 2 and 3, and according to Equation (1), four ternary blends
(Bu10E, Bu10H, Bu20E, and Bu20H) of the same DCN value with the baseline ULSD were created.
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In order for these samples to exhibit as similar an ignition quality as possible, the equations of the
linear correlations shown in Figures 2 and 3 were used to calculate the amount of either EHN of HUCO
needed to reach the desired DCN value. Detailed blend compositions are shown in Table 6.

Table 6. Detailed composition of created blends.

Property Bu10 Bu10E Bu10H Bu20E Bu20H Unit

n-Butanol content 10 10 10 20 20 % (v/v)
EHN content 0 0.13 0 0.52 0 % (v/v)

HUCO content 0 0 16 0 31 % (v/v)
ULSD content 90 ~90 74 ~80 49 % (v/v)

In order to evaluate the effect of the DCN increase, one more sample (Bu10) containing only 10%
(v/v) n-butanol and 90% (v/v) ULSD was tested as well. The possibility to also test a sample of 20%
(v/v) n-butanol and 80% (v/v) ULSD was discarded as being of little interest and potentially harmful
for the engine, since the DCN of that blend would be too low (DCN of less than 42 units, as shown in
Figures 2 and 3).

The physicochemical properties of the six final blends (Bu10E, Bu10H, Bu20E, Bu20H, Bu10,
and ULSD) were measured and evaluated before these samples were tested in the stationary
diesel engine.

4.2.2. Ignition Quality

The DCN of the four blends containing either EHN or HUCO was measured again for verification
of the linear correlations shown in Figures 2 and 3. The results were found to be close to the DCN of
the baseline ULSD, lying within the reproducibility limits of the method (expressed with error bars),
as depicted in Figure 4.
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As expected, n-butanol addition in such concentrations has a serious detrimental effect on the
ignition quality of the blend, as 10% (v/v) is enough to cause a 6-unit DCN drop, and 20% (v/v) a
massive 11-unit DCN drop. This comes in agreement with previous work were 10% (v/v) n-butanol
caused an almost 7-unit DCN drop when blended with ULSD of slightly higher DCN [24].

As also seen earlier, it is possible to restore even massive DCN drops by adding either a classic
cetane improver such as EHN in low, additive-like concentrations, or a paraffinic diesel of high cetane



Energies 2018, 11, 3413 11 of 20

number, such as HUCO, as a bio-derived blending component that greatly increases the renewable
content of the blend.

4.2.3. Density and Viscosity

Density and viscosity of the DCN-boosted samples are shown in Figure 5. The density of the
samples was generally reduced with the addition of HUCO and n-butanol, as they both are of lower
density compared to the baseline ULSD fuel. The density of the samples containing EHN as a cetane
improver was slightly affected due to the n-butanol only, but those containing HUCO exhibited a much
more significant density decrease. Compared to European standard EN 590, only the EHN samples
were within the limits. Interestingly, the HUCO-containing samples complied with neither EN 590
nor EN 15940 limits, as they were of too low density for the first and of too high density for the latter
(see Table 1). If the density of the samples was to be in compliance with either standard, maybe a ULSD
of higher density should be considered, or a mixing strategy simultaneously employing EHN and
HUCO as cetane improvers in order to reduce the necessary concentration of HUCO and its impact on
the blend’s density.
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Viscosity changed only slightly for all samples, since all three components (ULSD, n-butanol,
and HUCO) were of very close viscosity values and EHN concentrations were negligible. As shown in
Figure 5, the necessary concentration of HUCO to counter the effect of n-butanol on DCN also countered
n-butanol’s effect on viscosity, such that ULSD, Bu10H, and Bu20H were of very close viscosities.

4.2.4. Distillation Properties

The distillation curves of the five samples with the same DCN (ULSD, Bu10E, Bu10H, Bu20E,
and Bu20H) and HUCO are presented in Figure 6. The boiling point of n-butanol is represented by a
horizontal line as well.
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As seen, the initial boiling point of the oxygenated samples was the same as the boiling point of
pure n-butanol, and the distillation continued at that temperature until all the alcohol was recovered.
Then, as the heavier components (contained in ULSD) start boiling at 173 ◦C, the temperature
rose rapidly.

Although the front-end volatility of alcohol-containing samples was significantly changed, this
was not the case for mid and tail volatility, which even managed to fall within EN 590’s limits (≤60%
(v/v) recovered at 250 ◦C, ≥85% (v/v) recovered at 350 ◦C, and 95% (v/v) recovered at ≤360 ◦C) [42].

HUCO exhibits an almost flat distillation curve from 10% to 90% (v/v) recovery range, which is to
be expected taking into account that it contains mostly C17 (boiling point of 302 ◦C) and C18 (boiling
point of 317 ◦C) normal paraffins (see Table 2). This had a clear effect on the middle recovery range of
the HUCO-containing Bu10H and B20H (see Figure 6).

4.2.5. Cold Filter Plugging Point

The cold filter plugging point (CFPP) is a measure of how usable a fuel can be in cold weather.
The CFPP of all fuels and blends is presented in Table 1. As the results demonstrated, the n-butanol
concentration of 10% (v/v) in ULSD (sample Bu10) only slightly affected the CFPP (by 1 ◦C). In previous
work, the same n-butanol concentration in ULSD of a 3 ◦C higher CFPP caused a 2 ◦C drop [24].

EHN addition did not seem to play a significant role in CFPP either, causing only slight changes
(at least at these concentrations used in Bu10E and Bu20E samples).

Blends containing HUCO demonstrated a strange behavior, as Bu10H exhibited dramatically
lower CFPP than that of Bu20H. For a better understanding of the phenomenon, more samples
were created and their CFPP was measured. The extra samples were created according to Equation
(1) and they contained n-butanol at 10% or 20% (v/v), HUCO, and ULSD. The results, shown in
Figure 7, indicate that all 10% (v/v) n-butanol-containing samples exhibited a lower CFPP than
all 20% (v/v) n-butanol-containing samples with the same HUCO concentrations. Judging by the
CFPP of the respective blending components (n-butanol, HUCO, and ULSD; see Table 1), one would
expect that, when alcohol concentration increases and ULSD decreases, the CFPP would decrease;
however, the exact opposite happened instead. This can be attributed to the high polarity of the
hydroxyl group of n-butanol, which could possibly promote paraffin separation in the blend at lower
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temperatures [43]. These blends contain a significant amount of long-chain normal paraffins due to
HUCO concentration (see Table 2); thus, increasing n-butanol from 10% to 20% (v/v) could facilitate
normal paraffin separation, resulting in higher CFPP.Energies 2018, 11, x FOR PEER REVIEW 13 of 20 
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As seen in Figure 7, the CFPP of the ternary blend seems to depend more on HUCO concentration
than n-butanol concentration.

Apart from the somewhat negative effect of n-butanol in the ternary blends with HUCO and
ULSD, sample Bu10H had a CFPP of less than −5 ◦C (which complies with EN 590’s limit for winter
grade C fuel), while B20H had a CFPP of less than +5 ◦C (which complies with EN 590’s limit for
summer grade A fuel).

4.2.6. Flash Point

Flash point was found to change dramatically with the addition of concentrations of n-butanol.
As presented in Table 1, the flash point of all oxygenated samples was very close to the flash point
of neat n-butanol (35 ◦C). This was to be expected, as the presence of more volatile components with
low flash point results in a significant reduction of the flash point of ULSD [34]. This also comes in
agreement with previous work, where even a slight concentration of n-butanol (specifically 2.5% (v/v))
in ULSD could result in a significant flash point drop of 20 ◦C [24].

Flash point is a property that classifies fuels according to safety standards during transport,
storage, and handling. As also proposed in previous work, it is of absolute importance that diesel
fuel blends containing n-butanol even in slight concentrations should be treated with strict safety
regulations, such as those applied in the case of gasoline [24].

4.3. Engine Results

The experimental investigation concluded with testing the baseline ULSD and the five oxygenated
blends on a typical stationary diesel engine operating at 1500 rpm. All fuels were tested at four engine
loads of 1.5 kW (low), 3.5 kW (medium), 4.5 kW (medium–high), and 5.5 kW (high). Emissions
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(CO ppm, HC ppm, NOx ppm, and PM µg/L) and fuel consumption were measured as previously
described in detail.

The engine ran smoothly at all loads, without obvious alteration in noise radiation during
operation with ULSD and the four DCN-boosted blends.

However, since the baseline ULSD was only mediocre in terms of ignition quality (DCN of 52.3),
the addition of 10% (v/v) n-butanol without a cetane improver of any kind reduced the DCN of
the Bu10 blend to 46.2 and the DCN of the Bu20 blend to 41.2, as shown in Figure 4. As a result,
Bu10 exhibited higher noise radiation and caused minor engine speed inconsistency, especially in
medium–high and high loads. For that reason, it was considered best not to test the Bu20 sample of
such a low DCN, since that would be of little research interest and could potentially cause damage to
the equipment.

4.3.1. Fuel Consumption

Fuel consumption is presented in Figure 8 (error bars indicate the standard deviation of two
measurements). As can been seen, the measured gravimetric fuel consumptions of the six samples
for each load were very close to each other. However, the samples that had their DCN boosted with
HUCO exhibited a slightly lower fuel consumption compared to their equally oxygenated counterparts
containing EHN as a DCN booster. This was to be expected, since HUCO has a higher LHV than
ULSD and n-butanol (see Table 1). As a result, HUCO could counterbalance the LHV drop caused by
n-butanol, producing blends with LHV close to that of the baseline ULSD, thereby also keeping the
gravimetric fuel consumption at the same levels.
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4.3.2. Carbon Monoxide

Figure 9 presents CO emissions (error bars indicate the standard deviation of ten consequent
measurements taken during 10 min). Clearly, the extra oxygen provided by n-butanol could help
promote complete combustion, thus lowering CO emissions. This effect increased at higher loads,
where the fuel–air ratio was higher, making the in-fuel provided oxygen more valuable.

The DCN drop caused by n-butanol when a cetane improver was not used (sample Bu10) could
cause a slight increase at CO emissions at low loads (when there was enough oxygen provided by
air). This CO increase faded away as the engine load increased, and the beneficial effect of the in-fuel
oxygen overcame the adverse effects of the DCN drop.
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Comparing the two ignition quality improving agents, it seems that they performed equally
well at all loads except at 5.5 kW, where EHN managed to reduce CO emissions more than HUCO.
Furthermore, at full load, the HUCO increase in the blend seemed to cause a slight increase of CO
emissions. This behavior was reported on a larger scale in a previous work, where HUCO samples did
not contain any oxygenate to compensate for the CO increase [39].

When the engine operated at full load, the increase of n-butanol concentration from 10% to 20%
(v/v) seemed to cause no further significant reduction of CO emissions, possibly indicating a “limit” of
the benefits due to fuel oxygen content.

4.3.3. Hydrocarbons

HC emissions are presented in Figure 10 (error bars indicate the standard deviation of ten
consequent measurements taken during 10 min). As can been seen, the engine tended to emit less
unburned HC at medium–high load which was expected as HC formation is favored in regions
inside the cylinder with either insufficient temperature to support combustion (e.g., when the engine
operates at low loads or during cold starts) or very high fuel–air ratios (which exist during full-load
operation) [1,2].
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As can be seen in Figure 10, n-butanol alone (Bu10 sample) could reduce the HC emissions.
The in-fuel oxygen provided by the n-butanol could probably help promote complete combustion,
but this could also be the effect of DCN drop, which caused higher peak temperatures inside the
cylinder, and could reduce HC at low loads. This effect was reversed at full load when a high fuel–air
ratio combined with a low DCN.

The restoration of DCN using EHN could be a reason for the HC increase with EHN concentration,
at least at low load. The progressive increase of HC emissions produced by Bu10E and Bu20E samples
at all other loads indicated a negative effect of EHN. On the other hand, HUCO blends showed
excellent performance reducing HC emissions compared to their EHN counterparts, Bu10, and baseline
ULSD fuel.

4.3.4. Nitrogen Oxides

Nitrogen oxide measurements are presented in Figure 11 (error bars indicate the standard
deviation of ten consequent measurements taken during 10 min). The addition of n-butanol caused
a significant increase in NOx emissions when used without a cetane improver. Previous work
where a higher DCN baseline ULSD was used showed a negligible effect of 10% (v/v) n-butanol
concentration [24]. However, it seems that, when using a lower DCN baseline ULSD (such as the one
used in the present work), the DCN of a 10% (v/v) n-butanol concentration sample (Bu10) could be
low enough to start significantly increasing the NOx emissions.
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However, once DCN was restored using a cetane improver, it seems that the NOx emissions
of all oxygenated samples were lower than those of baseline ULSD fuel. Comparing the two
cetane-improving agents, HUCO seemed to slightly outperform EHN especially at higher loads. This
beneficial behavior of HUCO was also observed in non-oxygenated, binary ULSD/HUCO blends [39].

4.3.5. Particulate Matter

As shown in Figure 12 (error bars indicate the standard deviation of two measurements),
oxygenated fuel had a beneficial effect on particulate matter (PM) emissions. This was to be expected
since many researchers also found similar results [8,21,24,28]. A slightly positive effect of DCN
improvement on the oxygenated blends was also apparent, but mostly in higher loads. Bu10, compared
to Bu10E and Bu10H, produced slightly more PM in mid-to-full loads. This beneficial effect could
be amplified if the engine was not of fixed speed and could run at higher rpm. As the engine speed
increases, the available time for combustion inside the cylinder decreases, making the fuel’s ignition
quality characteristics more valuable [44].
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Comparing the two cetane improvers, HUCO seemed to perform a little better than EHN.
However, a high concentration of HUCO (sample Bu20H) performed worse than Bu20E at full load.
This negative effect was also observed in previous work, where HUCO was blended with ULSD
only [39]. In the present work, however, it seems that the presence of n-butanol helped mitigate this
negative effect to a great extent.

5. Conclusions

In the present work, an effort was made to overcome ignition quality issues of blends with
n-butanol and ULSD using either a routinely employed cetane improver (EHN) or a high-CN paraffinic
biofuel (HUCO). Blends containing 10% and 20% n-butanol were created, and their cetane numbers
were boosted to match that of the neat baseline ULSD by adding either cetane improver, simultaneously
keeping the alcohol volume concentration constant (cetane boosters replaced the ULSD volume share
only). Two binary blends with 10% and 20% (v/v) n-butanol and ULSD were prepared as well for
comparative reasons.

The investigation on the DCN boost achieved by either cetane-improving agent showed that
HUCO addition increased DCN in a steady, linear manner, while EHN was more effective up to
0.8% (v/v) concentration before the DCN boost it provided diminished and also switched to a linear
behavior. It was also found that HUCO was most effective as a cetane improver for both 10% and
20% (v/v) n-butanol concentrations. EHN, on the other hand, performed more effectively for the first
0.8% (v/v) boosting the lower DCN blend (with 20% (v/v) n-butanol), while, for greater concentrations
(more than 1% (v/v) EHN), it was slightly more effective boosting the higher DCN blend (with 10%
(v/v) n-butanol).

The investigation of physicochemical properties showed that minor changes compared to
ULSD are to be expected when using EHN as a cetane improver for both 10% and 20% (v/v)
n-butanol-containing samples (Bu10E and Bu20E). HUCO, however, as a fuel containing almost
exclusively long-chain normal paraffins, could significantly change the density and CFPP properties.
This is because EHN was needed in additive range concentrations (less than 1% (v/v)), while HUCO
needed to be blended in higher concentrations (about 15% (v/v) for 10% (v/v) n-butanol-containing
samples, and about 31% for 20% (v/v) n-butanol-containing samples). Flash point was also greatly
reduced due to n-butanol addition in all samples.

The engine performance assessment showed that all four oxygenated blends with the same
DCN as the baseline ULSD caused no problems during engine operation whatsoever. However,
the non-boosted 10% (v/v) n-butanol-containing sample caused minor engine speed inconsistency and
higher noise radiation. An investigation of the exhaust emissions showed that n-butanol addition in
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ULSD of moderate ignition quality could increase NOx and also reduce the potential positive effects of
oxygenated fuel. The employment of a cetane booster to restore the ignition quality of n-butanol/ULSD
blends is, therefore, of significant importance.

Comparing the two cetane-improving agents used, the results showed that EHN could be
“transparent” with respect to physicochemical properties of the final oxygenated blend. On the
other hand, HUCO could drastically change some properties, such as density and CFPP, but it also
greatly increased the renewable energy content of the blend. Blends boosted with HUCO also exhibited
slightly lower HC, NOx, and PM emissions.
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