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ABSTRACT

Engine Performance and Exhaust Emissions from a Diesel Engine Using
Cottonseed Oil Biodiesel. (December 2007)
Jacob Joseph Powell, B.S., Texas A&M University
Co-Chairs of Advisory Committee: Dr. Sergio Capareda
Dr. Calvin Parnell, Jr
Non-road diesel engines are significant contributors to air pollution in the United States.
Recent regulations put forth by EPA and other environmental agencies have laid out
stringent guidelines for engine manufacturers and fuel producers. Recent increases in
oil prices and foreign energy dependency has led to a push to produce renewable fuels,
which will supplement current reserves. Biodiesel is a clean-burning renewable fuel,
that can be blended with petroleum diesel. It is important to understand the effect on
engine performance and exhaust emissions when using biodiesel from different
feedstocks. The objective of this research was to determine the relationship between
engine performance and emissions and cottonseed oil biodiesel used in a diesel engine

rated for 14.2 kW.

When using cottonseed oil biodiesel blends, CO, hydrocarbon, NOy, and SO, emissions
decreased as compared to petroleum diesel. Carbon dioxide emissions had no definitive
trend in relation to cottonseed oil biodiesel blends. Carbon monoxide emissions

increased by an average 15% using BS5 and by an average of 19% using B100.



iv

Hydrocarbon emissions decreased by 14% using BS and by 26% using B100. Nitrogen
oxide emissions decreased by four percent with B3, five percent with B20, and 14% with
B100. Sulfur dioxide emissions decreased by an average of 86% using B100, and by
94% using B50 blended with ultra-low sulfur diesel. The difference between peak
output power when using biodiesel and diesel was insignificant in blends less that B40.
Peak measured power using B100 was about five percent lower than for diesel fuel.
Pure cottonseed oil biodiesel achieved and maintained a peak corrected measured power
of 13.1 kW at speeds of 2990, 2875, and 2800 rpm at loads of 41.3, 42.7, and 43.8 N-m.
Using BS produced a peak power of 13.6 kW at 2990 rpm and 43.9 N-m and at 2800
rpm and 46.7 N-m, while using B20 produced a peak power of 13.4 kW at 2990 rpm and
43.7 N-m. Brake-specific fuel consumption at peak measured load and torque using
B100 was 1238 g/kW-h. Brake-specific fuel consumption at peak measured power and

loads using B5 and B20 were 1276 and 1155 g/kW-h.
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1. INTRODUCTION

With the increased emphasis on the need for clean, renewable fuels, it is imperative to
fully understand the operational characteristics of biodiesel. The idea of using vegetable
oil as fuel has been in existence since Rudolph Diesel demonstrated his compression
engine, the diesel engine, in the late 1800s. However, for many years, petroleum has
been the primary source for diesel fuels (Schumacher et al., 2001). For most of the
twentieth century, an abundant supply for petroleum allowed for affordable petroleum
diesel. However, in recent years the supply of petroleum has slowed, while the need for
petroleum fuels has substantially increased. Petroleum diesel consumption has nearly
doubled over the last twenty years. In the transportation sector alone, diesel fuel usage
has increased from about 1.5 million barrels per day in 1986 to more than 2.9 million
barrels per day in 2006. In 2006, almost 14 million barrels of petroleum fuels as a whole
were consumed. (EIA, 2007) With the increasing need for energy, the decreasing rate
of oil production, and the increased awareness in environmental protection, there has
been a desire for alternative, clean-burning, renewable fuels. This has been sent to the
forefront by the recent increase in oil prices and stringent regulatory actions. The Ag
Energy Working Group, with support from the Energy Future Coalition, has developed a
plan of action with the goal that “agriculture will provide 25 percent of the total energy

consumed in the United States by 2025, while continuing to produce abundant, safe and

This thesis follows the style of Transactions of the ASAE.



affordable food and fiber” (AEWG, 2004). The United States consumes more than 20
million barrels of petroleum each day, with over half of that being imported. In 2005,
the United States consumed about 100 quads (quadrillion BTU) of energy. Only about

six percent of that consumed is from renewable energy sources (EIA, 2006).

According to the Environmental Protection Agency, or EPA, (2004), non-road diesel
engines are significant contributors of air pollution in the United States. Non-road diesel
engines are found primarily in construction, agricultural, and industrial applications.
According to Kean et al. (2000), 10 percent of NOy and PM,( emissions come from off-
road diesel engines, while the EPA (2004) claims that these sources are responsible for
about 25 percent. These engines are projected to continue to contribute large quantities
of pollutants that may be part of the cause of serious public health problems. The
primary pollutants of interest include carbon monoxide (CO), particulate matter (PM),
nitrogen oxides (NOy), and sulfur oxides (SOx). The Clean Air Act directs the EPA to
study emissions from non-road engines to determine whether the associated emissions
“cause, or significantly contribute to, air pollution which may reasonably be anticipated
to endanger public health or welfare” (CAA, 1990) If it is determined that emissions
from all non-road engines contribute significantly to ozone or CO non-attainment areas,
then the EPA is required to establish emissions standards for classes of new non-road
engines and vehicles that contribute to such pollution. The EPA is also allowed to set
emission standards regulating any other emissions from non-road engines that may

reasonably be anticipated to endanger public health or welfare (EPA, 2007) Health



problems associated with these pollutants include premature mortality, aggravation of
respiratory and cardiovascular disease and various other respiratory-related ailments.
The EPA (2004) also believes that diesel exhaust may be carcinogenic to humans.
“Ozone, NOy, and PM also cause significant public welfare harm such as damage to
crops, eutrophication, regional haze, and soiling of building materials.” (EPA, 2004).
The EPA has adopted new emissions standards for non-road diesel engines and sulfur
reductions in non-road diesel fuel, effective August 30, 2004. These changes should
reduce harmful emissions, as well as help states and local areas designated as 8-hour
ozone non-attainment areas to improve their air quality. According to the Texas
Commission on Environmental Quality, or TCEQ, (2005), ozone is not directly emitted
into the air; it is formed during a series of atmospheric chemical reactions involving
sunlight, NOy, and reactive volatile organic compounds (RVOCs). Table 1 below shows
a summary of the current EPA emission standards for engines smaller than 130 kW

(EPA, 2002).



Table 1. Non-road diesel engine emission standards (g/kW-h).

Rated Power Model NMHC
Tier NOx HC CcO PM
(kW) Year + Nox
1 2000 - - 10.5 8.0 1.0
kW < 8
2 2005 - - 7.5 8.0 0.80
1 2000 - - 9.5 6.6 0.80
8<kW <19
2 2005 - - 7.5 6.6 0.80
1 1999 - - 9.5 5.5 0.80
19 <kW < 37
2 2004 - - 7.5 5.5 0.60

1 1998 9.2 - - - -

37<kW <75 2 2004 - - 7.5 5.0 0.40

3 2008 - - 4.7 5.0 0.40

1 1997 9.2 - - - -

75 < kW <
2 2003 - - 6.6 5.0 0.30
130

3 2007 - - 4 5.0 0.30

The model years listed indicate the model years for which the specified tier of standards take effect.

The EPA finalized a two-step sulfur standard for non-road, locomotive, and marine
(NRLM) diesel fuel. The sulfur requirements under this standard are similar to those
established for highway diesel fuel. “Beginning June 1, 2007, refiners will be required
to produce NRLM diesel fuel with a maximum sulfur content of 500 ppm. Then,

beginning June 1, 2010, the sulfur content will be reduced for non-road diesel fuel to 15



ppm” (EPA, 2004). This standard will achieve considerable, cost-effective reductions of
sulfate PM and SO, emissions, which will provide substantial public health and
environmental benefits, which outweigh the cost of meeting the standards necessary to
achieve them. The final sulfur standards will also allow high efficiency control
technology to be applied to non-road engines, since sulfur can inhibit or impair the
function of diesel exhaust emission control devices that will be necessary for non-road

diesel engines to meet the finalized emission standards (EPA, 2004).

Sulfur in diesel fuel also acts as an engine lubricant. This is important because reducing
sulfur content reduces fuel lubricity. While newer engines may be designed to handle
low sulfur fuel, older engines may not. For example, fueling an older model engine with

low sulfur diesel for an extended period of time may result in injectors sticking.

Biodiesel is a cleaner-burning, renewable fuel that is compatible with petroleum diesel
and can be produced domestically (NBB, 2006a). Biodiesel contains essentially zero
sulfur compared to petroleum diesel, as well as producing less soot and polycyclic
aromatic hydrocarbon (PAH) emissions. Biodiesel also has a higher cetane number than
petroleum diesel, as well as having a positive carbon dioxide (CO,) balance. Since
biodiesel is a renewable, bio-based product, it can be supplementary for a portion of the
petroleum diesel consumed. The production of biodiesel will also provide another
market for agricultural commodities (Schumacher, et al., 2001). Biodiesel can be

produced from essentially any plant oil or animal fat, from sunflower, canola, or



cottonseed oil, to chicken fat, beef tallow, or spent restaurant grease (yellow grease).
Further research is needed to understand regulated and unregulated emission impacts of

biodiesel for non-road applications (Gratton and Hansen, 2003).

Biodiesel can serve several purposes: lubrication, which is seen with blends of two to
five percent biodiesel (B2-BS); fuel supplementation, which is seen with blends of
twenty percent biodiesel (B20); and as a stand-alone fuel, when pure biodiesel (B100) is
used. Blends such as B2 or B5 can be utilized as a lubricating fuel in place of high
sulfur fuel. According to the NBB (2006b), “there is a marked improvement in lubricity
when biodiesel is added to conventional diesel fuel”. Most engine manufacturers
warrant engines for use with these small percentage blends, and many manufacturers
require that new vehicles leave the lot with these types of blends. Some manufacturers
warrant the use of biodiesel blends up to B20 in diesel engines. Very few manufacturers
warrant the use of B100 in diesel engines. It is important to note that federal law
prohibits voiding an original equipment manufacturer, or OEM, warranty just because of
the use of biodiesel in an engine; the biodiesel has to be the cause of the failure in order

for the warranty to be voided (DOE, 2004).

While there is a wealth of available data regarding some types of biodiesel (Munoz et al.,
2004), there is little data regarding the effect of cottonseed oil (CSO) biodiesel on diesel
engine performance and exhaust emissions. Soybean oil is the primary source for

biodiesel in the United States. However, other biodiesel feedstocks, such as cottonseed



oil, can help to meet the increasing desire for alternative fuels by filling a particular
niche. This niche is primarily based on the availability of a feedstock in a particular

area. Figure 1 illustrates the trend of cotton production in the United States since 1995.

Million Bales U.S. All Cotton Production

24.0 233 27
220 _
20.0 -
18.0

16.0

14.0
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Figure 1. United States cotton production by year (USDA, 2006).

According to the U.S. Census Bureau (DOC, 2005), the United States produced about
880 million pounds, or about 117 million gallons, of cottonseed oil in 2004. According
to the National Cottonseed Production Association, or NCPA, (2002) cottonseed oil
ranks third in volume of oil produced in the United States behind soybean and corn oil.

According to Tickell (2000), 243 Ibs of cottonseed oil can be produced per acre of



cotton. Recent trends have shown a decrease in desire to use CSO as food oil, since
CSO contains trans-fatty acids. This trend has an inverse effect on the desire and

availability of CSO to be used in biodiesel production.

With the large amount of cotton produced in the southern United States, and the growing
need for utilizing agricultural byproducts, it is important to investigate engine
performance using biodiesel from cottonseed oil, as well as analyzing the exhaust

emissions produced.

1.1 Objectives

The objective of this research is to gain a better understanding of cottonseed oil biodiesel

by:

e Determining the relationship between diesel engine performance and the
percentage of cottonseed oil biodiesel in fuel blends;

e Determining the relationship between pollutant concentrations in diesel engine
exhaust and the percentage of cottonseed oil biodiesel in fuel blends; and

e Evaluating the implications of the results of this study with current and proposed

regulations on the use of biodiesel and biodiesel blends as fuel for diesel engines.



2. LITERATURE REVIEW

Understanding the overall effect of using biodiesel as a fuel is a complex science. This
complexity owes to the fact that biodiesel can be produced from almost any plant oil or
animal fat. Each of these feedstocks has different characteristics that can affect
production cost, engine performance, and exhaust emissions. The objective of this
section is to provide a review of previous research associated with biodiesel cost,
composition, performance, and emissions. A review of regulations that pertain to non-

road engines and alternative fuels is also included.

2.1 Economics

The primary factors affecting the economics of biodiesel include the purchase price and
the quality of feedstock (Piazza, 2007). Raw materials for fuel production, such as
soybean oil, cottonseed oil, renderings, and waste oil each carry a purchase price based
on feedstock quantity and geographic availability, competition with other uses of the
feedstock, and product quality (Capareda, 2007). High quality feedstocks tend to require
little pre-treatment , but they can have a high purchase price. Low quality oils can be
purchased at a lower price, but usually require a greater deal of pre-treatment. Pre-
treatment processes include refining, degumming, neutralizing, drying, bleaching, and
dewaxing. Low quality oils also tend to be variable in free fatty acid composition; using
low quality fuels can have a negative effect on end product cold flow properties

(Capareda, 2007). Feedstock quality is dependent upon the amount of phosphatides, free
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fatty acids, waxes, insoluble impurities, and water present in the feedstock (Piazza,

2007). Figure 2 below illustrates the cost of several biodiesel feedstocks:

Final Feedstock Cost Analysis

RBD
Soybeadn
Crude
Degummed
Soybear
Crude
Degummed
Edible
Tallow
Yellow
Grease

Sunflower
Choice
White
Grease

Poultry Fat

0O RawMaterial Price @ ProcessCost O Chemicals/Additives O Utilities @ Disposal of By-Products B Losses

Figure 2. Feedstock cost analysis (Piazza, 2007).

According to Piazza, raw material costs have the largest effect on the cost of biodiesel,

and processing costs are significant.

2.2 Engine Performance
Alternative fuel use can only be considered feasible alternatives if engine performance is

maintained when using alternative fuels and fuel blends. Three points of interest when
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determining engine performance are brake effective power (BEP), brake-specific fuel

consumption (BSFC), and thermal efficiency.

Since the energy content of biodiesel is approximately eight percent lower than that of
petroleum diesel, it is expected that, in certain situations, engines fueled with biodiesel
will not produce the same power that is produced when using petroleum diesel. At full-
load conditions with a wide-open throttle (WOT), or at intermediate loads with equal
fuel consumption or accelerator position, the output power should reduce with respect to
energy content (Lapuerta et al., 2007). Wide-open throttle is equivalent to the
accelerator being fully pressed. Contrary to the expected, researchers have reported
varying results. Some authors have shown a smaller decrease in power than expected
when using biodiesel, while some have reported power loss in the same scope as reduced
energy content, and others have shown an increase in rated power and torque. Some
have also reported no significant difference in output power and torque (Lapuerta et al.,

2007).

Cetinkaya et al. (2005) observed that the reduction of torque was only three to five
percent when comparing waste oil biodiesel to petroleum diesel in a 75 kW four-cylinder
common rail engine. Lin et al. (2006) found that the power at full load when using pure
palm oil biodiesel was only 3.5% less than that of petroleum diesel in a 2.84 L naturally

aspirated engine.
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When using a 70% tall oil biodiesel blend, Altiparmak et al. (2007) measured a 6.1%
increase in maximum torque. Usta (2005) observed inceases in torque and power when

fueling an indirect injection diesel engine with tobacco seed oil biodiesel blends.

Yucesu and Ilkilic (2006) observed that the heating value for cottonseed oil (CSO)
biodiesel was only five percent less than the heating value of petroleum diesel. They
observed power and torque reductions of three to eight percent when using pure CSO
biodiesel. Murillo et al. (2007) also observed power loss similar to the percent reduction

in heating value when using cooking oil biodiesel.

Romig and Spataru (1996) observed no significant difference in rated power when using
rapeseed and soybean oil biodiesel blends in a 6-cylinder DDC engine. Shaheed and
Swain (1999) also observed no significant differences when using CSO biodiesel at

several speeds in a single cylinder 2.75 kW engine.

Brake-specific fuel consumption is the ratio between the mass of fuel consumed and the
brake effective power produced by an engine. Brake-specific fuel consumption is
inversely proportional to themal efficiency (Lapuerta et al., 2007). Graboski et al.
(1996) found a good correlation between fuel oxygen content, which is higher for
biodiesel, and BSFC when using soybean oil biodiesel. According to Rakopoulos et al.
(2004), the increase in BSFC is attributed to oxygen enrichment from fuel, and not from

intake air. Most authors have reported an increase in BSFC when using biodiesel and
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biodiesel blends. Turrio-Baldassarri et al. (2004), Hansen and Jensen (1997), Last et al.
(1995), Alam et al. (2004), Canakci and Van Gerpen (2001), and Senatore et al. (2000)
reported increases in BSFC when using biodiesel and biodiesel blends, compared to
petroleum diesel fuel. These increases tended to be in line with the loss of heating value

in the fuel blends.

According to Lapuerta et al. (2007), “thermal efficiency is the ratio between power
output and energy introduced through fuel injection.” Most authors observed no
significant change in thermal efficiency when using biodiesel. Some of those authors

include Lapuerta et al. (2007b), Canakci (2005), and Monyem et al. (2001).

2.3 Exhaust Emissions

According to the National Biodiesel Board (2006), biodiesel is a clean burning
alternative fuel produced from domestic, renewable resources, such as plant oils or
animal fats. While bio-diesel contains no petroleum, it can be blended with petroleum
diesel to create a fuel suitable for use in diesel engines. It is important to understand the

relationship between biodiesel blends and exhaust emissions.

Pure biodiesel is essentially free of sulfur compared to petroleum diesel. Biodiesel
blends, consequently, contain less sulfur than petroleum diesel. Since biodiesel blends
have less sulfur than petroleum diesel, using biodiesel blends should decrease the

emission of SO, and sulfate particulate matter.
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Munoz et al (2004) found that the concentration of carbon monoxide (CO) in the
exhaust decreased, except at high speed and load, while hydrocarbon emissions (THC)
reduced at low loads, and NOy emissions depended on the speed and load of the engine

when petroleum diesel was replaced with biodiesel mixtures.

Graboski and McCormick (1998) found that, for biodiesel, NO, emissions increase when
large, two-stroke engines were tested at full load. Schumacher et al. (2001) found that,
as the percent mixture of biodiesel increased, emissions of THC, CO, and PM decreased,
while emissions of NOy increased. Neat biodiesel exceeded the 1991-1994 nitrogen
oxide emission standards. Using biodiesel blends yielded a positive CO, balance.
According to Schumacher et al. (2001b), as the percentage of biodiesel in the blend
increased, with no timing changes and no addition of alkylates, THC, CO, and PM

exhaust emissions decreased, while NO, increased.

Canakci and Van Gerpen (2001) found that CO, THC, and NOy emissions significantly
increased with pure biodiesel made from yellow grease and soybean oil in comparison to
DF. When using B20, there was not a significant change in the emission of HC and
NOy; the decrease in the levels of CO was borderline significant. No significant changes
were observed for CO, emissions when using biodiesel. In 2003, Canakci and Van
Gerpen found statistically significant reductions in CO and hydrocarbon emissions when

using biodiesel from sunflower oil and yellow grease.
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Nitrogen oxide emissions are of specific importance due to the fact that NOy is a
contributor to ozone. Since it has been found that NO, emissions tend to increase with
bioiesel blends, measures have been taken in an attempt to decrease NOy emissions
when using biodiesel blends. Sometimes these efforts result in increased emissions of
other pollutants. According to Schumacher et al. (2001b), NOy emissions can be
reduced by retarding injection timing or by substituting 20 percent of the petroleum
diesel in the B20 blend with heavy alkylate. Replacing DF with heavy alkylate also
reduced CO and PM concentrations, while THC concentrations were not affected.

Retarding injection timing increased CO concentrations.

Munoz et al. (2004) found that, when injection timing was moved up by 3°, THC
emissions generally increased, while NOy emissions were observed to decline slightly at
medium engine speeds at certain loads. Jha et al. (2006) blended ethanol with bioiesel
blends in an effort to reduce NO, emissions. Jha et al. observed an increase in NOy
emissions when using a diesel, biodiesel, ethanol (DBE) mixture in an old engine, while
using DBE in new engines reduced NOy emissions. Carbon monoxide emissions

increased with an increase in ethanol in the fuel blends.

Kass et al. (2006) observed a decrease in NOx and PM emissions when using a biodiesel
emulsified with 10% water, by mass. Using the emulsified blend along with exhaust gas

recirculation (EGR), lowered both NO, and PM emissions. Last et al. (1995)
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incorporated retarding injection timing with EGR and observed a 30% decrease in NOx

emissions.

2.4 Rules and Regulations

Federal standards for new non-road diesel engines were originally adopted in 1994 for
engines rated for greater than 37 kW, to be phased in from 1996 to 2000. In 1996, a
Statement of Principles was signed between engine makers, EPA, and the California
ARB, and in 1998, the EPA finalized the rule reflecting the SOP. Tier 1 standards for
engines less than 37 kW and more stringent Tier 2 and 3 standards for all non-road
equipment were scheduled to be phased in from 2000 to 2008. In 2004, the EPA
finalized Tier 4 emission standards, which are to be phased in through 2015 (DieselNet,
2007). EPA regulations for mobile non-road diesel engines may apply to those who
manufacture and import diesel engines intended to be used in non-road vehicles or
movable equipment. Producers and importers of vehicles and machinery that use these
engines may also be affected. Those who convert non-road vehicles and equipment to
use alternative fuels, and those that produce and distribute non-road diesel fuel also fall

under the umbrella of these regulations (EPA, 2004).

According to the final rule for the control of emissions of air pollution from non-road
diesel engines and fuel (EPA, 2004), vehicles and fuels are generally treated as a system,
so standards shall be promulgated in tandem. This will achieve the greatest emission

reductions while maintaining cost-effectiveness. Standards for non-road diesel engines



17

and fuels have been constructed using on-highway diesel engine standards as a model.
In an effort to extend advanced emission controls, engine standards and emission test
procedures have been set out, along with sulfur control requirements for diesel. Included
in the engine standards will be not-to-exceed, or NTE, requirements. Diesel engine
manufacturers will have to ensure that their non-road engines meet the standards and
specifications laid forth by the EPA, and the engines must not surpass the NTE
standards, which are typically 1.25 or 1.5 times the NSPS. In an effort to lower SO,
emissions, new standards for sulfur content in non-road diesel fuel were established.
Starting in 2007, non-road diesel fuel shall have a maximum sulfur concentration of 500
ppm; starting in 2010, the maximum sulfur concentration will be lowered to 15 ppm.
Federal engine and fuel standards affect the emissions of NOy, VOCs, SO,, PM, s, CO,

HC, and air toxins (EPA, 2004; DieselNet, 2007).

Tables 2 and 3 below list the federal emission standards for mobile non-road diesel

engines (DieselNet, 2007).



Table 2. Tier 1-3 emission standards.

EPA Tier 1-3 Nonroad Diesel Engine Emission Standards, g/kWh (g/bhp-hr)

Engine Power
kw < 8
(hp < 11)

8 < kW < 19
(11 < hp < 25)

19 kW < 37
(25 < hp < 50)

IA

37
(50

kW < 75
hp < 100)

75 < kW < 130
(100 < hp < 175)

130 < kW < 225
(175 < hp < 300)

225 < kW < 450
(300 < hp < 600)

450 < kW < 560
(600 < hp < 750)

kw2
(hp = 750)

560

Tier
Tier 1
Tier 2
Tier 1
Tier 2
Tier 1
Tier 2
Tier 1
Tier 2
Tier 3
Tier 1
Tier 2
Tier 3
Tier 1
Tier 2
Tier 3
Tier 1
Tier 2
Tier 3
Tier 1
Tier 2
Tier 3
Tier 1
Tier 2

Year
2000
2005
2000
2005
1999
2004
1998
2004
2008
1997
2003
2007
1996
2003
2006
1996
2001
2006
1996
2002
2006
2000
2006

co

8.0 (6.0)
8.0 (6.0)
6.6 (4.9)
6.6 (4.9)
5.5 (4.1)
5.5 (4.1)
5.0 (3.7)
5.0 (3.7)
5.0 (3.7)
5.0 (3.7)
11.4 (8.5)
3.5 (2.6)
3.5 (2.6)
11.4 (8.5)
3.5 (2.6)
3.5 (2.6)
11.4 (8.5)
3.5 (2.6)
3.5 (2.6)
11.4 (8.5)
3.5 (2.6)

HC

1.3 (1.0)

1.3 (1.0)

1.3 (1.0)

1.3 (1.0)

Tt Not adopted, engines must meet Tier 2 PM standard.

NMHC+NOx

10.5 (7.8)
7.5 (5.6)
9.5 (7.1)
7.5 (5.6)
9.5 (7.1)
7.5 (5.6)
7.5 (5.6)
4.7 (3.5)
6.6 (4.9)
4.0 (3.0)

6.6 (4.9)
4.0 (3.0)

6.4 (4.8)
4.0 (3.0)

6.4 (4.8)
4.0 (3.0)

6.4 (4.8)

NOx

-9.2 (6.9)
-9.2 (6.9)
-9.2 (6.9)
-9.2 (6.9)
-9.2 (6.9)

9.2 (6.9)

18

PM
1.0 (0.75)
0.8 (0.6)
0.8 (0.6)
0.8 (0.6)
0.8 (0.6)
0.6 (0.45)
0.4 (0.3)
-t

0.3 (0.22)
-t

0.54 (0.4)
0.2 (0.15)
-t

0.54 (0.4)
0.2 (0.15)
-t

0.54 (0.4)
0.2 (0.15)
-t

0.54 (0.4)
0.2 (0.15)
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Table 3. Tier 4 emission standards.

Tier 4 Emission Standards—Engines Up To 560 kW, g/kWh (g/bhp-hr)

Engine Power Year co NMHC NMHC+NO, NO, PM
Kw < 8 2008 8.0 - 7.5 (5.6) - 0.4% (0.3)
(hp < 11) (6.0)
8 < kw < 19 2008 6.6 - 7.5 (5.6) - 0.4 (0.3)
(11 < hp < 25) (4.9)
19 < kw < 37 2008 5.5 - 7.5 (5.6) - 0.3 (0.22)
(25 < hp < 50) (4.1)
2013 5.5 - 4.7 (3.5) - 0.03
(4.1) (0.022)
37 < kW < 56 2008 5.0 - 4.7 (3.5) - 0.3° (0.22)
(50 < hp < 75) (3.7)
2013 5.0 - 4.7 (3.5) - 0.03
(3.7) (0.022)
56 < kW < 130 2012- 5.0 0.19 - 0.40 0.02
(75 < hp < 175) 2014¢ (3.7)  (0.14) (0.30) (0.015)
130 < kW < 560 2011- 3.5 0.19 - 0.40 0.02
(175 < hp < 750) 201449 (2.6) (0.14) (0.30) (0.015)
a - hand-startable, air-cooled, DI engines may be certified to Tier 2 standards through 2009 and to an optional
PM standard of 0.6 g/kWh starting in 2010

b - 0.4 g/kWh (Tier 2) if manufacturer complies with the 0.03 g/kWh standard from 2012
c - PM/CO: full compliance from 2012; NOx/HC: Option 1 (if banked Tier 2 credits used)—50% engines must
comply in 2012-2013; Option 2 (if no Tier 2 credits claimed)—25% engines must comply in 2012-2014, with full
compliance from 2014.12.31
d - PM/CO: full compliance from 2011; NOx/HC: 50% engines must comply in 2011-2013

In 2006, the EPA adopted the Compression Ignition Internal Combustion Engine
performance standards for stationary diesel engines (EPA, 2006). The pollutants
regulated by this rule include NOy, PM, CO, and NMHC. Sulfur oxides shall be reduced
with the use of low sulfur non-road fuel, and smoke emissions will be reduced. Sources
affected by the NSPS (New Source Performance Standard) include stationary, non-road

diesel engines manufactured or reconstructed after 2005. Engines are considered
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stationary if they are not mobile and remain at one location for a year (EPA, 2006;

DieselNet, 2007).

Tables 4 and 5 below show the emission standards for stationary non-road diesel engines

(EPA, 2006).

Table 4. Emission standards for 2007 model year and later engines.

Mol

MNMHG +

Maximum engine power year(s) NOx NMHC MO co PM
KWaB (HP211] i nasaid i s diaia s s sasansass 2007 TB B | i i 8.0 (6.0) | 0.80 (0.60)
2008+ ’ 0.40 (0.30)
B RN e e e e e 2007 0.80 (0.60)
(11=HP<25) 2008+ 0.40 (0.30)
10K 237 [(2ESHP2E0) ..ooviiniinisnisissisinn i sssssanns 2007 0.60 (0.45)
20082012 | .oocrininisnsnnas 0.30 (0.22)
2013+ 4.7 (3.5) 0.03 (0.02)
ATIKW=BE [BOZHPETE) .cooveiviiiiinisisninisisniss it csssssaianns 2007 7.5 (5.6 0.40 (0.30)
20082012 4.7 (3.5) 20,30 (0.22)
2013+ | crieniniasasinas 0.03 (0.02)
BEZKW<TE [FESHP=100] ...ocoinisnisisnissnisnsiinississsasssanss 2007 7.5 (5.6 0.40 (0.30)
20082011 g 12 ALl TN (ISR O—— S 1L A
2012-2013 B0, 40 (0.30) 0.02 {0.01)
2014+ 0.40 (0.30)
TEEKW=130 (100=HP<17E) i EOO7:| O] s P [ 0.30 (0.22)
20082011
20122013 E0.10 (0.14) | =0.40 {0.30) 50 (3.7)| 0.02 (0.04)
2014+ 019 (0.44) [ 0.40 (0.30)
130=KW=bB0 (175=HP=TE0) ..o 20072010 | A0 30) | o | s 3.6 (26) | 0.20(015)
20112013 EOAQ(DA4) | B040 0.30) | fiii 0.02 {0.01)
2014+ 019 (0.44) [ 0.40 (0.30)
KW=B60 (HP>TE0) .ooiniriniiiininsisssisssssississs it issassasasss 20072010 | B4 {4B) | ciniin | i 3.5 (26) | 0.20(0.15)
Excapt 9enarator 85 e 20112014 0.40 (0.30) 3.5 (2.8) | i, Q.10 {0.075)
2015+ 019 (0.14) 3.5 (28] | covnreiiininia 0.04 (0.03)
Geanerator sets 580<KW=000 (T50<HP=1200) ... 20072010 | B4 (4B) | cvniiininiins | siiiieisienn 3.6 (26) | 0.20(0.15)
20112014 0.40 (0.30) 3.5 (28) | covnreiininna Q.10 {0.075)
2015+ . 049 0044) [ 067 (0.50) | i 0.03 (0.02)
Generator sets KW=000 [(HP=1200) ... 20072010 I R R ———— 3.5 (26) | 0.20(0.15)
20112014 0.40 (0.30) [ 0.67 (0.50) e | 0D (D.OTE)
2015+ 049 (044) [ i . 0.03 (0.02)

a A manufacturer has the option of skipping the 0.30 g/KW-hr PM standard for all 2756 KW (50-75 HP) engines. Th

e 0.03 o'KW-hr standard

would then take effect 1 year earier for all 37-56 KW (50—75 HP) engines, in 2012. The Tier 2 standard (0.40 g/KW-hr) would be in effact untl

202,

v50 percant of the engines preduced have to meet the NOy + NMHC standard, and 50 percent have to meet the separate NOy and NMHC

limits.
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Table 5. Emission standards for engines manufactured before 2007.

Maxirum engineg power MMHC + MOy HC Ny, co PM
FOWaE THP<T 1] st 105 (T8) | i 2.0 (B.0)
BIW2 10 {1 1EHPE2E] oo iiiisssnsssme e e sniss s st sssssss st s vt s T | 6.6 (4.0)
19zKW=3T (2EEHP=E) i | S5 [TAT ] i 5.5 (4.1)

A Py o RN B SRR B e el | (e ] P 9.2 (5.0)
SR<KW<TS (T5sHP<100) ..... . s 0.2 (5.9) | ...

TEKIN DD [NO0SHPLTTE) ©.ioveevevivcbinsivs s iossissenssi smesnesbsbesinsisooins. | ssmssssomasisssissions | snninsisanssrasione 0.2 (5.0)

120=KW=225 (175sHP<300) 0.2 (B.0) | 11.4 (2.5)

2252KW <450 (300=HP<800)
450<KW=580 (B00=HP=750) .
KWSEBO [(HP3TE0] . oniuiinesusimsssossssnsssuans iobs bus ins s s s sansns ons ke bbs braiamans | sasenibssssbnsibsasssns

0.2 (6.9)| 11.4(85)

; 0.2 (5.0} | 11.4(25) | 054 (040
1.0) 0.2 (5.9) | 11.4(25) | 054 (040

The Texas Commission for Environmental Quality has attempted to ban sales of B20 in
Texas in order to prevent the increase of NOy levels in several parts of the state. As of
December 2006, the ban has been delayed (Lacey, 2007). TCEQ began a program called
the Texas Low Emission Diesel (TXLED) program in order to help control NOy
emissions. Currently, no biodiesel is TXLED certified, which signifies that the fuel has
been formulated to decrease NOy emissions. The EPA is now developing a report
regarding NOy emissions when using biodiesel. The goal is that this research presented
in this report will clarify previously conflicting results dealing with NOy emissions.
Despite some research claiming that NOy increases are neglible, an EPA study in 2002
found that using a 20% biodiesel blend increased NOy emissions above the levels
allowed by TxLED (Lacey, 2007). If TCEQ decides to uphold the ban on sales of
biodiesel blends throughout Texas or in the 110 Texas counties surrounding the critical
air quality areas, Texas biodiesel producers will likely have to ship their product out of

state or begin building biodiesel plants out of state (Lacey, 2007; Stillman, 2006).
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3. ENGINE PERFORMANCE

The idea of using vegetable oils as fuel originated alongside the invention and
advancement of the diesel engine. Rudolph Diesel originally fueled his engine with
peanut oil, and he thought that utilizing biomass fuel was the principal future of the
diesel engine. Diesel wanted his engine to be a means for farmers, smaller industries,
and “common” people to compete with large, monopolizing industries controlling
energy production (Yokayo, 2003). This early biofuel eventually gave way to petroleum
diesel as the primary fuel used in diesel engines. The availability of economical middle-
distillate petroleum fuels left little reason to search for alternative, renewable fuel
sources. However, the oil crisis of the 1970s rekindled interest in utilizing alternative
sources for fueling engines (Canakci and Van Gerpen, 2001). Again, the current energy
crisis and the rise in fuel costs, as well as the increased desire for clean-burning fuels,
has thrust forward the importance of finding and utilizing alternative, renewable energy
sources. The desire for alternative energy has been placed in prominence, as illustrated
by the campaign that calls for 25 percent of the energy consumed in the United States to

be produced from biofuels by the year 2025 (AEWG, 2006).

Interest in using vegetable oils as fuels arose again within the agricultural community as
a fuel for tractors and equipment (ASAE, 1982). Around the world, vegetable oils were
being studied for their viability as a legitimate fuel (Korbitz, 1995). Extensive testing

showed that diesel engines could be operated acceptably using minimally processed
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vegetable oils. However, using straight vegetable oil as fuel resulted in issues with fuel
injectors, piston rings, and oil stability (Bechtold, 1997). Additional research showed
that further processing of vegetable oils produces methyl esters, fuels suitable for diesel
engines and compatible for mixing with diesel. Methyl esters came to be known as

biodiesel,

Biodiesel can be used as a stand-alone fuel, as well as being blended with petroleum
diesel. Biodiesel blends are generally referred to according to the percent of biodiesel in
a fuel mixture. A fuel mixture with two percent biodiesel and 98 percent petroleum
diesel is designated B2, a fuel mixture with five percent biodiesel is designated BS, and
so on. Unmixed, or neat, biodiesel is referred to as B100. For the purpose of this
manuscript, this designation will be used, followed by the type of diesel used in the
mixture. The diesel will be differentiated based on sulfur content. Diesel with 500 ppm
sulfur is designated DF500, while DF15 refers to diesel with 15 ppm sulfur. So, a blend
that contains 20 percent biodiesel and 80 percent 500 ppm sulfur diesel is given the short
form of B20/DF500. Biodiesel mixed in small blends, such as B2 and BS5, serves as a
lubricant. This is especially important given the mandated decrease in the concentration
of sulfur, which acts as a lubricant, in diesel. Biodiesel also serves as a supplemental

fuel when used in blends such as B20.

In order for biodiesel to be sold for use in vehicles, it must meet ASTM D6751.

Adhering to ASTM D6751 ensures that biodiesel meets the same standards set forth for
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petroleum diesel. ASTM D6751 encompasses a wealth of standards that provide
guidelines for determining characteristics such as cetane number, kinematic viscosity,
distillation temperatures, sulfur content, and more. A summary of the test methods laid

out by ASTM D6751 can be seen in the table 6 below:

Table 6. Summary of biodiesel testing standard ASTM D 6751 (ASTM, 2007).

Gracke 846 Gradk 8500

Property Teat Methaodt Limits Lirits Unitz
Calcium ard Magnesium, cormbined EM 14538 5 e 5 rrot PR (o)
Flash point (zlossd cu) Doz 130.0 min 13000 rnin G
Water and s=diment D 2700 0,080 mee 0,050 e % violurne
Kinematic wiscosity, 4000 D445 1.0-6.08 10808 mim?s
Sulfated ash D eTd 0,020 mae 0,020 miae % mass
Sulfur® 5453 0.0045 mazx (15) .05 meee (500} % rrass (ppm)
Copper stip cormosion D130 Mo, 3 e Mo, 3 max
Catane nurmber Deis A7 min 47 rmin
Cloud point [ 2600 Report” Report” Le
Carbon residus® D 4550 0,080 mex 0,050 e % mass
Acid numbssr Dggd 0,50 rax 0,50 e g KoH g
Fres ghycerin Diabed .020 0,020 % mass
Total ghyesin [n]-1-t:1 0.240 0.240 % mass
Phosphorus content D 4854 0,004 mex 0,001 mee % mass
Cistillation temperaturs, O 1460 360 s 380 rra oG
Atmasphenic equivalent temparaturs,
90 % recoversd
Sodium and Potassium, combined EN 14538 E e E i PP (ol
Creidation Stability EN 14142 3 minimurn 3 minimurn hours

A The test methods indicated are the approved referee methods, Other aceeptable mathods ars indeatsd in 5.4,

8 5ea ¥1.3.1. The K10 mm%s upper viscosily Bmit is higher than peticleum based dissel fusl and should b taken into consideration when blending
& Other sulfur limits can spply in sslected arsas in the United States and in ather countriss.

T The doud poirt of biodiassl is generally higher than petreleurmn based dissel fuel and shoukl be taken into consideration when blencing.

E Carbon residus shall ba run on the 100 % sample (see 5.1.11).

Neat biodiesel has a lower energy content than diesel (Peterson et al., 2002; Canakci and
Van Gerpen, 2003), which can be attributed to the oxygen content of biodiesel of about
10 percent (Bechtold, 1997). Biodiesel has a higher specific gravity than diesel (Canakci
and Van Gerpen, 2003; Bechtold, 1997). Overall, biodiesel has approximately seven
percent less energy per unit volume than diesel (Bechtold, 1997). It is thus expected that
biodiesel blends have lower energy content than petroleum diesel. Biodiesel has a

higher viscosity, cloud point, and pour point than biodiesel, which can be problematic in
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cold temperatures (Canakci and Van Gerpen, 2003; Peterson et al., 2002; Bechtold,
1997). Biodiesel is also prone to deteriorating certain types of seals, hoses, and gaskets,
particularly those comprised of natural rubbers. Biodiesel resistant hoses and seals are

available.

Biodiesel can be produced from most vegetable oils and animal fats using a process
called transesterification. Transesterification uses methanol or ethanol in the presence of
an alkaline catalyst, such as sodium hydroxide or potassium hydroxide, to produce
methyl or ethyl esters (Dorado et al., 2002; Peterson et al, 2002). Most biodiesel
production plants use methanol in order to yield methyl esters (Peterson et al., 2002).
Common vegetable oils used in biodiesel production include soybean oil, waste
vegetable oil, sunflower seed oil, rapeseed oil, peanut oil, Chinese tallow oil, and
cottonseed oil (Capareda, 2007; Munoz et al, 2004; Bechtold, 1997). Table 7 below

shows the amount of oil produced by certain plants.
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Table 7. Plant oil production per unit area (Tickell, 2000).

Qil Producing Crops
kg kg
Plant oil/ha Plant oil/ha

1 Corn 145 25 Tung Oil Tree 790
2 Cashew Nut 148 26  Sunflower 800
3  OQOat 183 27 Cocoa 863
4  Palm 189 28 Peanut 890
5  Lupine 195 29 Opium Poppy 978
6  Rubber Seed 217 30 Rapeseed 1000
7  Kenaf 230 31 Olive Tree 1019
8 Calendula 256 32 Piassava 1112
9  Cotton 273 33  Gopher Plant 1119
10 Hemp 305 34 Castor Bean 1188
11 Soybean 375 35 Bacuri 1197
12 Coffee 386 36 Pecan 1505
13 Linseed 402 37 Jojoba 1528
14 Hazelnut 405 38 Babassu Palm 1541
15 Euphorbia 440 39 Jatropha 1590
16 Pumpkin Seed 449 40 Macadamia Nut 1887
17 Coriander 450 41 Brazil Nut 2010
18 Mustard 481 42 Avocado 2217
19 Camelina 490 43 Coconut 2260
20 Sesame 585 44  Oiticia 2520
21 Crambe 589 45 Buriti Palm 2743
22 Safflower 655 46 Pequi 3142
23 Buffalo Gourd 665 47 Macauba Palm 3775
24 Rice 696 48 Oil Palm 5000

One of the key issues facing the matter of streamlining biodiesel as a fuel is economics.
Nearly 80 percent of the cost to produce biodiesel lies with feedstock costs (Capareda,
2007). Some of the more common feedstocks used to produce biodiesel are also used as
food oils; the high price of these oils drives up the price of producing biodiesel.
Currently, the federal government provides a subsidy of about one dollar per gallon,
which helps make producing and using biodiesel economical. This subsidy is given to

the mixer of the biodiesel. The potential markets for biodiesel are as a fuel supplement,
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in mixtures of about 20 percent, and as a lubricant in the place of sulfur. Neat biodiesel
makes up a very small protion of the market (Lacey, 2007). In 2005, only 75 million
gallons of biodiesel were produced commercially. This leaves a large market for
production (Capareda, 2007.) Most engine manufacturers warrant the use of biodiesel in
their engines in blends of up to 20 percent, while some warrant the use of B100. Many
automobile manufacturers now require that new diesel vehicles leave the plant with B2
or B5 in the fuel tank. Biodiesel also has a specific potential for non-road vehicles.
Farmers can produce biodiesel for use in farm trucks and tractors, while cooperatives

can provide biodiesel or biodiesel blends as a fuel option to cooperative members.

3.1 Objective
The overall objective of the research discussed in this section is to gain a better
understanding of engine performance when using cottonseed oil biodiesel. Specific
objectives for this research are as follows:
e To evaluate torque, brake power, and fuel consumption of biodiesel and
biodiesel blends;
e To compare the evaluated torque, brake power, and fuel consumption of
biodiesel to pure diesel; and

e To evaluate advantages and/or disadvantages of using biodiesel blends.
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3.2 Experimental Method

Engine power tests were conducted using a 14.2 kW (19 hp) diesel engine fueled with
several blends of petroleum diesel and cottonseed oil biodiesel. The CSO biodiesel used
for all performance tests was purchased from Safe Renewable Fuels, Inc. The blends
included in these tests are listed below:

e BS5/DF500;

B20/DF500;

e B40/DF500;

e B60/DF500;

e B80/DF500;

e B100; and

e DF500.
Engine power tests were conducted using the SAE Standard Engine Power Test Code for
diesel engines (SAE, 1983) as a guideline. The Engine Power Test Code can be found in
Appendix A. According to this standard, “engine power is defined as the product of
engine dynamometer speed and torque obtained at wide-open-throttle.” Using the
determined engine power and observed fuel consumption, brake-specific fuel
consumption, or BSFC, can be calculated. Brake-specific fuel consumption is a useful
indicator of the performance of fuels in engines, since it describes fuel consumption in
relation to power produced. Engine efficiency, or the efficiency of an engine converting
potential energy in fuel to kinetic energy, is generally the same when using diesel or

biodiesel (Schumacher et al, 2001). Engine efficiency is different than fuel efficiency,
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since fuel efficiency describes fuel consumption in an engine. Brake-specific fuel
consumption is a key indicator of fuel efficiency, and is dependent upon the energy
content of a fuel. Determining the relationship between biodiesel blends and engine
performance provides an understanding of the expected fuel consumption when using
cottonseed oil biodiesel as fuel in a non-road diesel engine. Using this data, consumers

can determine the cost effectiveness of using CSO biodiesel blends.

Performance curves were developed for a three-cylinder 14.2 kW (19 hp) Yanmar
3009D diesel engine, manufactured by John Deere Power Systems, Waterloo, IA. The
diesel engine tested was fueled by several blends of CSO biodiesel. These performance
curves were developed according to the Engine Power Test Code for diesel engines
(SAE, 1983). As laid out in the Engine Power Test Code, the following parameters were
measured:

e Torque;

¢ Engine speed;

¢ Engine, water, oil, and ambient temperatures; and

¢ Inlet air pressure.
To define the power curve, data was recorded for five operating speeds, approximately
evenly spaced, between the lowest stable speed and the maximum speed recommended
by the manufacturer. The following data were recorded during engine testing (SAE,

1983):
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¢ Engine speed;

e Beam load;

e Ambient air temperature, pressure, humidity;
¢ Inlet air pressure, temperature;

e Exhaust system pressure;

¢ Fuel supply temperature;

¢ (il and coolant temperature;

e Qil pressure;

¢ Intake manifold temperature, pressure;

e Exhaust manifold temperature, pressure;
® Air cleaner and piping restriction;

¢ [gnition/injection timing; and

e Fuel supply pressure.

The engine was loaded for testing with a water-cooled eddy current absorption
dynamometer rated at 22.4 kW (30 hp), manufactured by Pohl Associates, Inc., Hatfield,
PA. Dynamometer load was controlled using a Dynamatic® EC 2000 controller (Drive
Source International, Inc., Sturtevant, WIL.). Torque and engine speed data were
collected using LabView 8.0. Fuel flow was measured using a Model 214 Piston Flow
Meter and transmitted using a Model 294 High Resolution, Linearized Frequency
Transmitter (Max Machinery, Inc., Healdsburg, CA) Figure 3 shows the dynamometer

test system.
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Controller

Dynamometer

3-Cyl Yanmar
Engine

Figure 3. Dynamometer test system.

For each fuel blend, the engine was started and allowed to warm up for several minutes
at half throttle and a load of approximately 10.8 N-m (eight ft-1b). The throttle was then
increased until the engine reached wide-open throttle (WOT). Once WOT was obtained,
the engine load was increased to the highest possible load at which the engine speed was
maintained. Preliminary tests were conducted in order to determine the stable speed
range of the engine. Speed intervals that provided stabilized speed and torque
measurements were chosen. The maximum loaded engine speed for the purpose of these
tests was approximately 3150 revolutions per minute (rpm). The engine was allowed to
run at this setting until speed and torque measurements were stable for at least two
minutes. Once the measurements were stabilized, data collection was initiated. See

Appendix B for the step-by-step procedure of data collection that was used. Upon
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completion of data collection, the load on the engine was then increased, while
maintaining WOT, until the engine speed decreased to the next desired engine speed
The measurements were, again, allowed to stabilize, and data collection was repeated.
The testing process was repeated for each desired engine speed. The five engine speeds
targeted were 3150, 3065, 2975, 2885, and 2800 rpm. These five speeds were chosen
because they are fairly evenly spaced, and they provided a speed-load combination that

was stable enough for testing purposes.

This range of operating speeds is representative of most stationary non-road diesel
engines, which generally operated at consistent, intermediate loads. However, this range
does not completely represent mobile non-road engines, which may be operated at
maximum engine speed. An example of this is a tractor pulling a PTO powered
implement. Further tests should be conducted to analyze engine performance, as well as

exhaust emissions, at maximum rated engine speed, which is 3200 rpm for this engine.

Engine speed and torque were used to determine horsepower of the engine at each

targeted speed. Engine power was found using equation 1:
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P:TxN
9,549

)
Where,
P = power, kW

N = engine speed, rpm

T = torque, Nem

Diesel engine performance is affected by inlet air pressure, temperature, and humidity.
In order to provide a standard basis of comparison, it is necessary to apply a correction
factor to account for the difference between standard inlet air conditions and inlet air
conditions observed during testing (SAE, 1983). Inlet air conditions were assumed to be
the same as ambient weather conditions; weather data was obtained from Easterwood
Airport hourly weather data. According to the Power Test Code, observed brake power
was corrected using equation 2, assuming a constant fuel rate during testing.

P, =P,(fa)" 2)
Where,
P. = corrected brake power, kW
P, = observed brake power, kW
fa = atmospheric factor

fm = engine factor
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The atmospheric factor for naturally aspirated engines, like the one used during testing,

was found using equation 3.

99 \"'(1+273)"
fa_(Bdoj ( 208 j ©)

Where,
By, = observed inlet dry air pressure, kPa

t = observed inlet air temperature, °C

The engine factor, fm, has a value of 1.2 when g/r is greater than 65. The variable q was
found using equation 4 for four stroke engines. The engine pressure ratio, r, is the ratio
of the observed inlet manifold pressure to the observed inlet air pressure. For naturally
aspirated engines, the pressure ratio has a value of one.

g =120,000x % (4)

Where,

q = the ratio of the rate of fuel consumed to the engine displacement multiplied by the
engine speed, mg/L-cycle

F = fuel rate, g/s

D = engine displacement, L.

N = engine speed, rpm.

Engine displacement for the Yanmar engine used during testing is 0.879 L. The value of

g/r was greater than 65 for all tests.
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Brake specific fuel consumption (BSFC), which is a good comparator of fuel blends, is a
measure of the fuel efficiency of an engine. BSFC is the ratio of the rate of fuel
consumption to the rate of power production using that fuel, and has units of grams per
kilowatt-hour (g/kW-hr). BSFC is, essentially, a function of the energy content of a fuel.
Diesel has an energy content of about 36,200 kilojoules per liter (kJ/L), while cottonseed
oil biodiesel has an energy content of about 33,500 kJ/L. The difference in energy
content of CSO biodiesel and petroleum diesel is about eight percent. Equation 5 was

used to find BSFC.

f
0.10472x N x0.001xT

BSFC = (5)

Where,

BSFC = brake specific fuel consumption, g/kW-h
f = fuel consumption, g’h

N = engine speed, rpm

T = torque, Nem

Performance tests were completed using three randomized blocks, with each block
containing one set of tests for each fuel blend. Brake specific fuel consumption for each
fuel blend at each speed interval was compared BSFC for DF500 using a t-test with a
confidence interval of 0.95. These tests were used to determine whether or not there is
significant difference between the BSFC of CSO biodiesel blends and DF500.
Emissions tests were conducted concurrently with performance tests. Emissions test

results will be presented in Section 4.
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3.3 Results

Figure 4 shows brake power and torque for diesel and B100.
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Figure 4. Brake power and torque using B100 and diesel.

The engine achieved a peak corrected brake power of 13.8 kW (18.5 hp) using farm
diesel at an engine speed of approximately 2875 rpm. The peak power achieved when
using B100, 13.1 kW (17.6 hp) was about five percent lower than when using diesel fuel.
At high speeds (3065 rpm and greater), CSO biodiesel achieved approximately the same

torque and brake power as diesel.
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Figure 5 below compares brake power and torque for BS and diesel.
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Figure 5. Brake power and torque using B5 and diesel.

Peak brake power when using B5 was about one percent lower than when using pure
diesel, and about four percent higher than when using B100. When using B5, the engine
produced as much or more power than when using DF500 at speeds of 3150, 3065, and
2800 rpm. As seen in the figures above, as well as table 8 below, none of the CSO

biodiesel blends produced the peak brake power produced when using petroleum diesel.
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Table 8. Corrected brake power.

Corrected Brake Power, kW
3150 3065 2990 2875 2800

rpm rpm rpm rpm rpm
DF500 5.0 10.4 13.7 13.8 13.6
BS5 5.1 10.7 13.6 134 13.6%%*
B20 53 10.3 134 13.2% 13.2
B40 5.1 10.3 134 13.3 13.3
B60 4.9 10.4 13.0 12.9 12.9
B8O 4.7 10.3 12.9 13.0 12.9
B100 4.9 10.7 13.1% 13.1 13.1

*Significantly different from the corrected brake power achieved by using DF500 at the
same engine speed
**Insufficient data to determine statistical difference

Power achieved by each CSO biodiesel blend at a specific engine speed was compared
to the power achieved by DF500 at the same engine speed. Only two scenarios
produced significantly less power at a particular load: B100 at 2990 rpm and B20 at
2875 rpm. The significance in the difference in power produced when using B20 at
2875 rpm may be attributed to engine speed and load becoming unstable. The peak
corrected brake power produced tended to decrease as the percent of CSO biodiesel in
the fuel blend increased, but the decrease was usually insignificant. This is reasonable,

since the energy content of biodiesel is lower than the energy content of farm diesel.

Figure 6 illustrates the brake-specific fuel consumption for diesel, B5, abd B100.
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Figure 6. Corrected BSFC using B5, B100, and diesel.

At each speed interval, BSFC tended to increase as the percentage of biodiesel in the
blend increased. The corrected BSFC values for each fuel can be found in table 9. The
corrected BSFC for B100 was, on average, 19% higher than the corrected BSFC for
DF500. When using BS, the corrected BSFC was eight percent higher than when using
DF500, on average. The average corrected BSFC when using B20 was four percent
lower than when using diesel fuel. This was the only blend that produced an average

decrease in corrected BSFC when compared to diesel.
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Table 9. Corrected brake-specific fuel consumption.

BSFC, g/kW-h (Corrected)
DF 2699 1348 1159 1120 1133
B5 2665 1421 1168 1357 1276

B20 2522 1421 1155 1114 946

B40 2945 1443 1147 1224 1195

B60 2833 1364 1142 1180 1313

B80 3601 1567 1305 1329* 1270

B100 3606 1527 1307* 1405 1238
*Significantly higher than DF500

Corrected values for BSFC were found to be significantly different from that of DF500

when using B100 at 2990 rpm and when using B80 at 2875 rpm. .

3.4 Summary

Peak power produced when using cottonseed oil biodiesel blends failed to match the
peak power produced when using farm diesel. The peak power produced when using
B100 was about five percent less than when using DF500. This difference is less than
the difference in heating value between CSO biodiesel and diesel fuel (seven percent).
The difference in peak power was not usually significant, especially when using
biodiesel blends of less than B40. Likewise, the brake-specific fuel consumption tended
to increase when using biodiesel blends, especially in blends with a high percentage of
biodiesel, such as B80 and B100. The increase in corrected BSFC when using B100
ranged from nine percent at 2800 rpm to 34% at 3150 rpm. These results agree with Lin

et al. (2006) and Cetinkaya et al. (2005), who observed a moderate decrease in output
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power when using biodiesel blends, and with Canakci and Van Gerpen (2001) who

observed an increase in BSFC when using biodiesel blends.

The data presented in this section provides support for using biodiesel as a supplemental
fuel for non-road diesel engines. When using small percentage fuel blends, such as B5
and B20, peak power and BSFC are not significantly different from that of straight farm
diesel. This is in general agreement with Shaheed and Swain (1999), who observed no
significant differences when using CSO biodiesel in a single cylinder 2.75 kW engine.
Consumers that elect to use these blends can also take advantage of the lubricity of
biodiesel. By producing and using cottonseed oil biodiesel as a fuel supplement, the
agricultural industry is provided an opportunity to utilize an agricultural byproduct, as
well as acting as an agent in the push toward becoming less dependent on non-renewable

energy sources
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4. EXHAUST EMISSIONS

It is important to have a thorough understanding of the emissions associated with
alternative fuels, such as biodiesel. The difference in the composition of diesel and
biodiesel, and of different types of biodiesel, has an effect on the composition of exhaust
emissions. Understanding the exhaust emissions will help in determining the feasibility
of using biodiesel as a diesel fuel supplement. According to Lapuerta et al. (2007), the
effect of biodiesel is specific for each type of pollutant and depends on engine type,
operating conditions, and the origin and quality of biodiesel. Pollutants of interest
include NOy, SO,, THC, CO, and PM. Understanding the relationship between
biodiesel blends and the emission of these pollutants will aid engine manufacturers in

adapting engines for use with biodiesel blends (Lapuerta et al., 2007).

The EPA finalized a two-step sulfur standard for non-road, locomotive, and marine
(NRLM) diesel fuel. The sulfur requirements under this standard are similar to those
established for highway diesel fuel. “Beginning June 1, 2007, refiners will be required
to produce NRLM diesel fuel with a maximum sulfur content of 500 ppm. Then,
beginning June 1, 2010, the sulfur content will be reduced for non-road diesel fuel to 15
ppm” (EPA, 2004). Currently, farm diesel is only available in blends up to 15 ppm
sulfur; marine vessels are allowed to use diesel with up to 500 ppm sulfur. This standard
will achieve considerable, cost-effective reductions of sulfate PM and SO, emissions,

which will provide substantial public health and environmental benefits which outweigh
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the cost of meeting the standards necessary to achieve them. The final sulfur standards
will also allow high efficiency control technology to be applied to non-road engines,
since sulfur can inhibit or impair the function of diesel exhaust emission control devices
that will be necessary for non-road diesel engines to meet the finalized emission

standards (EPA, 2004).

According to the National Biodiesel Board (2006), biodiesel is a clean burning
alternative fuel produced from domestic, renewable resources, such as plant oils or
animal fats. While bio-diesel contains no petroleum, it can be blended with petroleum
diesel to create a fuel suitable for use in diesel engines. Pure biodiesel is essentially free
of sulfur compared to petroleum diesel. Biodiesel blends, consequently, contain less
sulfur than petroleum diesel. Since biodiesel is renewable and can be domestically
produced, it is capable of strengthening United States energy security by reducing

dependence on imported oil (Morris, 1993).

A large amount of research has been carried out dealing with engines fueled by
biodiesel, including biodiesel produced from soybean, sunflower, and rapeseed oil.
However, there is limited data regarding biodiesel produced from cottonseed oil. With
the large amount of cotton produced in the United States, and the growing need for
utilizing agricultural byproducts, it is important to investigate the effects on exhaust

emissions when using biodiesel from cottonseed oil.
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4.1 Objective
The overall objective of the research discussed in this section was to gain a better
understanding of cottonseed oil biodiesel by determining the relationship between
pollutant concentrations in diesel engine exhaust and the percentage of cottonseed oil
biodiesel in fuel blends. Specific objectives of this research are as follows:
® To evaluate the effect of using cottonseed oil biodiesel and biodiesel blends on
the emissions of CO, CO,. THC, NOy, and SO»;
e To compare emissions from diesel and cottonseed oil biodiesel and biodiesel
blends; and

e To compare results with published standards and regulations.

4.2 Experimental Method

Exhaust emissions were measured for a three-cylinder 14.2 kW (19 hp) Yanmar 3009D
diesel engine (John Deere Power Systems, Waterloo, IA) fueled using various blends of
CSO biodiesel. These measurements were conducted in two manners: concurrent with
performance tests and exclusive of performance tests. For both manners of testing,
emissions were measured with an ENERAC 3000E (Enerac, Inc., Westbury, NY), which
measures CO,, and THC concentrations using nondispersive infrared (+/- 5% accuracy)
sensors. High sensitivity, wide range electrochemical SEM sensors (+/- 2% accuracy)

were used by the ENERAC 3000E to measure CO, NOy, and SO,.
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The first emissions tests were run concurrently with performance tests. The CSO
biodiesel used during these tests was purchased from Safe Renewable Fuels, Inc. The
blends analyzed during these tests are listed below:

e DF500;

e BS5/DF500;

e B20/DF500;

e B40/DF500;

e B60/DF500;

e B80/DF500; and

e B100.
Emissions tests were also conducted exclusive of performance tests. The CSO biodiesel
used during these tests came from two sources: Safe Renewable Fuels, Inc. and the Food
& Protein Research & Development Center at Texas A&M University. For the purpose
of this paper, biodiesel blends comprised of CSO biodiesel from the Food & Protein
Research & Development Center will be referred to with “FP” placed before the blend
name. The blends analyzed during these tests are listed below:

e FPB10/DF500;

e FPB20/DF500;

e BS5/DF15;

e B20/DF15; and

e BS50/DF15.
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During the emissions tests concurrent with performance tests, engine exhaust emission
measurements were collected at three even increments during each performance test for
each fuel blend at each load. These three measurements for each pollutant were
averaged using a simple arithmetic mean to represent the pollutant exhaust concentration
for that specific fuel blend at that specific load during a specific test. The load intervals
for each test were based on targeted engine speeds. Details on the performance testing

method can be found in Section 3.

Exhaust concentrations for NOy, SO,, CO, and THC were measured in units of ppm,
while CO, was measured in percentage. Carbon dioxide concentrations were converted
to ppm by multiplying the concentration of CO; (%) by 10*. In order to compare these
emissions to the non-road diesel engine emission standards set forth by EPA, the
measurements were converted to grams per kilowatt-hour, or g/kW-h. In order to
convert from ppm to g/kW-h, the ratio between exhaust and fuel was required; the
exhaust-to-fuel ratio, or EFR, is defined as the mass of exhaust produced per unit mass
of fuel combusted. The EFR for CSO biodiesel and petroleum diesel were calculated
based on assumed combustion equations. Ten percent excess air was assumed to be

available during combustion.

During transesterification, oils are mixed with a methanol and sodium hydroxide and

heated in order to produce methyl esters, or biodiesel. Emissions produced when using
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biodiesel are dependent upon the composition of biodiesel feedstock. Table 10 below

lists common edible fats and oils and their associated fatty acid compositions:

Table 10. Percent weight of total fatty acids in common fats and oils (Stauffer, 1996).

Stz unsl\alltcilnrgted unsaPtC:,:IYated
Oil or Fat Unsat./Sat. Capric|Lauric|Myristic Paimitic Stearic|  Oleic Linoleic Liﬁg:.::ic

(w6) Acid

C10:0|C12:0| C14:0 | C16:0 | C18:0 Cc18:1 - é;":)_,,
Almond Oil 9.7 - - - 7 2 69 17 -
Beef Tallow 0.9 - 3 24 19 43 3 1
Butterfat (cow) 0.5 3 3 11 27 12 29 2 1
Butterfat (goat) 0.5 7 3 25 12 27 3 1
Butterfat (human) 1.0 2 5 8 25 8 35 9 1
Canola Qil 15.7 - - - 4 62 22 10
Cocoa Butter 0.6 - - - 25 38 32 3 -
Cod Liver Oil 2.9 - - 8 17 - 22 5 -
Coconut Qil 0.1 6 47 18 9 3 6 2 -
Corn Qil (Maize 0Oil) 6.7 - - - 11 2 28 58 1
Cottonseed Qil 2.8 - - 1 22 3 19 54 1
Flaxseed Oil 9.0 - - - 3 7 21 16 53
Grape seed Oil 7.3 - - - 8 4 15 73 -
Lard (Pork fat) 1.2 - - 2 26 14 44 10 -
Olive Qil 4.6 - - - 13 3 71 10 1
Palm Qil 1.0 - - 1 45 4 40 10 -
Palm Olein 1.3 - - 37 4 46 11 -
Palm Kernel Qil 0.2 4 48 16 8 3 15 2 -
Peanut Oil 4.0 - - - 11 2 48 32 -
Safflower Oil* 10.1 - - - 7 2 13 78 -
Sesame Oil 6.6 - - - 9 4 41 45 -
Soybean Oil 5.7 - - - 11 4 24 54 7
Sunflower Oil* 7.3 - - - 7 5 19 68 1
Walnut QOil 5.3 - - - 11 5 28 51 5

*Not high-oleic variety.

Percentages may not add to 100% due to rounding and other constituents not listed.
Where percentages vary, average values are used.
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According to the National Cottonseed Products Association (2002), cottonseed oil is
composed, primarily, of palmitic acid (C;3H3c0,), oleic acid (Cy0H330;), and linoleic
acid (CyoH3c0,). The primary methyl esters found in CSO biodiesel, therefore, are
Ci1sH3602(0OCHj3), CyoH330,(OCH3), and CyoH3602(OCH3).  The equation below was
used for stoichiometric combustion of CSO biodiesel: Palmitic acid, and fatty acids with
similar molecular weights, make up about 25.6% of the fatty acids of cottonseed oil.
Oleic and linoleic acids, and fatty acids with similar molecular weights, make up about
19.4% and 55% of cottonseed oil biodiesel.

0.256C,H,,0,(OCH,) +0.194C,,H+,0,(OCH,) +0.55C,,H,.0,(OCH,) + 28840, +3.76N, ]
—52049C0, +19.70H,0 +10844N,

From this equation, the stoichiometric air-to-fuel ratio (AFR) was determined as follows:

m .
AFR =—"— (6)
mfuel

Where,
AFR = air-to-fuel ratio, g air/g fuel
m,;; = mass of air present during combustion, g

my,e; = mass of fuel combusted, g.

EFR was calculated using equation 8:

LIxm,, +mg,,
EFR = (7

m fuel

Where,

EFR = exhaust-to-fuel ratio, g exhaust/g fuel.
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For calculating EFR, it is assumed that 10% excess air is present during combustion, and
that the mass of fuel and air present during combustion equals the mass of exhaust
leaving the engine. According to Weathers (1981), diesel engines intake as much as
25% excess air at full throttle. The EFR for CSO biodiesel was found to be 15.94 g
exhaust/g fuel. The assumed stoichiometric equation for combustion of petroleum diesel
is shown below; sulfur content was not taken into account when determining EFR for
petroleum diesel.
C,H,, +18.5[0, +3.76N,]|—12C0, +13H,0 + 69.56N,

The EFR for diesel was found to be 17.43 g exhaust/ g fuel. EFR for biodiesel blends
can be determined using a weighted average of the EFR for CSO biodiesel and diesel,
based on the percentage of biodiesel in each blend. Table 11 below lists the EFR for

each fuel blend used for converting concentration units from ppm to g/kW-h:

Table 11. Exhaust-to-fuel ratios.

Blend EFR [g exhaust/ g fuel]

DF500 17.43
B5 17.36
B20 17.13
B40 16.83
B60 16.54
B80 16.24
B100 15.94

Equation 8 was used to convert pollutant concentrations from ppm to g/kW-h, assuming

100% fuel combustion.



c’'=C XMXEFRXBSFC

" Peshans
Where,
C’ = concentration, g pollutant/kW-h
C,pm = concentration, ppm
Ppoliutant = density of pollutant (g/L)
Pexhaust = density of exhaust (g/L)

EFR = exhuast-to-fuel ratio, g air/ g fuel
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8)

BSFC = brake-specific fuel consumption, corrected for dry air, g fuel/kW-h.

Table 12 below lists the densities for the compounds measured. The density of exhaust

was assumed to be 1.18 g/L.

Table 12. Exhaust pollutant densities.

Compound Density (g/L)
CO 1.14
co2 1.8
THC (as propane) 1.8
NOx (as NO2) 1.88
S02 2.62

Exhaust pollutant concentrations were compared using a t-test with a confidence interval

of 0.95. These tests were used to determine whether or not there was a significant

difference between exhaust pollutant concentrations measured when using biodiesel

blends and when using DF500.
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During the second set of tests, exclusive from performance tests, exhaust emissions were
measured for each fuel blend at three pre-determined engine loads. For each fuel blend,
the engine was started and allowed to warm up at half-throttle and an engine load of
approximately 10.8 N-m (eight ft-1b). After a few minutes, throttle was increased until
the engine reached WOT. Engine load was then increased to about 16.3 N-m (12 ft-1b),
and the engine was allowed to run until engine speed and torque measurements were
stabilized for two minutes. Once the measurements had stabilized, exhaust emissions
measurements were collected. Once measurements were taken, the engine load was
increased to approximately 32.5 N-m (24 ft-1b), and then to about 40.7 N-m (30 ft-1b) for
exhaust emissions measurements. The concentrations measured were averaged using a
simple arithmetic mean in order to provide a representative set of measurements for each
blend at each load. Similarly to the performance tests, the engine was loaded for testing
with a water-cooled eddy current absorption dynamometer rated at 30 hp, manufactured
by Pohl Associates, Inc., Hatfield, PA. Dynamometer load was controlled using a
Dynamatic® EC 2000 controller (Drive Source International, Inc., Sturtevant, WIL).
Engine speed and torque data were collected using LabView 8.0. This second method of

testing compared CSO biodiesel from two sources, as mentioned previously.

4.3 Results
Figure 7 below shows the corrected emissions for carbon monoxide resulting from the
emission tests conducted concurrent with performance tests when using B5, B20, B100,

and diesel.
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Figure 7. CO emissions using DF, B5, B20, B100.

Carbon monoxide concentrations decreased by 12 and 19% when using B20 and B100,
respectively, when compared to diesel fuel. However, CO concentrations increased by
an average of 15% when using B5. In general, CO concentrations tended to decrease as
the percentage of CSO biodiesel in the fuel blend increases. The decrease is generally
significant in blends of B60 and greater. These results are in agreement with
Schumacher et al. (2001), who found that CO emissions decreased as biodiesel

percentage in fuel blends increased.
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Exhaust concentrations of CO, found during the first set of tests can be found below in

figure 8.

5000.00

>

4500.00

4000.00

3500.00

CO2 Concentration, g/kW-h

3000.00

2500.00 A

2000.00 T T T T T T T T
2750 2800 2850 2900 2950 3000 3050 3100 3150 3200

Engine Speed, rpm

| » DF500 m B5 a B100 — Poly. (B5) — Poly. (B100) = Poly. (DF500) |

Figure 8. CO, emissions using DF, B5, B20, B100.

The results for the first set of tests show that, at 3150 rpm, CO, emissions increased as
the percentage of CSO biodiesel increased; no definitive trend was found at other

speeds.

Figure 9 below illustrates THC emissions found using diesel, B20, and B100 during the

first set of tests.
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Figure 9. THC emissions using DF, B20, B100.

As expected, hydrocarbon emissions tended to decrease as the percentage of CSO
biodiesel in the fuel blends increased. This decrease was significant in blends 80 percent
or greater at speeds of 3065 rpm and 3150 rpm. When using B20, THC concentrations
decreased by 14% when compared to DF500, while using B100 resulted in a 26%
decrease. These results were similar to those observed by Krahl et al. (2005), who found

that THC was significantly decreased when using biodiesel.

Figure 10 below displays NOy emissions obtained during the first set of tests.
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Figure 10. NOy emissions using diesel, B5, B20, and B100.

On average, NOy emissions decreased by four percent when using BS5, and by five
percent when using B20 as compared to diesel. When using B100, NO, emissions
decreased by 14%. Graboski and McCormick (1998) found that NOy emissions
increased when using biodiesel at full loads. According to Capareda (Personal
communication, 2007) recent studies have shown a relationship between unsaturation of
biodiesel feedstock oils and NOemissions. Many of the previous emissions tests, such
as those conducted by Graboski and McCormick (1998), were performed using soybean
oil, which has an unsaturated to saturated fatty acid ratio of 5.7. Cottonseed oil has an
unsaturated to saturated fatty acid ratio of 2.8. This difference in unsaturated fatty acid

composition could factor into the decrease in NOy emissions when using CSO B100.
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Figure 11 below displays sulfur dioxide emissions obtained during the first set of tests

when using diesel, BS. B20, and B100.
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Figure 11. SO, emissions using diesel, BS, B20, and B100.

Sulfur dioxide emissions decreased as the percentage of CSO biodiesel in the fuel blends
increased. The decrease in SO, emissions was consistently significant in CSO biodiesel
blends of B20 and greater. The decrease in SO, concentrations ranged from two percent
when using B5 to 86% when using B100. Given the decrease in fuel sulfur

concentration, the decrease in SO, emissions was expected.
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Exhaust emissions for CO, THC, NOy, and SO, were also converted to units of grams

per mile (g/mi), which are the standard units for on-road vehicles. Tables 13 through 16

below list emissions for DF500, B5, and B100.

CO (g/mi)

Table 13. Carbon monoxide emissions (g/mi).

3150

3065 2990 2885 2800

DF500 158 99 191 202 253

B5 144 111 223 293 277

B100 120 94 148 138 145
Table 14. Hydrocarbon emissions (g/mi).

THC (g/mi) 3150 3065 2990 2885 2800
DF500 193 99 91 92 95
B5 1027 312 182 175 61
B100 92 57 62 82 76

Table 15. NOy emissions (g/mi).

NOx (g/mi) 3150 3065 2990 2885 2800
DF500 944 618 456 385 370
B5 938 587 405 400 346
B100 912 420 347 330 268
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Table 16. SO, emissions (g/mi).

S02 (g/mi) 3150 3065 2990 2885 2800
DF500 304 224 322 297 303
B5 284 225 288 309 298
B100 65 27 34 35 31

Emissions of CO, THC, NOy, and SO, per mile tended to decrease when using CSO

biodiesel blends.

The second set of tests was conducted exclusive of performance tests. As in the first
tests, CO, THC, NOy, and SO, were measured in ppm, while CO, was measured in
percent. During these tests, fuel consumption was not monitored. In order to convert
the measured units to g/lkW-h, BSFC had to be assumed. Corrected BSFC for B100 and
DF500, which was determined during the first set of tests, was used to approximate the
BSFC for each fuel blend using a weighted average. Emissions for each blend were

compared to emissions when using DF500 during the first set of tests.

Tables 17 through 19 show the emissions for each fuel blend at each targeted load.
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Table 17. Exhaust emissions at 16.3 N-m (12 ft-1b).

16.3 N-m FPB10*** FPB20*** B5/DF15 B20/DF15 B50/DF15 DF500**
CO g/kW-h 3.0 3.1 2.9 2.8 3.0 3.6

CO, g/kW-h  3653.7 3789.7 3488.7 3664.2 40131 3892.5
THC g/kW-h 3.9 3.9 3.8 3.9 4.2 4.4

NOy g/kW-h  18.0 18.5 16.2 16.8 18.5 21.3
SO, g/kW-h 25 2.8 1.4 0.8 0.9 6.8

*Significantly different from DF500.

**DF500 results were obtained from results during the first set of tests.

***CSO0 biodiesel from Food & Protein Research Department blended with DF500.

Table 18. Exhaust emissions at 32.5 N-m (24 ft-1b).

32.5 N-m FPB10** FPB20*** B5/DF15 B20/DF15 B50/DF15 DF500**
CO 9/kW-h 1.6 1.5 1.7 1.6 1.8 2.2
CO, 9/kW-h 2424.4 2434.7 2406.9 2410.6 2402.5 2735.8
THC 9/kW-h 1.9 1.9 1.9 1.9 2.0 2.2
NOy g/kW-h 11.3 11.2 10.2 10.1 10.2 13.9
SO, g/kW-h 2.1 1.8 0.4 0.3 0.2 5.1

*Significantly different from DF500.

**DF500 results were obtained from results during the first set of tests.

***GSO biodiesel from Food & Protein Research Department blended with DF500.

Table 19. Exhaust emissions at 40.7 N-m (30 ft-1b).

40.7 N-m FPB10*** FPB20*** B5/DF15 B20/DF15 B50/DF15 DF500**
CO g/kW-h 2.2 1.8 1.7 1.8 2.2 4.3

CO; g/kW-h  2547.6 2536.5 2408.6 2608.9 2604.7 3297.3
THC gkW-h 1.7 1.7 1.6 1.7 1.9 2.1

NOy g/kW-h 9.4 9.5 8.7 8.8 8.7 10.3
SO, g/kW-h 2.6 1.9 0.2 0.3 0.3 7.3

*Significantly different from DF500.

**DF500 results were obtained from results during the first set of tests.

***CSO0 biodiesel from Food & Protein Research Department blended with DF500.
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At each load, emissions for CO, CO,, THC, NOy, and SO, tended to be lower with CSO
biodiesel blends than with DF500. Sulfur dioxide concentrations were lowest when
CSO biodiesel was blended with DF15; using BSO/DF15 resulted in a 94% decrease in
SO, concentrations when compared to DF500 at medium and high loads. Nitrogen
oxide emissions were lower for biodiesel blends than for DF500 throughout. On
average, using a 20% CSO biodiesel blend with ultra-low sulfur diesel (DF15) resulted

in a 21% decrease in NOy emissions when compared to DF500.

4.4 Summary

Carbon monoxide emissions tended to decrease as the percentage of CSO biodiesel
increased. The EPA standards for CO emissions from a stationary and mobile non-road
diesel engine were exceeded when using a CSO biodiesel blend of BS at an engine speed
of approximately 2875 rpm. The CO emissions standards were not exceeded with any

other fuel blend at any other speed.

Total hydrocarbon emissions decreased as the percentage of CSO biodiesel increased.
The decrease in THC concentrations was generally significant in blends of B60 and
greater. Hydrocarbon concentrations decreased by 26% when using B100 as compared

to DF500.

On average, NOx emissions decreased when using blends of BS5, B20, B60, B80, and

B100 when compared to DF500. On average, NOy emissions were equal when using
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B40. EPA standards for NOy emissions alone are not applicable for diesel engines
rated between eight and 19 kW. However, the standard for NMHC +NOy was

consistently exceeded when using biodiesel blends, pure biodiesel, and farm diesel.

Sulfur dioxide concentrations decreased as the percentage of CSO biodiesel increased.
This decrease tended to be significant in blends greater than five percent. The decrease
in SO emissions was especially noticeable with ultra-low sulfur diesel (DF15). During
the first tests, SO, emissions were decreased by an average of 86% when using B100;
when using BSO/DF15 during the second tests, SO, emissions were decreased by 96% at
medium and high loads. These results are reasonable, considering the decrease in fuel

sulfur content when blending diesel fuel with CSO biodiesel.
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5. SUMMARY

The objective of this section is to provide an overview of the results presented in this
manuscript. The observations made when dealing with engine performance, exhaust
emissions, and the effect on regulations support the utilization of cottonseed oil biodiesel

as a fuel supplement.

Carbon monoxide emissions decreased as the percentage of CSO biodiesel in fuel blends
increased, with the exception of using BS. Carbon monoxide emissions increased by an
average of 15% when using BS, with the largest increases observed at speeds of 2990
rpm and lower. When using pure CSO biodiesel, CO concentrations decreased by 19%,
on average. This decrease in CO emissions is beneficial to areas in Texas and around
the nation that are non-attainment for CO. Carbon monoxide emissions also decreased
when using CSO biodiesel blended with DF15. The CO emissions measured were lower
than the Tier 1 EPA emissions standard for both mobile and stationary diesel engines.
This data supports those who wish to convert diesel engines to become compatible with
alternative fuels. Manufacturers can also be confident that non-road diesel engines will

maintain low CO emissions if alternative fuels are used.

Carbon dioxide emissions did not maintain any specific trend. It is important to note
that CO, levels did not significantly increase throughout the tests. Cottonseed oil

biodiesel, as well as other types of biodiesel, can be consumed without significantly
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increasing CO, emissions. Carbon dioxide, a greenhouse gas, is currently not considered
a pollutant, and is therefore not regulated. However, it is possible that in the future,

regulations will be placed upon greenhouse gases.

As the percentage of CSO biodiesel in fuel blends increased, the concentration of THC
in the exhaust decreased. Hydrocarbon emissions decreased by 14% using B5 and by
26% using B100, as compared to farm diesel. Emissions of THC also decreased when
using CSO biodiesel blended with ultra-low sulfur. This decrease is important to public
health and welfare since hydrocarbons are considered by some to possibly be
carcinogenic. The decrease in hydrocarbons will be a factor in determining whether or
not the standard for NMHC + NOy is exceeded when using biodiesel blends. During

these tests, the Tier 1 standard for NMHC + NOy was exceeded.

Sulfur dioxide emissions were significantly reduced when CSO biodiesel blends were
used. Cottonseed oil biodiesel, which is essentially sulfur-free, can be used as a fuel
additive for lubrication purposes, while maintaining low sulfur concentrations in fuels.
Secondary effects of reducing SO, emissions include a decrease in the production of
sulfate particles. Sulfate particles are believed by the EPA to contribute to particulate
matter in the air, specifically PM, s Emissions of SO, were reduced by 14% using B5
and by 86% using B100, when being compared to DF500. A blend on B50/DF15

produced 94% less SO, than DF500.
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Nitrogen oxide emissions usually decreased when using cottonseed oil biodiesel blends
as compared to farm diesel. With BS5, NOy emissions decreased by four percent, while
B20 and B100 resulted in five and 20% decreases in NOy, as compared to DF500. This
decrease in NOy emissions may be attributed to the relatively low unsaturated-to-
saturated fatty acid ratio of cottonseed oil biodiesel. More tests should be conducted in
order to better gauge the effects of CSO biodiesel, as well as other types of biodiesel, on
NOy emissions. Tests should be conducted with the same engine as has been tested, as
well as with other diesel engines. Methods of reducing NOy emissions, such as retarding
injection timing, utilizing exhaust gas recirculation (EGR), and water emulsification,
should be further researched. If it can be shown that a certain type of biodiesel does not
significantly increase NO emissions when blended with diesel fuel, then there will be an

opportunity to produce B20 that meets TXLED fuel specifications.

Cottonseed oil biodiesel, while being environmentally friendly, may also be a sensible
alternative to petroleum diesel. Although cottonseed oil biodiesel blends failed to match
the peak power produced when using farm diesel, the difference in peak power was
insignificant with blends of less than 40 percent. Peak brake power produced decreased
by about one percent using B35, three percent using B20, and five percent using B100 as
compared to petroleum diesel. The difference in peak power produced can be explained
by the lower energy content of CSO biodiesel than petroleum diesel, however the
percent difference in peak power was less than the percent difference in fuel energy

content (eight percent). Generally, intermediate power levels were met when using CSO
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biodiesel blends. At a blend of BS, brake-specific fuel consumption decreased by an
average of four percent when compared to DF500. All other CSO biodiesel blends
resulted in an increase of BSFC, with a 19% increase in BSFC being observed when
using B100. These results demonstrate the feasibility of using cottonseed oil biodiesel,
as well as other types of biodiesel, as a fuel additive or supplement in non-road diesel

engines.
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Procedure for Performance Testing, Concurrent with Emissions Testing

1. Start the engine and increase throttle to half throttle. Apply a load of about 8 ft-
Ib with the Dynamatic controller;

2. Once the engine is warm, increase the throttle to a wide-open position, and allow
to run for about 2 minutes;

3. Set the dynamometer to the maximum load that allows the engine to maintain
about 3150 rpm;

4. Let the measurements stabilize for at least 2 minutes;

5. Collect speed, torque, and power readings be using the “print screen” key on the
computer (do this twice with about 5-10 second between readings);

6. Collect emissions data (at this point, hit “Text” on the Enerac 3000E);

7. Measure fuel flow by observing the Scope Meter hooked up to the fuel flow

meter (5 observations);

Collect emissions data;

9. Collect speed, torque, and power readings be using the “print screen” key on the
computer (do this twice with about 5-10 second between readings);

10. Measure return fuel flow with a graduated cylinder and a stopwatch by
measuring the amount of time it takes to collect 50 mL of fuel from the return
line;

11. Collect emissions data;

12. Collect speed, torque, and power readings be using the “print screen” key on the
computer (do this twice with about 5-10 second between readings);

13. Increase the load so that the next speed interval is maintained;

14. Speed intervals measured are 3150, 3065, 2990, 2875, and 2800 rpm.

*

This set of tests was performed 3 times for each fuel blend, in 3 randomized blocks.

Emissions Testing Procedure, Exclusive from Performance Testing

15. Start the engine and increase throttle to half throttle. Apply a load of about 8 ft-
Ib with the Dynamatic controller;

16. Once the engine is warm, increase the throttle to a wide-open position, and allow
to run for about 2 minutes;

17. Set the dynamometer to a load of 12 ft-1b;

18. Let the engine run for 2 minutes so that the engine can stabilize and the
measurement/output time lag can pass;

19. Print screen 3 times with 5-10 seconds between each;

20. Collect emissions data (at this point, hit “Text” on the Enerac 3000E);

21. Repeat these tests for loads of 24 and 30 ft-Ib.

This set of tests was performed 3 times for each fuel blend, in 3 randomized blocks.
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Appendix B contains the complete set of emissions observed during tests concurrent
with performance tests.

Table C-1. Carbon Monoxide Concentrations.

CO (g/kW-h) 3150 3065 2990 2885 2800
DF500 3.56 2.24 4.30 4.55 5.71
B5 3.26 2.51 5.05 6.62 6.26

B20 3.32 2.20 4.21 4.30 3.09
B40 2.95 2.31 4.02 4.21 4.59
B60 5.07 2.65 3.32 3.53 4.03
B80 3.01 217 3.47 3.02 3.24
B100 2.93 2.30 3.62 3.38 3.55

Table C-2. Carbon Dioxide Concentrations.

CO2 (g/kW-h) 3150 3065 2990 2885 2800
DF500 3891.71 2735.70 3297.91 3051.78 3114.91
B5 3964.30 2840.63 3273.07 3508.65 3323.61
B20 3756.42 2827.06 3198.61 2933.76 2405.87
B40 3931.47 2700.98 3092.35 3188.74 3060.11
B60 4347.64 2816.68 3064.55 2991.44 3367.57
B80 4905.74 2917.33 3350.51 3205.60 2999.37
B100 4779.25 2754.36 3230.53 3261.47 2785.38

Table C-3. Total Hydrocarbon Concentrations.

THC (g/kW-h) 3150 3065 2990 2885 2800
DF500 4.35 2.24 2.05 2.07 2.14

B5 23.24 7.07 4.13 3.97 1.39

B20 3.79 2.14 1.90 1.86 1.43

B40 417 2.34 2.16 2.50 2.55

B60 3.42 1.63 1.48 1.51 1.77

B80 2.33 1.46 1.48 1.73 1.71
B100 2.25 1.39 1.53 2.00 1.86

Table C-4. Nitrogen Oxide Concentrations.

NOXx (g/kW-h) 3150 3065 2990 2885 2800
DF500 21.27 13.92 10.28 8.67 8.35

B5 21.22 13.29 9.16 9.05 7.83

B20 21.36 14.09 10.04 8.28 6.81

B40 2212 13.14 9.67 9.19 8.28

B60 21.90 11.50 8.82 7.81 8.24

B80 24.96 12.01 9.58 8.66 7.58

B100 22.28 10.26 8.48 8.07 6.55




Table C-5. Sulfur Dioxide Concentrations.

S02 (g/kW-h) 3150 3065 2990 2885 2800
DF500 6.85 5.05 7.25 6.70 6.82

B5 6.44 5.09 6.53 7.00 6.74

B20 4.75 3.92 5.23 4.78 3.81

B40 3.80 2.86 3.86 3.91 3.90

B60 3.62 2.40 2.91 2.90 3.31

B80 2.42 1.50 1.98 1.89 1.72
B100 1.60 0.65 0.83 0.85 0.75
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{Lamp Method )
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D 2700 Test od for Witer and Sedimeni in Midd
Distillae Fuels by Cenirifuge
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komeiry
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[ 2326 TestMethods for Flsh %\:-.I:II: by Small Scale Closed
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D d057 Pracice for Manoal Sampling of Peirolsum and
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D1 4204 Tast Method for Sulfor in Petroleum and Petrokum
Produocts by Energy-Disparsive Xruy Floorescence Spec-
tromeiry
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D485 Guide for Generation and Dissipation of Shrc
Elzciricily in Perolaum Fueel Sysizms

D496 Test Method for Determination of Additive Ele-
menis 0 Lubricating Cils by [nductiveety Coupled Plasoma
Aromic Emission Specirormeiry

[V 3453 Test Methed for Determination of Towl Sulfur in
Light Hydrozarbons, Spark Ignition Engine Foel, Dissel
Engine Fuzl and Engine Oil by Uliravicdzt Flooresoence

[ 5773 Teat Methed for Cloud Point of Petmleum Products
Constmnt Cooling Faie Meihed)

D 6217 Test Met for Particulale Contamination in
Middle Distillaiz Fusk by Laboraiory Filiration

D&450 Test Method for Flsh Poine by Contmuounsly
Closed Cop (O0CFF) Testar

[144£0 Gaide for Microbial Confammation in Fuels and
Fuzl Sysiem

[1 4534 Test Methed for Determination of Fres and Total
Glycerin in B-100 Bindizsel Methyl Esiers By Gas Chro-
maim graphy

22 Govermmest Sordand:

40 CFR Part ™ Regirmtion of Fuels and Fuel Addiives
Section 2L14b) Clean Air Act®

21 Ovker Docomests

UOP 380 Trace Metals in Cils by Wei Ashing and [CPAOES

U0P 331-01 Trace Meials in Peirolenm Produocis or Crgan-
ics by AAS

EX 14112 Fat and oil devivatives—Faity acid methyl esiers
(FAME]—Determnation of oxidstion sabilicy (Acceler-
aied oxidation test)

EM14533 Fal and il devivatives—Fairy aci methyl esiers
(FAME]—Deermmation of Ca, K, Mg and Na conient by
optical emission speciral amalysis with induciively
coupled plasma (ICF CESF

A Terminalogy

1.1 Defoivivas of Terss Specific to This Simdand:

ill ﬁrodmrl n—a fuel comprised of mono-alky] esiers of
long chain fatly acids derrred from wegetable ils or mnicmal
fais, de-}'lguuedlllm ;

1LLL Disscsion—Bisaiess, as defined above, is regis-
tzrzd with the U5, EPA as a foel and a fel additive under
Saction 21107b) of 1k Clean Air Act. There i3, however, oiher
waps of the m biodizzel in the manketplace. Due 1o iis EPA
regiration and the widespread commercial use of the t2rm
ticdiesel in the U.5. marksiplace, the termn bindizsel will be
mainiaired for this specification.

31.1.2 Disrussiow—Bindizse]l & typically produced b
reaction of o wegelable oil or animal fat with an akzohol soch as
meithanol or ethancl in the presence of a cambysi o yeld
mono-alkyl asiers and glycern, which is removed. The finished
bicdiessl derives approximaiely 10% of iz mass ffom che

» . eff LS o Priniag
Cilkn ‘Watizpra, DlL':Il:Iﬂ.t
frem A5 TM 100 e Hator Crive, PO Hox NI,

W Ceaibabodm, PA Vinliche 8 5T webiver, wewosnar, of coesc A5TH
Ct-ml Sorvicr & v coE TNy

"Thin Ecpem Sandard i avsliie from the Mafwas] CEN Menbor limed ca
the CEN wobwie (www.omarm bal or vis e Brmed CENTCLE wcrmarise

reacied dkcohol The alcohol used in the reaction may or may
not come from renewable resources.

112 dogiesed Mewd FXY, n—a blend of biodiesl fusl
with peiroleum-based dizsel fosl.

1121 Dicasisn—In the abbreviation BXX, the XX
resenis the wolume perceniage of hiodizs=] fuel m the blend.

113 bisdiesd fuel, s—synonym for Sodisel.

114 diesel! firel, a—middle prirolzum dwtillate foel.

115 feee phycerin, 8—a measurs of the amount of glycerin
remnaining in the fuel.

116 Crgae SIF B, n—a grde of biediessl meeting
ASTM Epecification DE73 1 and having o sulfur spcification
of 15 ppm maximum.

1.1.7 Grace 5300 8100, m—a grade of bindizsel meeting
ASTH Epecification DET3 1 and having a sulfur specification
of 500 ppm maximm

118 midale dionllae fael, m—bercemes and gas oils boil-

beiwesn approximaizly 150°C and 400FC ai nomal ammw-
Em: pressre and having 2 closed-cup fAash point abowe

]-.l.'il togal plvceri, a—the sum of the fres glycenn and the
glyoerin portion of any unreacted or partial by reacied oil or fat.

4. Requirements

4.1 The biodiesel specified shall be mono-alkyl esizrs of
long chain faiiy acids deviwed from wegetable oils and animal
fats

42 Unless otherwises spacifisd, samples for analyss shall be
tken bty ithe procedurs described in Practices D 4057 or
[ 4177,

4.3 The bicdiessl specifisd shall conform 1o the deniled
requirsments shown in Table 1.

Ko I—i comidersble escone of experince exie in e U5, with
u M % blesd of bicdicssl prirmaily daced from aopt il wih
30% diesel fad (HX), Expen with bicdi | preduced frem wairal
st wnd cdheroda is dmiler, Experiesce with BDO aned lower bleods in other
T.pi;l'mm is moi un prevaleni. Al bindwsal (B 1500 con be wmed,
by af cver 1 % bicdimzl with dessl fue] (HI0) abould be v dhused

on & cuse by cww banis uaiil Erriber laplrrml o pvailshle
H k the

¥om 2—The asx o
owner's maxaal regarding the unhlu:f of :ulll bizdimel ar hdlul

bhxeds i w particulsr eagise or

5 Test Methads

5.1 The r=quirsmenis snumeraied in ihis specification shall
be determined in sccordance with the following methods.

511 Flask Point—Test Meihosds [ 02, excepl where other
methods are prescribed by law. Test Meihods D 3328 or
[ 6450 can te wsed. The precision and bim of Test
Methods [ 3572 and D #4350 with biodizs2] is oot known and
s cumenily mder investigacion. Tzst bethods [ 02 shall be the
referze method.

512 Beer and Sedimenr—Test Meathod 2700, Teat
Methed [ 170 may also be uszd. Test Method [ 2700 shall be
the referee method. The precision and bizs of fhese fest
meiheds with bindizsel is not known md is curenily under
investigation.

513 Vocssity—Test Methed 445,

514 Fulired Ash—Test Method DVE74.

515 Oedationw Sehility—Teat Method EN 14112,

Capyright by ASTM Int1 {3l rights resersed) for llcensee’s Lse anly
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TABLE 1 Delalod Regquiramenis Tor Blodkeal (B100) (A1l SBullur Lovale)

Cands 343 Gmde BEOD

Praperip Teai Wlathod® Linis Linfs LUnitn
i and ambirad [ U RELTH] B man. 5 s FE“IH"H
Flash point (cicesd aup| =] 15000 rin 4300 min
e e oIrs DUX5T remx DOED mas Y vohums
Kirsnatic viscosty 410 =R 2] REE. I 150" oty
Taluind mhb [=F o D30 remx DG man '
Sabs” 5453 D.HE max [15] CDE: s (53 % mam jppy|
CERp# atp ki (=R § =) Hez. 5 ran Hz. 5 mas
Caimns resber 0243 4T min 47 mmin
Thead poini [=F-2 ] Rapzs” Rapat '
Caabza reniche’ o 4830 EU3SI remx S0 s % mam
dzid rerm ks (=l 050 reax DB man ng K3Hp
Fros [=F.* B [l ] i =] % mam
mim =TT [ =R % mam
F’Mmlw (=K 3] D3H reax DU man ' mam
(= ] TR, (=Rl ] SE0 ran 350 s '
W"il’lﬂmla '
Szdium and Polewiiur , combired EH 1453 I 5 ez mﬂﬂ.‘“
Dol Ty EH 14112 5 minimam I mirdman w

= Tha it st gy rerares [ rehade In 51,
2 2 124, The B0 nrf ccaly B i higber than petialean based disssl bl snd should ba ko inka conaldsation w ke blanding
i,

= Dtfw nulfar Drde cun apply
= Tha clod

T Catoa shall b rurion

5146 Swlfur—Test Method D 54573 Orber st methods may
alsn be mtahle for determining op to 005 % sulfor in hindizae]
fuels such ms Test Methods D 1265, D262Z 3120 and
D424 but may provide falsely high resolis (ee X150
althongh their pracision and bim with biodizs=] s unknown.
Tast bethod 15453 shall be the referes tast method

5.1.7 Corresion—Test Method D 130, 3 b tegt it 50°C,

5.1.8 Cetame Niomber—Test Method D613,

519 Clowd Poimt—Test Mathod D250 Test Mathod
[ 5772 may also be used. Test Method 03117 may also be
wed became it is cloesly relaped Test Mathod D 2500 shall bte
ihe rafzres st method. The precision and bias of Tasi Mathod
13117 for biodizsel is not known and is currently under
investigation.

SLI0 Acid Mumber—Teat Method D264, Test Methods
[ 3242 or D074 may aleo te wed. Test Methed D €64 shall te
the referee test method.

511 Carboa Resice—Test Mathod D4530, A 100%
sample shall replace the L0 % residual, with pereent residue in
the original sample reporied using the L0 % residual caleula-

selacind aran e UnBed Sistea wrd in orar
of bhadea W ol by hikghar fhan brated deasl bl s sheesd b isken mio consdenadicn whan bisnding
T::uch Tample (eee 51.114).

tion (sae X1.0.1% Tast Mathods D 159 or D524 may also be
usecd Taat Mathod 04530 shall be the referss method

5112 Todad Glvoesm—Test Mathod D €534,

5113 Free Glycerin—Test Method D 6584,

5114 Phosphens Comteni—Test Method D0405].

5.1.15 Datilletion Tomperatare, Reduced Preszare—Tet
Method Db L1600

5116 Calmion amd Magsesive, combined—Test Meihod
EM 14536, Test Mathod UOP 230 may abo be used. Test
Meihod EN 14538 shall be ihe referse i meihod.

5117 Sl ama Pedassiam, combived—Test Meihod EN
14538, Test Method UOP 391 may also be psed. Tzst Method
EN 14533 shall be the referee test mechod.

& Warkmnnship

&.1 The bicdiesel fuel shall be wisually free of undissolved
waker, sadimeni, and suspended mmatier
7. Keywords

7.1 abisrrative foel; bicdesel foel; disss] fosl oil; fel cil;
renewoble pasource

3
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AFPENIMXES

iNommamdalory Infomalkon

XL SIGHIFICANCE OF FREOFERTIES SPECIFIED FOR BIODIESEL FUEL

XLI Intreduction

XL.L1 The propenies of commercial bicdiesel fuel dzpznds
upon the refining praciices employed and the nare of che
rerewable lipids from which it is produced Bicdiessl, for
exarmple, can be produced from a variely of vegztahle oils o
animal faes which prodoce similar volatilicy charscteristcs and
combution #missions with varging cold fow properties.

XL.1.2 The sgnificance of the properties in this ippendix
are bassd primarity on the commercial use of biodiessl in
on-road and off-road dessl engine apphications. Some of the
wopartiss may inke on other sienifizance if bindizsel is med as
a fuel or hhudi:_g component in other applications. Ses the
respective finished product spacifications for additional indor-
maiinn on significance of propertias of those applicatinns.

X1.2 Flash Point

¥1.2.1 The Aash point for biodizsel is used as the mecha-
nism o lirmit the Jevel of unreacied alcohol remaining in che
finished fuel.

X1.2:2 The Aash point & abo of imponancs in comection
with legal requremenis and safety pracantions irrclwed in fuel
handling and swrage, and is normalty specified o meei
inswrance and fire repulations.

X1.2.3 The flash poini specification for biodiese] is inbendad
1o be L00°C minimum. Typical values arz over 16050, Due io
high wariability with Test Method 003 as the flash poini
approaches LO0SC, the flash point specification has been s=i o
12FC minimum 1o 2nsure an actual value of 100FC minimum.
[mproverments md alizrmadves o Test Method 095 are being
investigated. Once compleiz, the specificadon of LO0SC mini-
mun may be reevalmaed

XL.3 Wiscosity

X131 For some engines it may be advantageous io spacif
2 minimum '."rn:usilg,'nﬁa:iune u'l':'pu'.'.:r loss do= to iujpn:al:inﬁ
g and injecior leakage. Maximum allowable viscosicy, an
ihe other hand, is limited by comidemtions involwed in engie
design and size, and the characierisiics of ihe injection systam.
The upper himit for the viscosily of biodizsel 150 mm” He al
4040 iz higher than the maximom allowable viscosity in
Specification 0975 Grade 2-D and 2.0 low sulfur €4.1 mm's
at 40FC). Blending hicdieszl with diesl foel clese 1o its upper
limit could r=sult in a biodiesel hlznd with viscosity sbove the
vpper limils contained in Specification [ 075,
X 1.4 Solfsted Ash

X1.4.1 Ash-forming materials may be present in bindizsel
in thrze forms: () abrasive solids, (2] soluble metallic soaps,
and {3} unremeved camlysts. Abrasive solids and unremoved
catalysis can coniribe po injaceor. fusl pump, piston and ring
wear, and also m engine deposiis. Soluble mefal fic soaps have
litdde effect on wear but may coniribute to fler plugeng and
angine deposics.

Capyright by ASTM
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XLE Sullur

XLE] The effzct of sulfur coniznt on engine wear and
deposis appears to vary considerably in imporance and
depends largety on operiting conditions. Fuel sulfor can alss
affect esmissions coniml sysems performance and various
limits on subfur have been imposed for envircomenml reasons.
B100 is ementiadly sulfur-fres.

Mo X1.1 —Tani Meibod D 5453 sbould ba ased with bidiessl. Use of
othar iewi reathods may J:'u'ﬂd-l rl].ItIE‘hqeh remuls l!lul..u I“F Him
wih entremely kow o leveh ¢ w5 ppml. Bicdiesel salfr
solynis From RER: DOZ-L4EDY, Biodiened Fuel Coizee Namber Taniog
FPregram, Joeaary-Aani 1959, ming Tesi Meibod D262 pidded Falwaky
bigh revdlis de o the presmcc of ihe coppm io ihe bicdiesl. Sulior
revalis wing Test Mahed D 2521 ware mare BETEmE 1-||| B0 iban wih
B dus i tha lewar caypm af HI0 T T m
Tan Method [ 2621 may previde mam scoamee vabkin in e fanure.

XLé Copper Sirip Corrosion

X1.6.1 This test serves s a measure of possible difficulties
with copper and hrass or bronze paris of the fuel system The
presence of acid or sulfur-conmining compomds can 1arnish
the copper sinip, i indicating the possibifity for comosion.

XLT Cetnne Number

X1.7.1 Ceiane number is 2 measwe of the ignition quafiy of
the fuel and influences while smoke and combustion rough-
ness. The cetan: number requirements depend on engine
design. size, najure of speed and load warintions, and on
starting and wimospheric conditions.

X1.7.2 The calculsizd ceimre indax, Tast Meihods D 976 or
[0 4737, may nol b2 used o approximaie the ceans numbser
with biodiesel or iz blznds. There is no spbstantiating daia o

it ihe cakulation of cetans index with biodiessl or

bicdiesl blends.
XLE Cloud Point

XLE] Cloud point is of Tmporiance in ihat ic defines the
t=mperature 1t which a cloud or haze of crysials appears in the
fuzl under prescribed tesi condilions which gererally relames o
the lemperaiore al which :r}sllh tegin io precipimiz from the
fuzl in we. Bicdiessl has a higher cloud poini than
peircleum hased d.ieuﬁ'uel '.I".I'rclmd point of biodies| and
iis impact on the cold fow properies of the resuhing blend
should be monilored by the wer 10 ersure irouhle-free opera-
tien in oold chimaies. For furiher information, consuk Appzn-

dim Xd of Spacification 01075,
KL% Corban Residus

XL0.] Carbon residue gives a measwe of the carbon
depositing endencies of a fuel oil. While not direcily corelal-
im with engine deposiis, this properiy 15 comidered an

'Fq:\-pu:ll! o bavs bea Bied a1 AT kemcagond Hadgmnen el may
ke by Frport R D02 {400

mitl (3l right=s reserved) for ficensee’s Use anly
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approximation. Although biodiessl iz in the distillaiz boiling
range, most hindizs=h boil ar approvimaiety the same i2mpara-
tore and & is difficult o lewve @ [0 % residoal upon distillation.
Thus, o 100% sarple is wed io replace the 10% residual
sample, with the calculation exsmied as if it were the 10 %
residual. Parameter E (final weight Aask chargeioriginal weight
flask charge’ in 8.1.2 of Tasi Methcd D0 A53L02 is o commtant
20200,

XLID Add Number

XL10.] The acsd nomber is used 1o debarmnine the level of
frze faity acidk or procassing scids that may be praseat in
bicdiesel. Biodizsel with a high acid number hae been shown 1o
increase fuzlng sysiem deposits and may increase the likeli-
heod for cormsion.

¥om X1.2—dad somber mesane o diffeeme gl far

XL14 Reduced Presare Digillation

XL.14.1 Bicdiesel exhibis a boiling point rather than o
drillation curve. The faity acids chains in the rrw oils and fos
fromn which biodiesel b wed or mimly comprised of
sirmight chain hydrocarborns with 16 to 18 carbons that have
similar boiling temperamres, The acmeospheric boifling point of
biodies=l gemerally rangss from 330 10 357°C, thus ihe speci-
fication walue of 360°C is not pmblermatic. This specification
wis irecrporizd 13 an added precaution o eroure the fuel has
not bezn adulisraed with higlf boiling contaminanis.

Ko X13—The deny of bindinul msing the spacifcaionn o
Teble 1 falls beiween 035 ead 080, wiik typical valoes fullog beismn
0.3 pad OER. Sivcs bindioel denniy Falla b DEE and O30,
separsie peciiceiion in oof seeded. The dessity of raw cibe wed Esta in
sirmilar i bicdiensl therelor ase of demity s o excpedieni check of bl
quality may aot be s usiul for bisdiee] i o foe peirclosm baed
dizsl fael. This sacticn ho ban sdded m previde wen exd enpos

bizdiesl thas peirckoam basad dicsl fucl. The scid pursber for hinkieud
newarea free Fatiy acids or degmedstion by-prodocts o Foand da
prirchun boed diesel fael. [eeresed recycle wmpersares in sew fael

vyaiem desigan sy sccdersio fusl depradation which coald mevdlt i bigh
waid v uhsey aead dncremed flier phEE,! petzekial.

XL Free Glycerin

KLLLL The fres ghycerin methed is used o determine the
Jzw2 of glycern in the fuel. High kevels of free glyoerin can
couze injector deposics, os well os clogeed fusimg sysizms, and
resuk in a buildup of frez glycerin in the botiom of siomee and
Tueling sysizms.

XL12 Tetal Glyeerin

XL12.1 The votal glycern method is ussd to dejermine che
lzwz] of glyoerin in the fuzl and inchdes the fres glyoerin and
ih= glyczrine portion of any unreacied or parcially reacied oil o
fai. Low l=2wels of mial glycerin ensure that high conversion of
the il or fat imio s mono-alky] eseers has taken place. High
lewel of mono-, di-, and triglyendes can capss injactor
depeaits and may adversely affzct cold weather operation and
filter phizging.

XLI13 Phospharus Content

X1.13.1 Phosphoms can damage caialytic conweriers ussd
in emissions conirol sysieos and i level most be kapt low.
Catalytic converer: are becoming more common on dessl-
powersd equipment as smiszions smndards are tight=nad, so
low phesphoms levels will br of Wereasing imporiance.
Bindizs=] produced from U3, sources has been shown to have
lorw oms content (below | ppm? and the specification
valoz of 10 ppm maximum is noi problematc. Bindizsel from
other sourcss may or may nol conizin higher leweh of
phosphons and this specifization was added 1o ensure that all
biodiesel, regardiess of the source, has low phosphons con-
l=ni.

5

with i

Ko X1 A—kn cerismn oo of Al inecii Jaif in F
sicn igniticn engina, och o rul.l:.n.':i.ra.lm fml pumps sed pciors,
thn faal furciicon o w lobricant s wall o0 0 wurce for comboiion.
Hlamding bicdizsl fusl wih l bassd itiza. Fusl
typically improves Bzl habricey.
XL15 Cakivm ond Mognesiom

XL151 Cakium and magnesium may be presanl in biodiz-
3£l a2 abrasive sofids or soluble mefa dlic soaps. Abrsive solids
can coniribme o injactor, fusl pump, piston, and ring wear, os
well as 1o =ngine deposiis. Soluble mewllic scap have litle
effect on wear, bul they may coniribute o fileer plugging and
engie deposiis. High levels of caldiom and magmesiom
compounds may also be collecied in exhaust panicolae
removal devices, are net typically removed during passive or
metree regeneration, and can create increased back pressore and
reduced Gme o sarvice mainemnce,

XL16 Scdium and Petnssium

X L1601 Sedium and poiassium may be presni in biodiasel
us abrasive solids or s-uluﬁ: metallic soaps. Abrasive solids can
cortribuie to injecior, fuzl pump, piston and ring wear, and alss
to engine depogit. Soloble mealfic soaps have fille efzc on
wear, bul they rnn:L contribue vo filter plagging and engine
deposiz. High levels of sodum or poiassium cormpounds may
also be collaced in axhanst partiouduie reowval deviess, ane
not tppically removed during passive or active regeneration,
and they can create increased back prassure and raduced perind

bo sErVicE mumEmnce,

XLIT Ozidation Stability

X1.17.1 Products of cxidation in bicde sl can take the form
of various mids or polymers, which, if in high encugh
conceniraton, can cause fel sysem deposiis and kad o filier
:::‘%5] and foel system malfuncions. Additrees d-es-i%:ed 1o
r the formation of acids and polymers can signibcanty
improve ihe cxidation siability performance of biodiesl. See
Appendin X2 for additional information on long-tenm siomge.

Lal
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X1 LONG-TERM STORAGE OF BIOINESEL

X211 Scape

X2.1.1 This appendix provides guidance for consumers of
ticdiesal (B 100 whe may wish to gors quantitiss of fiels for
exiended pericds. Consisiently successful long-term fuzd stor-
ag= prquirzs atienlion io fuel szlection, siorage conditions, and
monitoring of properiies prior to and during storage. This
appendix is direcizd toward biodizsel (B L0} md may be more
or lzss applicable io blends of biodizsel with priroleum basad
hizsz] fuel.

X212 Nommally produced bicdiesel has adequaee stability
wopertiss o withsiand normal siorage without the formation of
troublzsnme amounis of insclhle degradation prodoci, al-
Ilnu h daia EU%FIIE some hiodizse] may degrade faster than

um buwed diesl furl Biodiesel that is to be siored for
p'ulun,g:d perinds shoull be selected bo avoid formadon of
sedimeniz, high acid numbers, and high viscositiss thai can
clog fileers, affect fuel pump operation or pluEhcurul:-l.um
nozades or injeciors. The selaction of hicdieszl should resuli
from supplier-user discussicns.

K2.1.3 These sugpesied practices are g2neral in nators and
should not be considersd subetiiobes for a? T UITEmeni
impoeed by the warmty of ihe distillae fuel equipmeni
manufmciurers or by federal, soaiz, or local pewrcnment regu-
lations. Adthough they camot replice knowledge of Iocal
conditions or good #nginsering and scientific judemeni, thee
:ﬁgmﬂ Elrlcline:- do provide muidance W developing an
individual fiel management sysizm for the bisdiasz] fusl wer.
They include mggestions m ihe opzration and mainienance of
axisting fuel storage and handling faci ities and for Mentifying
where, when. and how fuel quafiy should be monitored.

X212 Terminology

X221 balk fesi—fel in the storage facilicy in quantices
arer 50 pallons.

X2.1Z combustor fael—foel enieving the combustion zone
of the burner or engire after filimtion or other treament of bufk
Tuel.

X213 fuel contamingnts—oreign marenials that male fel
lass suitahle cr msuimble for the inended uss. Fosl coniami-

manis include maizrials introdoced sbssquent to the manufac-
ture of fiel and fiel degradation producis.

K2.2.4 faeicepnadation procecti—ihose matenials formed
in fuel after it is produced. Insaloble depraction producis may
combing with other fuzl conlaminants io remforce delaterions
zffzcts Scloble dagradation producis (acis and gums’ may be
meorz or less volatile than the fuz] and may caose an increase in
injector and noxale deposit. The formation of degradation
moducis may be caialyred by comact with metals, especially
thoee containing copper and, 1o o lesser extent, iron

X215 bowp-irm siorape—simmage of fuel for longer than 6
months afier it is recsived by the usar

X213 Fuel Selection

X131 The smbility properes of biodiessl are not fully
mdersiood and oppear o depend on the vegetabls oil and

Capyright by ASTM

]

animal fai sowzes, severily of procesing. ind whether addi-
tiomal production plant treatment has besn carfied oul or
stability additives are prasen.

X232 Thecomposilion and siability propertiss of hindizse]
prn:i.n:cd at specific preduction planty may be differzal. Any
:Ea: raquiremenis of the wer, such as long4=nm siomge,
uld be diszussed with the supplier.

K24 Fuel Addicives

X2.4.1 Avnilable fuel additives appear 1o mprove the long
term storage of hindizsel. Most wdditiwes should be added as
closz i the production sile 15 possible 1o obian maximuom
berefis.

X242 Becides or biosam desinoy or inhibit the growth of
fungi and bactaria which can grow ai fosl-waier nierfices o
gire high pl.rlu:ulah corcenrations in the fuel Awailible
biocides are soluble in the foel phase or the waler phase, or
beih. Refer o Guide [ 6359 for o more compleiz discussion.

X215 Tesix for Fuel Quality

X251 Test methods for estimmating the storage siability of
biodiess| (B100) are being developed. Modification of Test
Methed DZZ 4o use glass fiber filiers, warying times and
temperatures, and ihe oeasurement of predest and post-iest
wcid mumber and viscosiiy appear promisng. However, come-
lation of this 123t with scal siorage siabdility is unknown and
mmay depend opon fisld conditions ind foel composition

X152 Performmmce crilevin for acozleraied siabilky tess
that ensure sitisfaciony lomg-izrm sborage of hindesz] (B1001
have not bezn asiablished

X6 Fuel Moniloring

X2.6.1 A plan for monitoring the quality of bulk fzl doring
prolonged storage is @ integral part of o successdul monitoring
progam A& plin bo replace aged fuel with fresh produc o
established imervals is a]su dzzmble.

X262 Siored fuel should be perisdically sampled and s
quality asszssed. Practice D 4087 provides guidance for sam-
pling. Fuel contaminaniz and degradation prodoc: may setile
to the bottomn of a quizscent ank although detrioenal changes
to bicdiessl can ooour frising acid wvalue) without causing
sedimenl formation. & Fotom or Clearaace sample, 15 defired
in Practice 004057, shoul ke included in the 2valuation along
with an Al Leved sample.

X263 The quantity of insoloble fosl conbaminants present
in bicdiesel can be defermined using Test Method 0 6217 with
@lass fiber filiars and abundant washing although no precision
or bias testing has bezn performed with biodizsel wing Test
Methed D6217.

X1.64 The ac walue of bicdiessl appaars to sxcesd s
specified maximum before other deleizrions foel properiy
changss scour. A comscientious program of measuring the acid
waluz of bindizsel may be sufficient for moniioring biodizsel
stability.

it (3l rights regerved) for Hoensee's Use only
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X217 Fuel Blornge Conditioms

X2.7.1 Contamination levels in fosl can be reduced by
siomge in tanks kept fres of water, and tankage should have
provision: for water draining on a schedulked basis. Waler
promoles comcsion, and microbiclogical growth may oooo at
a fel-water inerfamce. Befer to Guide D&460 for a more
complete discossion Underground or ‘sothermal siorage is
prefeered bo avoid lempermture exremes; ahove ground siomgs
lanks should be sheliered or pained with reflective painl. High
sinmge emperaiunes woelerale fuel degradaton. Fixed rocof
tanks should be kept foll 1o limit coygen sopply and fank

Erzathing. The use of ainight sealed containers, such as dums
or botes, can enhance the siorge e of hiodessl.

2372 Copper and copper-conbuining alloys should be
avoided with biodiezel due 1o increased sadiment and deposi
fommation. Conmet with lead. tin, and zinc can also couse
increased sediment lewels that can rapidly plg fikers and
should be avoided.

X173 Appendix X3 of Spacification [ 2EE0 dizowaes fuel
contaminanis 13 a general bopic. The discussion m Specifica-
ticn [ 28E0 perigins bo gas torhine combustion which may or
mmay 0ol be applicable m diessl #ngine combmrion.

SUMMARY OF CHAMNGES

Svbcormmities DOZED has Wencifisd the kecation of sslected changss o this smrdard since the last issos
(1 6751 -06b} that may mpact the use of this sandard (Approved Feb. |, 20000

o) Removed the open end agresment in Foomote A of Table
1

lfé'l Included Tesi ¥ethod 15773 as an alemative io Test
Method [ 2500,
€31 Removed references to blending with Specification 0 975

and mede Specification D 6751 2 geosric blend stock spacifi-
cation.

(4 Added o ssntenos 1o MNoje 2

(5 Acded X1.1.2.

Svbcormmitize DIZED has Wentifisd the location of selecied changss w this standard since the last issue
(6751 06 thal may impact the use of this standard. (Approved Dec. 1, 2006

011 Added Test Methcd EN 14112 to the Rafarnced Doou-
miznis, Taklz 1, and 5.1.5.

€21 Added X1.17.

31 Added Test Method EN 14538 4o ihe Refzrenced Doou-
menis and Table 1.

oy Added 5116
N Added 5.1.17.

Svbcormmities DOZED has Werncified the location of sslected changss w this smrdard since the last issos
(03 6751061 that may impact the s of ihis smodard. (Approved Aug. |, 2006

(11 Revisad rhe Scope.
€21 Added UOP 150 io the Referznced Documenis.

€34 Added caleium and magresium information i Table 1 and
X115

Svboormmities D02 ED has Wencified the location of sslecied changss o this siandand since ihe lasi issoe
(D 6751 03} thal may impact the use of this stardand. (Approved May 3, 2006,

11 Revised acid value in Tahle | from 0050 g2 0050 maximum
mg EOH/ e
€21 Total combined sodium phs polassivm conient of 5 ppm

AETM enatona’ aker g pﬂ.l'Mﬂ.pld‘na Hﬁ:‘wpﬂd

mmaximun was sdded w Tahle 1.
(35 Added X116,
idy Added UOP 231 to Table | and Seciion 2.
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