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Abstract Biodiesel is an alternative fuel and fuel exten-
der easily derived from vegetable oil or animal fat. In 20006,
the US Environmental Protection Agency mandated that
maximum sulfur content of diesel fuels be reduced to
15 ppm to protect catalysts employed in exhaust after-
treatment devices. Processing to produce this ultra-low
sulfur petrodiesel (ULSD) alters fuel lubricity, density,
cold flow, viscosity, and other properties. Consequently,
there is a need to develop a better understanding of the
basic fuel properties of biodiesel/ULSD blends. This work
evaluates the effects of biodiesel volumetric blend ratio
(Vep) on cloud point (CP), kinematic viscosity (v), specific
gravity (SG), and refractive index (RI) of blends with
petrodiesel. Properties measured for various blends of
methyl esters of soybean oil (SME) and used cooking oil
(UCOME) in ULSD were compared with those for blends
with low sulfur (<500 ppm) petrodiesel fuel (LSD). With
respect to increasing Vgp, CP and SG increased and RI
decreased with each parameter demonstrating a linear
correlation. In contrast, v showed a curvilinear relationship
with respect to increasing Vpp. Calibration curves were
derived from regression analyses to determine Vpp in
biodiesel/ULSD blends from measurements of each indi-
vidual property. While the models had generally high
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coefficients of regression (R2 > 0.986), SG models were
most accurate for predicting Vgp to within 1.3 vol%.
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Introduction

Biodiesel is a renewable alternative fuel made primarily
from transesterification of plant oils or animal fats with
methanol or ethanol. The National Biodiesel Board esti-
mates that 700 million gallons (1 US gallon is approx. 3.79
liters) of biodiesel were produced in the US in 2008 [1].
Biodiesel has been applied to fuel transportation trucks, farm
and other off-road vehicles, automobiles, locomotives, air-
craft, stationary power generators, boilers, and heaters.
Biodiesel possesses many characteristics that make it
attractive as an alternative fuel for conventional diesel
(petrodiesel). It is readily biodegradable, non-toxic, and
non-flammable making it easier to store and handle. Gross
heats of combustion, specific gravity (SG), and viscosity
are comparable to those properties of petrodiesel. Biodiesel
is miscible with petrodiesel and enhances cetane number,
lubricity, and anti-wear properties [2—6]. It can be applied
as a fuel component where its volumetric ratio (Vgp) is
above 20 vol% (B20), an extender (Vgp < B20) or an
additive (Vgp < BS) in blends with petrodiesel. Biodiesel
reduces exhaust emissions with respect to smoke opacity,
hydrocarbons, carbon monoxide, sulfur dioxide, polyaro-
matic hydrocarbons, and particulate matter [2, 3, 5, 7].
Blends with biodiesel may increase nitrogen oxides (NOx)
emissions, though increases do not exceed 5% for Vgp up
to B20 [7]. A recent “well-to-wheel” life-cycle analysis
reported that biodiesel has an energy output/fossil energy
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input ratio of 4.56:1 [8]. Another study [9] showed that
biodiesel from soybean oil reduces green house gas (carbon
monoxide, methane and nitrous oxide) emissions by
66-94% depending on how co-products (glycerol) are
addressed after conversion.

In 2006, the US Environmental Protection Agency
(USEPA) mandated that sulfur levels in on-road transpor-
tation diesel fuels be no greater than 15 ppm to prevent
poisoning of catalysts used in devices designed to treat
particulate matter and NOx in exhaust emissions [1]. To
meet this specification, the petroleum industry upgrades
petrodiesel by catalytic reaction with high-pressure
hydrogen to remove sulfur and other heteroatoms [10]. The
resulting product is generally referred to as ultra-low sulfur
diesel (ULSD) to distinguish it from its low sulfur diesel
(LSD; sulfur content < 500 ppm) predecessor.

Hydrotreating the petroleum distillate product modifies
other fuel properties. Although fuel lubricity and anti-wear
properties are diminished after processing, these charac-
teristics can be restored by blending ULSD with 1-2 vol%
biodiesel [11]. Other properties that may be affected
include cetane number, cloud point (CP), cold filter plug-
ging point, pour point, SG, and kinematic viscosity (v). It
follows that blending biodiesel with ULSD will have
variations in fuel properties relative to blends with LSD.

Although some fuel property data are available for non-
blended (neat) biodiesel and ULSD in the scientific liter-
ature, data pertaining to blends with specified volumetric
ratios (Vpp) is relatively scarce. Tang and coworkers [12,
13] studied the effects of blending ULSD with biodiesel
from several feedstocks on stability during storage in cold
temperatures. This work showed that CP of blends was
correlated to Vpp by second-order polynomial equations
[12]. In contrast, another report [14] showed that CP
increased linearly with respect to increasing Vgp for bio-
diesel in blends with No. 2 ULSD. Blends with winter
ULSD or No. 1 ULSD demonstrated curvilinear behavior
at Vgp below B20. Knothe and Steidley [15] studied the
effects of low temperatures on v of soybean oil-fatty acid
methyl esters (SME)/ULSD blends. Data interpreted in that
work demonstrated a curvilinear relationship between v at
40 °C and Vgp of blends.

Despite the aforementioned examples, most of the fuel
property data reported in the scientific literature pertain to
blends of biodiesel and LSD. To increase the fundamental
understanding of the properties of biodiesel/ULSD blends,
establishing an adequate baseline will require acquisition,
analysis, and reporting of more data. The first objective of
the present study addresses this concern by comparing
measured CP, refractive index (RI), SG, and v results and
evaluating differences between blends of SME and used
cooking oil-fatty acid methyl esters (UCOME) in LSD and
ULSD.
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Verifying biodiesel blend ratio levels (Vgp) is important
since government tax credits or other regulatory issues may
depend on them. A quality survey on biodiesel/petrodiesel
blends was conducted in Michigan where blend levels were
determined by gas chromatography (GC)/mass spectrom-
etry [16]. This study found that BO blends had as much as 3
vol% biodiesel, levels that are now acceptable under the
American Society of Testing and Materials (ASTM)
specification D 975 for diesel fuel oils [17]. However, 4 of
19 different B20 samples were found to contain no more
than 10 vol% biodiesel.

Laboratory methods have been developed that generally
require expensive instruments and equipment to perform. An
early report [18] recommended high performance liquid
chromatography (HPLC) coupled with a mass-sensitive
detector, such as an evaporative light scattering detector
(ELSD), over GC analysis with a flame ionization detector.
The latter technique produces complex chromatograms
owing to the number and diversity of compounds found in
petrodiesel [19]. HPLC with ELSD or ultraviolet (UV)
absorption detection was reported to analyze biodiesel blends
with B1-B30 blend ratios [20]. Simultaneous determination
of fatty acid methyl ester (FAME) and aromatics in blends
was conducted by HPLC with RI and UV detectors [21].

Direct determination of blend levels in biodiesel/petro-
diesel blends can also be made from infrared (IR) spectra
[22]. Partial least-squares (PLS) models based on IR or
near-IR spectra were shown to identify blend levels below
B5 [23]. Near-IR and "H-nuclear magnetic resonance
(NMR) spectroscopy were compared for determining blend
levels for all ranges (B0-B100) in SME/LSD blends [24].
Predicted values were within 1-1.5% of measured values,
though near-IR was more accurate for Vgp below B30.
Fourier transform-IR (FT-IR) was utilized to identify
chemical group structures in biodiesel as well as determine
blend levels of FAME derived from a diverse number of
lipid feedstocks [25]. ASTM test method D 7371 employs
FT-IR/attenuated total reflectance/PLS to determine blend
levels of biodiesel in petrodiesel. This method is referenced
in ASTM fuel specification D 7467 for biodiesel/diesel fuel
oil blends (B6-B20) [26].

Instruments and equipment necessary to carry out in-
house analyses of blend levels by HPLC, near-IR, mid-IR,
or 'H-NMR spectroscopic methods are expensive. One
cheaper option is to send samples to contract labs and await
the results to verify blend levels. A more practical alter-
native may be to develop calibrations based on fuel prop-
erties that may be measured with less expensive and/or
performed utilizing portable equipment. Therefore, the
second and main objective of the present study was to
devise calibration curves based on CP, RI, SG, and v for
determining blend levels in blends of SME and UCOME in
ULSD.
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Experimental Methods
Materials

Firm names of sources for supplying two SME samples,
denoted ‘SME-1" and ‘SME-2’, and the UCOME sample
are not provided to remove bias in presenting and inter-
preting the results. All three biodiesel samples were stored
in a dark refrigerator when not in use. An earlier study [27]
reported acid value < 0.22 mg KOH/g, free glyc-
erol < 0.02 mass%, total glycerol < 0.1 mass%, and water
content < 480 ppm for SME-1 and SME-2. UCOME had
acid value = 0.6 mg KOH/g, free glycerol = 0.003
mass%, total glycerol = 0.09 mass%, and water con-
tent = 476 ppm. Thus, only the acid value of UCOME
among these data slightly exceeded the limit referenced in
ASTM specification D 6751 for biodiesel [28].

Amoco standard No. 2 low sulfur petrodiesel (LSD2)
with sulfur content < 500 ppm was provided by the Uni-
versity of Illinois (Urbana, IL, USA). ULSD (sulfur con-
tent < 15 ppm) samples were acquired from two separate
sources. ‘ULSD-A’ was provided by the University of
Idaho (Moscow, ID, USA) and Standard No. 2 ‘ULSD-B’
was from Chevron USA (San Ramon, CA, USA). None of
the petrodiesel samples contained performance-enhancing
additives. Reverse osmosis filtered water was available
in-house.

Methods

Fatty acid methyl ester (FAME) compositions were deter-
mined with a Varian (Walnut Creek, CA) model 8400 GC
equipped with a flame ionization detector and a Supelco
(Bellafonte, PA) SP2380 GC column (30 m x 0.25 mm
i.d.). Carrier gas was helium at 1 mL/min. The temperature
program was as follows: (1) hold at 150 °C for 15 min; (2)
increase at 2 °C/min to 210 °C; (3) increase at 50 °C/min
to 220 °C; and (4) hold at 220 °C for 5 min. Injector and
detector temperatures were 240 and 270 °C. Individual
FAME were identified by peak retention time and quanti-
fied by peak area. Results from analysis of SME-1, SME-2,
and UCOME are shown in Table 1.

Cloud point (CP) data were measured in a PSA-70S
automatic analyzer from Phase Technology (Richmond,
BC, Canada) according to ASTM standard test method
D 5773 [29]. RI data were determined in a Reichert Mark
II Plus Abbe refractometer from Fisher Scientific (Pitts-
burgh, PA, USA) applying ASTM method D 1218 [30].
Samples were analyzed at room temperature (22-24 °C)
and results automatically adjusted to yield RI at 25 °C. SG
data at 15.6 °C referenced to water at the same temperature
were measured in laboratory pycnometers according to
American Oil Chemists’ Society (AOCS) method Cc 10c-95

[31]. Kinematic viscosity (v) data were measured at 40 °C
in Cannon-Fenske (State College, PA, USA) capillary
viscometers and applying ASTM method D 445 [32].

Biodiesel/petrodiesel blends at different Vyp were pre-
pared by pipetting precisely measured volumes and gently
mixing contents at room temperature (22—-24 °C). Proper-
ties were measured at Vgp = B0, B1, B2, B3, B4, B5, B8,
B12, B16, B20, and B100 (0, 1, 2, 3, 4, 5, 8, 12, 16, 20, and
100 vol%) biodiesel in blends with petrodiesel. Subsets of
data for each biodiesel/petrodiesel blend were analyzed by
least-squares regression to yield calibration curves of the
form Vpp versus CP, SG, RI, or v. Modeling and statistical
analyses were performed in MicroSoft (Redmond, WA,
USA) Excel® spreadsheets.

Results and Discussion

FAME composition profiles of the three biodiesel fuels are
summarized in Table 1. SME-1 and SME-2 had similar
profiles with the latter having slightly more total unsatu-
rated FAME content (ZUnsat). In contrast, UCOME had
significantly higher total saturated FAME content (XSat)
and lower polyunsaturated FAME (C18:2 and Cl18:3)
content than either SME. Furthermore, nearly one-fifth of
the monounsaturated C18:1 FAME in UCOME was com-
posed of the trans isomer, methyl elaidate. This isomer has
a significantly higher melting point than the cis isomer,
methyl oleate [33]. The trans isomers most likely formed
in the feedstock cooking oil either as a result of partial
hydrogenation to stabilize it or during its use at high
temperatures in food preparation. The relatively high trans
isomer concentration carried through after conversion of
used cooking oil into biodiesel.

Results from analysis of CP, RI, SG, and v of neat
(unblended) SME-1, SME-2, UCOME, LSD2, ULSD-A,
and ULSD-B are listed in Table 2. Effects of variations in
the FAME profile between SME and UCOME are reflected
in both CP and v data. The higher XSat and methyl elaidate
content in UCOME caused its CP to be significantly higher
than SME. Higher XSat are also known to increase v [15],
an effect that is reflected in data shown in Table 2. RI data
for biodiesel were grouped in a lower range (1.452-1.456)
than those for petrodiesel (1.459-1.472). Similarly, SG
data for biodiesel were grouped in a higher range
(0.882-0.889) compared to petrodiesel (0.826—0.850).

While RI and v were generally comparable for ULSD-A
and ULSD-B, significant deviations were observed in CP
and SG data. The most likely explanation is that ULSD-A
was a mixture of No. 1 and No. 2 ULSD fuels, sometimes
referred to as winter ULSD. This procedure is generally
done to lower CP for cold weather operations. Hence, the
CP of ULSD-A is more than 10 °C lower than that of
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Table 1 Fatty acid concentration profile of biodiesel fuels analyzed by gas chromatography (GC)

Biodiesel FAME (wt%)

Cl4 Cl6 Cle6:1 Cl18 C18:1 C18:2 C18:3 XSat Y Unsat
SME-1 nd 12.5 nd 4.3 24.2 51.5 7.6 16.8 83.2
SME-2 nd 11.0 nd 4.3 21.7 54.5 8.5 15.3 84.7
UCOME 0.6 15.3 0.9 8.1 49.0% 24.0 2.2 24.0 76.0

FAME Fatty acid methyl esters, C/4 myristate, C16 palmitate, C16:1 palmitoleate, C18 stearate, C18:1 oleate, C18:2 linoleate, C/8:3 linolenate,
2 Sat total saturated FAME content, X Unsat total unsaturated FAME content, UCOME used cooking oil-FAME, SME soybean o0il-FAME, nd not

detected
%10.4 wt% C18:1-trans isomer (elaidate)

Table 2 Cloud point (CP), refractive index (RI), specific gravity (SG), and kinematic viscosity (v) of unblended biodiesel and petrodiesel fuels

Fuel CP (°C) RI at 25 °C SG at 15.6 °C v at 40 °C (mm%/s)
SME-1 0.5 + 0.49 1.4563 + 3.0E—04 0.889 + 1.1IE—03 43 +£021
SME-2 1.5 +£0.13 1.4563 + 5.7E—04 0.888 + 1.5SE—03 4.14 £ 0.018
UCOME 8.3 £ 0.10 1.4518 + 3.0E—04 0.8824 & 2.0E—04 4.84 £ 0.013
LSD2 —16.7 £ 0.18 1.47200 + 9.5E—05 0.8502 & 1.8E—04 2.702 + 6.2E—03
ULSD-A —26.6 + 0.98 1.4587 + 1.8E—04 0.82568 + 9.1E—05 2.507 + 6.4E—03
ULSD-B —~13.9 £ 0.21 1.468 + 1.0E—03 0.8471 + 9.2E—04 2.54 £ 0.060

LSD2 No. 2 low sulfur petrodiesel, ULSD ultra-low sulfur petrodiesel; see Table 1 for abbreviations

ULSD-B. Data in Table 2 also demonstrate that ULSD-A
has significantly lower SG than ULSD-B, an effect that is
consistent for mixtures of No. 1 and No. 2 petrodiesel fuels.
Finally, CP, RI, and SG data for LSD2 and ULSD-B were
comparable for these two forms of No. 2 petrodiesel.

Properties of Blends with LSD2, ULSD-A and ULSD-B

The graphs shown in Fig. 1 are CP, RI, SG, and v data
curves for blends with Vzp = B0, B1, B2, B3, B4, B5, B8,
B12, B16, and B20 (vol%). For each property, data were
collected for blends of SME-1 and SME-2 in LSD2,
ULSD-A, and ULSD-B and blends of UCOME in LSD2
and ULSD-B. This generated 32 data curves in 12 separate
graphs. To allow clarity in the presentation of results, one
representative graph was selected for each property.

Figure 1a is a graph of CP results for SME-1 blends. CP
increased linearly as Vyp increased from BO to B100 (data
above B20 not shown). As expected from comparison of
CP data for unblended fuels in Table 2, blends with ULSD-
A tend to have CP at significantly lower temperatures than
blends with LSD2 and ULSD-B. CP results for ULSD-B
blends were only 2.8 °C greater than those for LSD2
blends and deviation between these curves decreased as
Vep increased. Nearly identical trends were observed in CP
curves for blends with SME-2 and UCOME.

Results for RI of SME-2 blends are shown in Fig. 1b. In
this case, RI decreased linearly as Vpp increased from B0
to B100. Analogous to CP data, RI of blends with LSD2
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and ULSD-B are closer to each other than for blends with
ULSD-A. The maximum deviation in RI between LSD2
and ULSD-B curves was <0.003 whereas the ULSD-A
curve was more than 0.01 lower. Increasing Vgp from BO
to B20 decreased RI by 0.004 and 0.002 for LSD2 and
ULSD-B curves; however, the ULSD-A curve decreased
by only 0.0008 over the same range in Vgp. Again, nearly
identical trends were observed in RI curves for blends in
SME-1 and UCOME.

Results for SG of SME-1 blends are given in Fig. lc.
Similar to CP results, SG increased linearly as Vpp
increased from BO to B100. Results for blends with LSD2
and ULSD-B were very close together (<0.003) in contrast
to being more than 0.02 higher in range than SG of ULSD-
A blends. All three blends exhibited substantial increases
with increasing Vgp from BO to B20. Nearly identical
trends were observed in SG curves for blends with SME-2
and UCOME.

Finally, results for v of SME-2 blends are shown in
Fig. 1d. Each blend demonstrated some degree of curva-
ture though it was more pronounced when comparing data
for Vgp up to B100 (data above B20 not shown). In con-
trast to CP, RI, and SG data curves, results for blends with
ULSD-A and ULSD-B were closer to each other than
for blends with LSD2. Deviations between v curves for
ULSD-A and ULSD-B were in the range 0.05-0.11 mm?/s
whereas the v curve for LSD2 blends was 0.15-0.18 mm?/s
above the ULSD-A curve. All three blends exhibited sub-
stantial increases with increasing Vgp from B0 to B20.
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Fig. 1 Property versus blend a -
ratio (Vgp) data for soybean oil-
fatty acid methyl ester (SME)
blends with No. 2 low sulfur
petrodiesel (LSD2) and ultra-
low sulfur petrodiesel ULSD-A
and ULSD-B. a Cloud point
(CP) of SME-1 blends (standard
deviation [SD] < 0.75);

CP, °C

b refractive index (RI) at 25 °C
of SME-2 blends

(SD < 0.00061); ¢ specific
gravity (SG) at 15.6 °C of SME-
1 blends (SD < 0.00041); and
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Nearly identical trends were observed in v curves for
blends with SME-1 and UCOME.

Calibration Curves for Predicting Vgp
from Property Data

Based on results discussed above, calibration curves for
predicting Vpp from measurements of CP, RI, SG, and v
were determined by least-squares integration. Thus,
regression was performed with y = Vgp = f(x) where
x = a given property. CP, RI, and SG curves were ana-
lyzed by linear regression yielding equations of the form:

Vep = Ao +A1x

where Ay and A; are constants (intercept and slope).
Calibration curves based on this model were determined
from regression of property data for blends with
Vsp = BO, B5, B20, and B100 because these ratios are
routinely encountered in the field. Second-order
polynomial regression was performed on v curves
yielding equations of the form:

Vep = Ag + A1x +A2x2

where Ay, A;, and A, are constants. These calibration
curves required more than four points to generate and
property data measured for blends with Vg = B0, B4, BS,
B12, B16, B20, and B100 were utilized. Thus, regression
analyses for the present work placed great emphasis on
developing calibration curves based on data between B0
and B20 plus B100. Results for blends with ULSD-A and
ULSD-B are summarized in Tables 3, 4, 5, 6.

0 5 10 15 20
Veb, Vol%

CP Calibration Curves

A study discussed earlier reported that CP-Vgp data for
biodiesel/ULSD blends were fitted by second-order poly-
nomial expressions [12]. However, that study was per-
formed on blends with ULSD whose CP = —25 °C, a
value that is considerably lower than those of unblended
ULSD-A or ULSD-B in the present study (Table 2).
Another study [14] reported on the effects of blending
biodiesel with ULSD formulated with CP-levels of —40,
—34, —20, and —12 °C. Results showed that CP curves
were linear with respect to Vgp for blends with ULSD at
the highest CP-level while blends with lower CP-level
ULSD tended to exhibit increases in curvilinear behavior
especially for blends with Vgp below B20. Mixing No. 1 in
No. 2 grade petrodiesel varies CP depending on volumetric
concentration of No. 1 petrodiesel. Thus, it is likely the
study [12] reporting the second-order relationship was
performed on blends with winter ULSD.

For biodiesel blends with No. 2 petrodiesel, there is
precedent in other studies supporting the behavior of CP
results in the present study. Earlier reports [34, 35] showed
that blends of SME and No. 2 LSD yielded linear rela-
tionships between CP and Vgp. More recently, Joshi and
Pegg [36] reported nearly linear relationships for ethyl
esters of fish oil blended with No. 2 petrodiesel. Benjumea
et al. [37] demonstrated that blends with palm oil biodiesel
followed a linear pattern based on Kay’s mixing rule for
binary mixtures.

Results shown in Fig. la suggested that a linear rela-
tionship may be employed to calculate Vyp as a function of
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Table 3 Results from regression analysis of biodiesel volumetric blend ratio (Vgp) versus CP data

Biodiesel n Ap Err A Err F R gy
ULSD-A blends
SME-1 4 97 2.8 35 0.13 733 0.9959 3.0
SME-2 4 94 24 35 0.11 978 0.9969 2.6
Combined SME 8 95 2.0 3.56 0.092 1,486 0.9953 3.0
ULSD-B blends
SME-1 4 101 54 6.9 0.46 227 0.9869 53
SME-2 4 91 1.3 6.5 0.12 2,892 0.9990 1.5
Combined SME 8 95 33 6.6 0.29 513 0.9865 5.0
UCOME 4 63 2.8 4.5 0.24 343 0.9913 43

Linear regression based on CP results at Vgp = B0, B5, B20, and B100

n Number of observations, A, intercept, A; slope, Err error of the coefficient, F' variance ratio (model/residuals), R? adjusted correlation
coefficient, g, standard error of the y-estimate. See Tables 1 and 2 for abbreviations

Table 4 Results from regression analysis of biodiesel volumetric blend ratio (Vgp) versus RI data

Biodiesel n Ag Err Ay Err F R? ay
ULSD-A blends
SME-1 4 68,000 3,900 —46,000 2,700 297 0.9900 4.7
SME-2 4 53,000 3,200 —36,000 2,200 280 0.9894 4.8
Combined SME 8 59,000 3,800 —40,000 2,600 239 0.9714 7.3
ULSD-B blends
SME-1 4 12,000 310 —8,200 210 1,514 0.9980 2.1
SME-2 4 12,000 430 —8,300 290 817 0.9963 2.8
Combined SME 8 12,000 340 —8,200 230 1,249 0.9944 3.2
UCOME 4 9,000 180 —6,400 120 2,873 0.9990 1.5

Linear regression based on RI results at Vgp = B0, B5, B20, and B100. See Tables 1, 2, and 3 for abbreviations

Table 5 Results from regression analysis of biodiesel volumetric blend ratio (Vgp) versus SG data

Biodiesel N Ap Err Ay Err F R? ay
ULSD-A blends
SME-1 —1,290 19 1,570 22 5,200 0.9992 1.4
SME-2 —1,340 15 1,630 18 8,584 0.9995 1.1
Combined SME 10 -1,320 17 1,590 20 6,549 0.9986 1.8
ULSD-B blends
SME-1 4 —2,030 10 2,400 12 42,191 0.99993 0.39
SME-2 4 —1,990 33 2,350 39 3,674 0.9992 1.3
Combined SME 8 -2,010 18 2,370 21 12,760 0.9995 1.0
UCOME 4 —2,330 17 2,760 20 19,056 0.9998 0.58

Linear regression based on SG results at Vgp = B0, BS5, B20, and B100 (two data points for ULSD-A blends). See Tables 1, 2, and 3 for

abbreviations

CP. Linear regression results listed in Table 3 confirmed
this observation for blends with ULSD-A and ULSD-B.
Adjusted correlation coefficients (Rz) were > 0.986, vari-
ance ratios (F = variance of the model to that of the
residuals) were > 227 and standard errors of the y-estimate
(oy) were 1.5-5.3.
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Similarities between corresponding Ay and A; coeffi-
cients for SME-1 and SME-2 blends strongly showed that
data sets could be pooled to yield expressions for combined
SME/ULSD blends (results shown in bold-face in Table 3).
Results for the combined SME models compared well with
individual SME/ULSD blends. On the other hand, Ay and
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Table 6 Results from regression analysis of biodiesel volumetric blend ratio (Vgp) versus v data
Biodiesel n Ao Err A Err A, Err F R? a,
ULSD-A blends
SME-1 7 —250 22 130 13 —11 1.8 5,081 0.9994 0.84
SME-2 7 —270 20 140 13 —-12 1.9 9,704 0.9997 0.61
Combined SME 14 —348 9.9 190 21 -19 31 1,456 0.9956 2.2
ULSD-B blends
SME-1 7 —350 46 190 29 —20 4.4 2,395 0.9987 1.2
SME-2 7 —280 71 150 45 —14 6.8 823 0.9964 2.1
Combined SME 14 =310 42 170 27 -16 4.0 2,516 0.9974 1.7
UCOME 7 —330 46 170 27 —18 37 1,361 0.9978 1.6

Second-order polynomial regression analysis based on v results at Vgp = B0, B4, B8, B12, B16, B20, and B100

A, Second-order coefficient; see Tables 1, 2, and 3 for abbreviations

A, coefficients for UCOME/ULSD-B blends were signifi-
cantly lower (P < 0.01) than coefficients for SME/ULSD-
B blends.

RI Calibration Curves

Waynick [38] noted that RI is sensitive to fatty acid group
oxidation and increases when the concentration of poly-
mers increases during degradation. RI detectors coupled
with HPLC analysis were utilized in determining FAME
concentrations in blends [21]. Although an early report [35]
confirmed a strong linear correlation (R2 > 0.999) between
RI and Vpp for SME/No. 2 LSD blends, extensive studies
on RI of biodiesel/ULSD blends have not been reported.
Results in Fig. 1b demonstrated a linear relationship
may be developed for calculating Vgp as a function of RI.
Linear regression results from these calibrations for blends
with ULSD-A and ULSD-B are shown in Table 4. The
four-point  calibrations  yielded R? > 0989 and
F ratio > 280. o, values were larger for ULSD-A blends
(4.7 and 4.8) than for ULSD-B blends (1.5-2.8). With
respect to ULSD, similarities between corresponding Aq
and A, coefficients for SME-1 and SME-2 blends showed
these data sets may be pooled to yield combined SME/
ULSD expressions (results shown in bold face).
Regression results for combined SME/ULSD-A blends
resulted in decreasing R* to 0.97 with respect to results for
non-pooled data. This was likely caused by relatively small
decreases in RI correlated to increasing Vgp from BO to
B100 which produced very sharp A; coefficients (slopes).
This means that predicting Vgp for SME/ULSD-A blends
may be problematic depending upon the degree of variation
in RI measurements. Combined SME/ULSD-B blends
yielded curves with flatter slopes making the prediction of
Vep less dependent on slight variations in RI and resulting
in R* =0.994 and oy, = 3.2. Similar to results for CP
calibrations, Ag and A; coefficients for UCOME/ULSD-B

blends were significantly lower in absolute value
(P < 0.01) than coefficients for SME/ULSD-B blends.

SG Calibration Curves

Fuel density (SG) is an important property that determines
fuel efficiency and correlates with other performance fac-
tors. Many fuel producers and distributors base their
schedules on the ‘gravity’ (SG or API) of the fuel based on
components including biodiesel. An early study [35]
reported a strong linear correlation (R* = 0.999) between
SG at 15.6 °C and Vyp for SME/No. 2 LSD blends. Similar
results were reported more recently for blends of biodiesel
from six different vegetable oils and No. 2 petrodiesel [39].

Resultsin Fig. 1c showed that a linear relationship may be
developed for calculating Vgp as a function of SG. Linear
regression results from these calibrations for blends with
ULSD-A and ULSD-B are summarized in Table 5. Two
separate data points for neat (B100) SME-1 and SME-2 were
included in regression analyses for blends with ULSD-A. All
SG-based calibrations yielded excellent results with respect
to R* > 0.999, F ratio > 3,674 and g, < 1.4.

With respect to ULSD, similarities between A, and A,
coefficients for SME-1 and SME-2 blends strongly showed
these data sets could be pooled to yield combined expres-
sions for SME/ULSD blends. Results shown in bold face in
Table 5 indicate that the regression for the combined SME
data did not significantly compromise R* F ratio, or ay.
Similar to results for RI calibrations, Ay and A; coefficients
for UCOME/ULSD-B blends were significantly higher in
absolute value (P < 0.001) than coefficients for SME/
ULSD-B blends.

Viscosity Calibration Curves

In terms of correlating v of biodiesel/petrodiesel blends,
semi-logarithmic functions based on concentration and v of
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unblended biodiesel and petrodiesel components are fre-
quently applied [36, 37, 40]. However, equations of this
form are difficult to rearrange to show Vpp as a function of
v of the blend and an alternative empirical approach was
deemed appropriate.

Schumacher et al. [35] reported a weak linear correla-
tion (R*> ~ 0.962) between Vgp and v for SME/No. 2 LSD
blends. Linear regression based on four data points (BO,
B5, B20, and B100) was initially applied in analysis of Vgp
versus v data in the present study with results showing good
degrees of linearity (R2 > (0.988) and F ratio > 248.
However, o, values were 6.3 for combined SME/ULSD-A
blend data and 5.1 for combined SME/ULSD-B data.

Observations made of graphical results such as those
shown in Fig. 1d revealed noticeable curvilinear behavior
in the data curves. Alptekin and Canakci [39] reported
similar behavior for blends of biodiesel from six different
vegetable oils with No. 2 petrodiesel. Furthermore, results
from that study indicated that equations based on second-
order polynomial regression analyses were more accurate
than semi-logarithmic functions of concentration and v of
unblended components.

Subsequently, a second-order polynomial model was
applied to data in the present study and results from those
regression analyses are summarized in Table 6. As men-
tioned earlier, data for each set were analyzed based on
results for Vgp = B0, B4, BS, B12, B16, B20, and B100
blends. These calibrations yielded good results with respect
to R> > 0.996 and F ratio > 823; ¢, = 0.61-2.1 mm?/s
were significantly lower than results from linear regression.

With respect to ULSD, similarities between corre-
sponding A, A, and A, coefficients for SME-1 and SME-2
blends suggested that data sets could be pooled to yield
combined expressions for SME/ULSD blends. Data in bold
face in Table 6 indicated good results for combined SME
blends with respect to R? > 0.996, F ratio > 1,456 and
o, <22 mm?%/s. In contrast to CP, RI, and SG results,
comparing Ay, A, and A, coefficients for UCOME/ULSD-
B blends did not vary greatly with respect to coefficients for
SME/ULSD-B blends. Graphical comparison (not shown)
indicated some degree of convergence in curves for ULSD-
B blends at lower Vgp, though the UCOME/ULSD-B curve
diverged increasingly as Vpp increased from B20 to B100.

Predicting Vpp from Property Measurements

Cross-validation graphs for combined SME/ULSD data
models developed for CP, RI, SG, and v are shown in
Figs. 2, 3, 4, 5. These results clearly indicate that linear
models based on SG data provide the strongest correlation
between predicted and measured Vpp. Regression of results
in Fig. 4 yielded (a) slope = 1.003, R* = 0.999 and
o,=13 and (b) slope = 0.987, R> = 0.9992 and
o, = 0.88. Regression of predicted versus measured Vgp
data for UCOME/ULSD-B blends yielded slope = 1.003,
R* = 0.9996 and g, = 0.56 (graph not shown). Thus,
calibration models based on SG data predicted Vgp to
within 1.3 vol%.

The CP models showed the weakest correlation between
predicted and measured Vpp. Regression of results in

Fig. 2 Crossjvaliflation of a 400 2 b 100
linear CP calibration models for
a Combined SME/ULSD-A X sgof X
blends; and b Combined SME/ S ® S
ULSD-B blends. o 60f 2 7
Legend: plus = calibration :'3 40 k3]
data; blocked squares = SME-1 'g g
data; blocked circles = SME-2 o f o
data. See Fig. 1 for ¥
abbreviations 0
0 20 40 60 80 100
Measured, Vol% Measured, Vol%

Fig. 3 Cross-validation of a b
linear RI calibration models for 100 100 |
a Combined SME/ULSD-A = s} g a0}
blends; and b Combined SME/ > s
ULSD-B blends. Legend: same '8" 60 [ -8' 60
as in Fig. 2. See Fig. 1 for k] ]
abbreviations B 4 g 40

o 20 f a 2 f

0 0
0 20 40 60 80 100 0 20 40 60 80 100
Measured, Vol%
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Fig. 4 Cross-validation of a 100 b 100
linear SG calibration models for
a Combined SME/ULSD-A % 80 % 80
blends; and b Combined SME/ >_ 60 >. 60
ULSD-B blends. Legend: same B B
as in Fig. 2. See Fig. 1 for 5 40 B 40
abbreviations g g
& 20 2 20
0 0
0 20 40 60 80 100 0 20 40 60 80 100
Measured, Vol% Measured, Vol%
Fig. 5 Cross-validation of a 100 b 100
second-order polynomial v i
calibration models for X 80 X 80
a Combined SME/ULSD-A S u S
blends; and b Combined SME/ g o 3 @
ULSD-B blends. Legend: same S w0 S 40
as in Fig. 2. See Fig. 1 for g 'g
abbreviations - 5 a 9
0 . . . . 0
0 20 40 60 80 100 0 20 40 60 80 100

Measured, Vol%

Fig. 2 yielded (a) slope = 1.04, R* = 0.98 and g, = 4.6
and (b) slope = 0.94, R* = 0.97 and o, = 5.0. Analysis of
UCOME/ULSD-B results yielded slope = 0.98, R* = 0.99
and o, = 3.0. These data show that although CP has a
linear correlation with Vgp, it may not predict Vgp more
accurately than within 5 vol%. Results in Figs. 3 and 5
demonstrated g, = 3.0-4.5 and 1.6-3.2 vol% for predict-
ing Vgp from RI and v models.

Correlations were also analyzed for accuracy in pre-
dicting Vpp of blends defined by two ranges where bio-
diesel is either an extender (BO, B4, B8, B12, B16, and
B20) or an additive (BO, B1, B2, B3, B4, and B5). Accu-
racy was determined by calculating the root mean square
(RMS) deviation in each range by the following equation:

1 n
RMS = \/—Z (VS8e — Vip);

where n = number of points and Vgach and Vpp are pre-
dicted and measured values in vol%. Based on SG cali-
bration models, SME/ULSD blends selected in the
extender range (B0-B20) yielded RMS = 0.56-1.3
whereas UCOME/ULSD-B blends had RMS = 0.73.
Analogous comparison of values from v, RI, and CP
models yielded RMS = 0.89-1.9, 0.86-3.9, and 2.5-5.1,
respectively. This analysis supports results shown in cross-
validation graphs where SG models provided the most
accurate prediction of Vpp of biodiesel/ULSD blends.
Comparison of predicted and measured Vgp values for
blends selected in the additive range (B0-BS) yielded
RMS = 0.52-0.95 for SG calibration models. Results for

Measured, Vol%

v, RI, and CP models yielded RMS = 0.64-3.0, 1.1-3.4,
and 1.5-2.8, respectively. Although comparable in mag-
nitude to RMS results for blends selected in the extender
range, RMS values for blends in the additive range were
more significant (17-113%) relative to the smaller Vgp
range for comparison. Nevertheless, SG models provided
the most accurate prediction of Vp of blends in the
additive range.

Finally, models were analyzed for sensitivity to exper-
imental error in measurement of the physical property. This
analysis was applied to data for selected blends in extender
and additive Vpp ranges defined earlier. High and low Vpp
values were calculated by substituting measured property
data into the appropriate model and generating results for
each property &+ 2(standard deviation); that is, for [prop-
erty + 2(SD)] and [property — 2(SD)]. For each set of
selected biodiesel/ULSD blends, absolute values of the
difference between high and low Vgp were determined and
an average value calculated for that set.

For the extender range, the average difference in cal-
culated Vgp were 2.1-8.6, 3.2-26.9, 0.64-2.1, and 0.65-2.9
vol% for CP, RI, SG, and v, respectively. The lowest
average differences calculated from SG models were those
for SME-1 and SME-2 blends in ULSD-A (0.64 vol%), and
from v models was for SME-1/ULSD-B blends (0.65
vol%). In contrast, results from the RI models produced the
largest average differences for SME-2/ULSD-A blends
(26.9 vol%).

Comparing the average differences for blends selected in
the additive range yielded analogous results. Average dif-
ferences in calculated Vgp were 3.3-8.2, 3.2-20.6, 0.64-2.0,
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and 0.73-4.6 vol% for CP, RI, SG, and v. The lowest average
differences calculated from SG models were those for SME-
1 and SME-2 blends in ULSD-A and from v models was for
SME-1/ULSD-B blends. Results from the RI models pro-
duced the largest mean differences for SME-2/ULSD-A
blends. Similar to observations made from discussion of
RMS data, the magnitude in mean differences for selected
blends in the additive range were much higher than those
observed for blends in the extender range.

Overall, the present study identifies mathematical
models based on linear regression of SG data as the most
suitable calibration model for predicting Vgp of SME or
UCOME blends with ULSD. Secondarily, models based on
an empirical second-order polynomial correlation from v
data may be employed to predict Vgp of blends, though
these calibrations were not as accurate as the SG calibra-
tions. Both SG and v are cost-effective and can be rapidly
measured in the laboratory. These calibrations were more
accurate in predicting Vpp of blends in the extender range
(B0-B20) than the additive range (BO-BS5).

In general, calibration models based on physical prop-
erties depend significantly on the accuracy of data utilized
to generate them. Results in the present study were
acquired for blends of well characterized SME, UCOME,
and petrodiesel component samples under tightly con-
trolled laboratory conditions. To advance the development
of calibration curves based on SG and v data, future studies
will need to be conducted on the properties of blends
composed of biodiesel from other producers and feedstocks
as well as ULSD from more than two suppliers. In addition,
small concentrations of performance-enhancing additives
or contaminants such as moisture or free fatty acids may
influence SG or v of biodiesel blends. More studies will be
necessary to outline the impact of these materials on the
accuracy of predicting Vgp of blends from these properties.
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