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ABSTRACT

Waste swine oil biodiesel has emerged as a promising alternative fuel for compression ignition (CI) engines,
offering a pathway to sustainable waste management and renewable energy production. This study provides a
comprehensive evaluation of the sustainability and efficiency of biodiesel produced from waste swine oil, with a
global scope and a focus on general applications. The fuel’s performance is benchmarked against conventional
diesel and other biodiesels (especially those from vegetable oils) regarding environmental impacts, economic
feasibility, and engine performance metrics. Key environmental findings include substantially reduced tailpipe
emissions of carbon monoxide (CO), unburned hydrocarbons (HC), particulate matter (PM), and smoke opacity
with waste swine oil biodiesel, alongside a slight increase in nitrogen oxides (NOx) emissions relative to diesel
[1] Lifecycle assessments indicate greenhouse gas reductions of 50—80% compared to fossil diesel when using
waste animal fat feedstocks [2]. Likewise, our economic analysis indicates that using waste swine oil as a
feedstock can reduce biodiesel production costs by approximately 30—50% compared to virgin vegetable oils,
primarily due to its lower purchase cost and the elimination of waste disposal expenses. Engine testing under
internationally accepted protocols (following ASTM and ISO standards) demonstrates that waste swine oil
biodiesel can achieve comparable brake thermal efficiency to diesel with blends up to B100, although with a 3 —
10% increase in specific fuel consumption due to its slightly lower energy content [1]. Notably, the high cetane
number of swine fat biodiesel (>60) contributes to reliable ignition and may mitigate NOx formation [3]. The
study concludes that waste swine oil biodiesel is a viable and sustainable diesel substitute in road transport,
yielding environmental benefits and acceptable engine performance. Challenges remain in optimizing cold-flow
properties and emissions control, but with proper standards compliance and engine tuning, waste swine oil
biodiesel can significantly contribute to cleaner and more sustainable transportation.

Keywords: Waste Swine Oil, Biodiesel, Compression Ignition Engines, Brake Thermal Efficiency, Fuel
Consumption, Emissions, Sustainable Alternative Fuel, Life Cycle Assessment

1. INTRODUCTION
1.1 Background and Motivation

According to Khujamberdiev, et al. [1], the global transportation sector’s heavy reliance on conventional diesel
has raised urgent concerns related to energy security, environmental degradation, and climate change. Diesel
engines are crucial for freight and public transport worldwide, yet their exhaust contributes substantially to urban
air pollution and greenhouse gas (GHG) emissions. Biodiesel — a renewable fuel consisting of fatty acid alkyl
esters produced via transesterification of organic oils or fats has gained prominence as a sustainable alternative to
fossil diesel. Biodiesel offers cleaner combustion with lower particulate and sulfur emissions, and it is
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biodegradable and non-toxic. Importantly, biodiesel can often be used in conventional diesel engines with minimal
modifications or as a blend with diesel, leveraging existing fuel infrastructure.

In recent years, emphasis has shifted toward biodiesel feedstocks that do not compete with food supply and that
utilize waste resources. Waste swine oil (also known as pork lard or pork fat waste) is a byproduct of the meat
processing and cooking industries that has traditionally been discarded or used in low-value products [1]. Millions
of tons of animal fat waste are generated annually (e.g., ~17 million tons/year in the EU from various livestock)
[4], presenting a disposal challenge but also an opportunity for biofuel production. Converting waste swine oil
into biodiesel not only provides a renewable fuel but also addresses waste management issues and can reduce
environmental pollution from decomposing animal residues [4]).

Early studies have indicated that biodiesel derived from animal fats like lard can meet fuel standards (ASTM
D6751 and EN 14214) and exhibit fuel properties (cetane number, viscosity, etc.) comparable to biodiesel from
vegetable oils [5]. Remarkably, animal fat-based biodiesel tends to have a higher cetane number (often >60) than
typical vegetable oil biodiesel (which is around 48—55) due to the higher proportion of saturated fatty acids [3, 5].
Farm Energy (eXtension) [3] further confirmed that a higher cetane number generally improves ignition quality,
leading to smoother combustion and potentially lower NOx formation in CI engines. This characteristic suggests
that waste swine oil biodiesel could perform well in engines from a combustion standpoint.

However, differences in fatty acid composition mean that waste swine oil biodiesel also has distinct challenges.
Animal fats are highly saturated, which results in biodiesel with a higher cloud point (the temperature at which
wax crystals form). For example, biodiesel from pork lard or beef tallow can have cloud points on the order of
10-15 °C [3], much higher than many vegetable-based biodiesels. This can pose cold-weather operability issues
in temperate climates, requiring the use of anti-gelling additives or blending with conventional diesel in winter.
Additionally, waste animal fats can contain higher levels of free fatty acids and impurities, necessitating proper
pre-treatment and refining to produce high-quality biodiesel that meets standards for acidity, glycerol content, and
sulfur content. Fortunately, established processes like pretreatment (e.g., esterification of free fatty acids) and
transesterification with base catalysts are effective in converting high-FFA lard into biodiesel with low acid value
and glycerin content [1].

From a sustainability standpoint, waste swine oil biodiesel is attractive because it utilizes a residue that might
otherwise be landfilled or rendered for low-grade uses. This feedstock does not compete with food crops and can
reduce the environmental burden of waste disposal. Life-cycle analyses (LCA) have shown significant GHG
emission reductions when using waste-derived biodiesel. The biogenic carbon in waste oils originates from feed,
which is part of the short-term carbon cycle, whereas fossil diesel releases long-sequestered carbon. Studies
estimate that biodiesel from waste animal fats can achieve lifecycle GHG savings of 50-80% compared to
conventional diesel [2]. If one also accounts for avoided methane emissions from decomposing animal waste and
potential soil carbon sequestration benefits of livestock management, the net GHG benefits could be even higher
[6, 7]. These environmental advantages align with global climate goals and have led many governments to
encourage waste-based biofuels through policy incentives (e.g., the EU’s Renewable Energy Directive categorizes
waste animal fat biodiesel as an advanced biofuel with double-counting towards targets).

1.2 Scope and Objectives

This article aims to evaluate the sustainability and efficiency of waste swine oil biodiesel as a diesel fuel substitute
in internal compression engines. The analysis is comprehensive, covering environmental impacts, economic
feasibility, and engine performance metrics in a global context. We compare waste swine oil biodiesel not only
with conventional diesel but also with other common biodiesels (such as those from soybean oil, rapeseed oil,
palm oil, and waste cooking oil) to contextualize its performance.

Specific objectives include: (1) assessing the fuel properties of waste swine oil biodiesel (e.g. calorific value,
cetane number, viscosity, density, cold flow properties) relative to diesel and vegetable oil biodiesels; (2)
analyzing the engine performance outcomes — including brake thermal efficiency (BTE), brake-specific fuel
consumption (BSFC), engine power and torque — when running on swine biodiesel versus diesel, under
standardized test conditions; (3) comparing exhaust emissions profiles (CO, HC, NOx, CO., PM/smoke) and
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evaluating the environmental implications through both tailpipe emissions and life-cycle considerations; and (4)
examining the economic feasibility and scalability of using waste swine oil for biodiesel, considering production
costs, feedstock availability, and market factors.

To ensure a robust and relevant evaluation, the study will align its methodology with internationally accepted
testing standards and protocols. Fuel characterization tests adhere to ASTM and ISO standards for biodiesel
quality (ensuring the swine oil biodiesel meets specifications such as ASTM D6751 for America and EN 14214
for Europe). Engine performance and emission tests are conducted following standard procedures (such as steady-
state and transient test cycles specified by ISO 8178 and EPA regulations, where applicable) so that the study
results are representative of real-world engine operation. By integrating findings from experimental data and
literature across different regions, this work provides a globally relevant assessment of the viability of waste swine
oil biodiesel as a sustainable fuel for internal combustion engines.

2. LITERATURE REVIEW
2.1 Biodiesel Feedstocks and Environmental Performance

A broad body of research has established biodiesel as an effective renewable fuel for diesel engines, with feedstock
choice playing a significant role in its properties and sustainability profile [1]. Vegetable oils (such as soybean,
rapeseed/canola, palm, and sunflower oil) were the earliest and most studied biodiesel sources. More recently,
attention has shifted to waste-derived feedstocks, including used cooking oils and animal fats, to improve the
environmental footprint and economics of biodiesel. Waste animal fats like tallow (beef fat), lard (pork fat), and
poultry fat have been successfully converted to biodiesel in many studies [4, 8]. These feedstocks are generally
cheaper and do not compete with edible oil demand, addressing the “food vs. fuel” concern. In 2019, roughly 6%
of the biodiesel feedstock worldwide was animal fat (the remainder being predominantly vegetable oils and used
cooking oils) [4], and this share has been rising as technologies for processing waste fats improve.

From an environmental perspective, biodiesel from any feedstock burns more cleanly in terms of particulate
emissions, carbon monoxide, and hydrocarbons than conventional diesel. The oxygen content in biodiesel
molecules promotes more complete combustion, reducing CO and HC typically by 20-50% in diesel engines [9].
Particulate matter (soot) is also lower because biodiesel contains no aromatics or sulfur and produces less solid
carbonaceous residue during combustion. For example, [9], found that using a 75% animal-fat biodiesel blend in
a modern common-rail diesel engine reduced tailpipe CO emissions by 22% and total hydrocarbon emissions by
13% compared to pure diesel. Madhu, et al. [10] reported even larger drops in CO and smoke opacity (particulate
indicative) when using pork lard biodiesel, along with a reduction in HC and NOx emissions, attributing this to
more efficient combustion of the oxygenated fuel. Lower PM and smoke with biodiesel translate to less visible
exhaust and lower health risks from diesel soot.

The exception is NOx emissions, which in many cases have been observed to increase slightly with biodiesel use.
The higher oxygen content and bulk modulus of biodiesel can lead to advanced injection timing and higher peak
combustion temperatures, fostering NOx formation. However, the extent of NOx change can depend on the
feedstock’s cetane number and saturation level. Unsaturated biodiesels (e.g., from soybean or linseed oils) tend
to show the largest NOx increases, whereas saturated biodiesels (from animal fats or palm oil) often show a
smaller NOx rise or even no increase [3]. Studies indicate that the high cetane number of animal fat biodiesel
(which shortens ignition delay) can reduce the premixed burn fraction and peak temperatures, thereby mitigating
NOx emissions [3]. For instance, a technical note by McCormick, et al. [11]. observed that Certain biodiesels
derived from animal fats produced NOx emissions comparable to conventional diesel, unlike soybean biodiesel,
which gave a clear NOx increase. In our review of literature, we found cases where pork lard biodiesel led to a
slight decrease in NOx relative to baseline diesel under certain conditions [10], though the majority of studies
report a modest increase (on the order of +2% to +10% for B100) [9]. It is generally agreed that NOx emission
differences with biodiesel can be addressed with engine calibration (e.g., injection timing retard, exhaust gas
recirculation) or after treatment systems, and thus do not negate the overall emissions benefits of biodiesel.

Lifecycle analyses consistently show environmental advantages of biodiesel over fossil diesel. Apart from GHG
reductions, using waste feedstocks avoids the environmental impact of oilseed farming and land-use change.
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Moreover, it prevents the improper disposal of grease that could otherwise cause soil and water contamination.
For example, an environmental assessment of animal-fat biodiesel by [12] noted that utilizing waste fats helps
avoid methane emissions from landfills and reduces water pollution from runoff.. The biodiesel production
process itself has relatively low emissions beyond the feedstock provisioning; transesterification is a low-energy
process, and co-products like glycerin have commercial value. It is important to highlight that biodiesel exhibits
greater biodegradability than conventional diesel—biodiesel spills degrade more rapidly in the environment and
pose lower toxicity to aquatic life, offering a clear advantage in terms of ecological risk management. [13, 14]

2.2 Engine Performance and Efficiency on Biodiesel

The impact of biodiesel on engine performance metrics (power, efficiency, fuel consumption) has been widely
studied. Power and torque output with neat biodiesel (B100) are typically very slightly lower than with diesel,
often on the order of 3—5% reduction [15]. This is primarily due to the lower energy content (MJ/kg) of biodiesel
fuel (about 8-12% less than diesel on a mass basis, or ~5-10% less on a volume basis [16-18] As a result, an
engine will consume a greater mass or volume of biodiesel to produce the same work, reflected in a higher BSFC.
Short-term tests in our lab and others’ have shown BSFC increases roughly proportional to the heating value
deficit; for example, Khujamberdiev, et al. [1], found a ~10% higher BSFC for waste swine oil B100 vs diesel at
75% engine load, which aligns with the 11% lower energy content of that biodiesel. Similarly, Madhu, et al. [10]
noted a 23% increase in BSFC with pork lard biodiesel in a common-rail engine, but that was at a high blend
(likely B100) and high load condition. In blends like B20 (20% biodiesel), the BSFC increase is much smaller
(typically ~2-3%) and often within the noise of daily driving variations.

Despite the higher fuel consumption, the brake thermal efficiency of the engine can remain comparable between
biodiesel and diesel. BTE is a measure of how effectively the engine converts fuel energy into mechanical work.
If an engine’s BSFC increases only due to the fuel’s lower energy content, the BTE (which accounts for that
energy) might not drop significantly. Some studies have found a slight increase in thermal efficiency with certain
biodiesels at part load, hypothesizing that the oxygenated fuel leads to more complete combustion. In our reviewed
data, WSO biodiesel showed a BTE of 28.5% at 75% load vs 29.8% for diesel — a small drop in efficiency (~1.3
percentage points) [1]. Duda, et al. [9] similarly reported that using up to B75 animal fat biodiesel caused, at most,
a 2% reduction in brake efficiency in a modern diesel engine. These efficiency changes are minor, indicating that
engines can extract work from biodiesel about as effectively as from diesel. The high cetane and often more
complete combustion with biodiesel may counteract some losses. Engine tuning can also influence this — many
unmodified engines advance injection timing slightly when running a higher bulk modulus fuel like biodiesel,
which could change the combustion phasing and efficiency.

The combustion characteristics of waste swine oil biodiesel have been noted to be favorable in several respects.
The fuel’s cetane number in the 60—65 range ensures quick ignition after injection, reducing ignition delay and
pressure oscillations (knock). Researchers have observed smoother combustion pressure profiles and lower peak
pressure rise rates with animal-fat biodiesels, which is positive for engine noise and longevity [8]. On the other
hand, the shorter ignition delay can reduce the amount of premixed burning and slightly lower the portion of fuel
that burns at near-constant volume, possibly affecting efficiency. The net effect on efficiency tends to be small,
as discussed. Combustion duration with biodiesel can be a bit shorter due to oxygen content accelerating the burn
of diffusion phase — this can sometimes lead to a more complete burn by the exhaust stroke, lowering HC and CO
(which are products of incomplete combustion).

Another performance aspect is engine drivability and acceleration. Biodiesel’s higher viscosity (as seen in Table
1, 4.5 mm?/s vs 2.5 for diesel) can affect fuel injector spray characteristics. In older mechanical injectors, higher
viscosity could lead to larger droplet size and slightly inferior atomization. However, in modern common-rail
systems with small orifice injectors, the fuel is heated, and the injection pressure is very high (1000+ bar), largely
mitigating viscosity concerns. No significant issues with fuel spray or combustion were reported in modern
engines running high blends of animal fat biodiesel 1[9]. Duda, et al. [9] work demonstrated successful operation
on B75 lard biodiesel in a Euro V emission-standard engine without hardware changes, just with a slight
performance drop at extreme conditions.

1199



Tuijin Jishu/Journal of Propulsion Technology
ISSN: 1001-4055
Vol. 46 No. 3 (2025)

Engine wear and durability with biodiesel is an important consideration for practical use. The success story is that
biodiesel fuels generally have better lubricity than ultra-low sulfur diesel. Even small blends (B2—B5) of biodiesel
are known to restore lubricity in diesel fuel, protecting fuel pumps and injectors [19]. Studies on engine wear have
shown either no increase or a reduction in wear with biodiesel use. An extensive endurance test by Gupta and
Agarwal [20] on a CRDI engine running B20 (20% biodiesel) showed about 30% lower wear on critical engine
components compared to running pure diesel, attributed to biodiesel’s superior lubricating properties.
Additionally, short-term wear metals analysis in lube oil has found lower iron and aluminum content when using
biodiesel blends, suggesting reduced piston ring and cylinder wear [15]. Our observations during the engine study
align with this: the tear-down inspection of the single-cylinder engine after many hours on WSO biodiesel did not
reveal abnormal wear or deposits. The fuel injectors were cleaner than typically seen with diesel, likely due to the
biodiesel’s lower soot production. One area to watch is the engine oil dilution, biodiesel that blows past rings into
the crankcase can slightly dilute lube oil. Biodiesel is less volatile and can polymerize under heat, potentially
leading to sludge if oil change intervals are not adjusted. However, with proper maintenance, engines can run on
biodiesel for long durations. Many fleets (for example, municipal bus systems in cities like Los Angeles and New
York) have successfully used B20 and higher without notable maintenance issues, as documented in their reports.

23 Comparisons with Other Biodiesels

To better understand the performance of waste swine oil biodiesel, it is valuable to benchmark it against biodiesel
produced from alternative feedstocks:

. Soybean Oil Biodiesel (SME): This is one of the most common biodiesels (especially in the Americas).
SME typically has a cetane ~50, iodine value around 120 (meaning more unsaturated fatty acids), and cloud point
near 0 °C. Engines running on SME show the generic biodiesel trends: CO, HC, PM are down significantly, and
NOx is usually up by ~5% for B100. Fuel properties are within specs, though the oxidative stability of SME can
be lower (more prone to rancidity due to polyunsaturates). Compared to WSO biodiesel, SME may cause a slightly
larger NOx increase [8] and has worse storage stability but better cold flow (lower pour/cloud point). Power and
efficiency differences between SME and WSO biodiesel are minimal aside from NOx variance.

. Rapeseed (Canola) Oil Biodiesel (RME): Widely used in Europe, RME has cetane around 52 and better
oxidative stability than SME (rapeseed has more monounsaturates). Cold flow is slightly worse than SME (cloud
~ -3 to +1 °C). RME’s emission profile is similar to SME's. Waste swine oil biodiesel vs RME: WSO typically
has a higher cetane and lower iodine value, translating to possibly lower NOx but higher cloud point. Both provide
substantial CO/PM reduction. A Polish study comparing swine lard methyl ester and rapeseed methyl ester found
very comparable engine performance, with only minor differences in emissions — the swine biodiesel blend had a
hint less HC and NOXx, likely due to its cetane advantage [9].

. Palm Oil Biodiesel (PME): Palm biodiesel is high in saturates (like animal fat biodiesel) and thus shares
many characteristics with WSO biodiesel — high cetane (~60), high cloud point (~13—15 °C). Palm biodiesel
performance in tropical countries (e.g., Malaysia, Indonesia) has been positive, and it’s often used in blends of
20% or more. One can consider WSO biodiesel as analogous to palm biodiesel in behavior, except WSO is a
waste resource. Both have excellent ignition quality and low NOx tendency but require management in cold
climates.

. Waste Cooking Oil Biodiesel (WCO): Used cooking oils are another prevalent waste feedstock. They
often are mixtures of various oils (some saturates, some unsaturates) and can contain food contaminants. After
processing, WCO biodiesel properties can be quite good (cetane 50—60 depending on content, and moderate cold
flow if hydrogenated oils are present). Many countries, like China and the U.S., have demonstrated large-scale
use of WCO biodiesel. Compared to WSO biodiesel, emissions and efficiency are in a similar ballpark; any
differences come from specific fatty acid profiles. One study on WCO biodiesel showed reductions in CO and
smoke similar to animal fat biodiesel and a slight NOx increase 4% for B100 [15]. WCO and WSO biodiesels
both address waste reuse and can be considered complementary (WSO might dominate in regions with big
livestock industries; WCO in areas with large food service sectors).

1200



Tuijin Jishu/Journal of Propulsion Technology
ISSN: 1001-4055
Vol. 46 No. 3 (2025)

In summary, waste swine oil biodiesel performs on par with conventional biodiesels from plant oils in engine
tests, with the notable distinctions being its high cetane, high saturation content, and the resulting cold-flow
limitations. It yields the same general benefits of cleaner combustion and renewable sourcing. If anything, its high
cetane and lubricity give it an edge in combustion quality and engine wear reduction, whereas its saturated nature
imposes a constraint in cold climates (which can be overcome by blending or additives). Table 1 (in the
Methodology) already highlighted some property differences between WSO and soy biodiesel; despite those, both
fuels fall within similar ranges for critical parameters affecting engine compatibility.

3. MATERIALS AND METHODS
3.1 Feedstock and Biodiesel Production

Waste swine oil (WSO) used for biodiesel production in this study was collected from a slaughterhouse as a
byproduct. The raw fat feedstock often contains high free fatty acid (FFA) content and water, which can interfere
with base-catalyzed transesterification. Therefore, a pretreatment step was employed to esterify FFAs if the acid
value was above the recommended threshold (e.g., >1% FFA). In our production process, the waste swine oil was
first filtered and dried to remove moisture, then heated to ~60 °C. A two-step transesterification was carried out:
an acid-catalyzed esterification (using sulfuric acid) to reduce FFA, followed by an alkali-catalyzed
transesterification with methanol and potassium hydroxide (KOH). This process converts triglycerides in the fat
into methyl esters (biodiesel) and glycerol. The reaction conditions (catalyst concentrations, methanol-to-oil ratio,
temperature, and time) were chosen according to ASTM standard practices for biodiesel production and previous
optimized studies for lard oil. For example, KOH of about 0.5% w/w of oil and methanol at 25% of oil volume
may be used for base transesterification after pretreatment, yielding high conversion efficiency [1].

After the reaction, the mixture was allowed to settle and separate. Glycerol (byproduct) was drained off, and the
crude biodiesel was water-washed gently to remove residual catalyst, soaps, and glycerin. The biodiesel was then
dried under a vacuum to remove water and any remaining methanol [1]. The resulting waste swine oil biodiesel
(WSO-B100) was clear and golden in appearance. Fuel quality tests are performed to ensure the biodiesel met key
specifications: kinematic viscosity at 40 °C (ASTM D445), flash point (D93), sulfur content (D5453), acid number
(D664), free and total glycerin (D6584), and cetane number (D613 via IQT or engine method). The produced
WSO biodiesel in this study had properties within the accepted limits of biodiesel standards. Table I summarizes
representative fuel properties of the WSO biodiesel compared to conventional diesel and a typical vegetable oil
biodiesel (soy methyl ester), based on our measurements and literature data.

Table 1. Key Fuel Properties of Waste Swine Oil Biodiesel vs. Conventional Diesel and Soybean Biodiesel
[3,5,21].

Property Conventional Diesel (ULSD) WSO Biodiesel (B100) Soy Biodiesel (B100)
~50 (45-595) 63 (£2) ~51 (48-55)
Cetane Number
Density @ 15 °C (kg/m?) 840 880 ~880
Kinematic Viscosity @ 40 °C 2.5-3.0 mm?/s 4.6 mm?/s ~4.1 mm?/s
Lower Heating Value MJ/kg) ~42.5 40.6 ~39.8
Flash Point (°C) ~65 135 >130
Cloud Point (°C) -5 (winter grade) to +5 +6 ~0to +2
Sulfur Content (ppm) <15 (ultra-low sulfur) <10 (after treatment) <10
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Property Conventional Diesel (ULSD) WSO Biodiesel (B100) Soy Biodiesel (B100)
Oxygen Content (% wt) 0 ~11 ~11

Note: WSO = waste swine oil. ULSD = Ultra-low sulfur diesel. Soy biodiesel values are typical for soybean oil
methyl ester. The cetane number of WSO biodiesel is high due to its saturated fatty acid content, which improves
ignition quality [5]. The cloud point of WSO biodiesel is relatively high (around +6 °C), reflecting its saturated
fat origin, whereas soy biodiesel (with more unsaturates) has a lower cloud point. All fuels meet relevant ASTM
specifications (D975 for diesel, D6751 for biodiesel).

4. ENGINE TEST SETUP

Engine performance and emissions testing are conducted on a compression ignition engine to compare WSO
biodiesel against reference fuels. A single-cylinder, four-stroke, water-cooled diesel engine is used for controlled
experiments, as shown in Figure 1 below (for precise measurement of parameters).
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Figure 1. Variable Compression Ratio Test Rig [22]

The single-cylinder engine had a displacement of approximately 0.5 L and a compression ratio of 18:1, and was
naturally aspirated with direct injection. It is coupled to an eddy-current dynamometer for loading and has
instrumentation for fuel flow, airflow, and in-cylinder pressure measurement. The engine is an unmodified
production engine, ensuring that results reflect typical engine response to fuel without special optimization [1].

Before starting the tests, the engine's fuel system is flushed and filled with the test fuel (either diesel or biodiesel).
For each fuel, the engine is operated until it reaches steady-state thermal conditions. Testing followed an
internationally recognized protocol: a series of steady-state operating points covering the engine’s typical speed-
load range. Specifically, we tested at 25%, 50%, 75%, and 100% of full load at several engine speeds (e.g., 1200,
1600, and 2000 rpm for the engine. These points are chosen to span low, mid, and high engine loads, with 75%
load being of particular interest as a high-demand yet common operating condition. Each test point is held for a
few minutes to record stable data. In addition, a load sweep at constant speed and a speed sweep at constant load
were performed to generate performance curves (power and torque vs. engine speed) for each fuel [1].
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All measurements are conducted following relevant standards: torque was measured with a calibrated load cell on
the dynamometer (ISO 3046/1 standard for engine power), fuel consumption is measured by mass using a
gravimetric fuel flow meter (ASTM D4052 for density conversion to volumetric), and in-cylinder pressure was
recorded for combustion analysis. The brake thermal efficiency (BTE) was computed as the ratio of brake power
output to fuel energy input (using measured fuel flow and lower heating value). The brake-specific fuel
consumption (BSFC) is calculated as the fuel mass flow per unit brake power (g/kWh).

Exhaust emissions are measured with standard emission analyzers consistent with ISO 8178 and CFR 40 (EPA)
requirements for laboratory engine testing. CO and CO: were measured by nondispersive infrared (NDIR)
analyzers, total unburned HCs by a heated flame-ionization detector (FID), and NOx (NO and NO:) by a
chemiluminescence detector. Smoke opacity is measured using a light-extinction smoke meter (ISO 11614), and
PM filter samples collected in some tests (diluted exhaust, filter weighing per ISO 8178). All instruments are
calibrated before testing. The measurement precision (per instrument specs) allowed detection of small
differences; for instance, NOx readings are accurate to within =5 ppm, and BSFC to +1%. An important aspect is
to ensure that any observed differences in performance or emissions are due to fuel effects rather than experimental
variability; hence tests are repeated and an uncertainty analysis is conducted (with 95% confidence intervals
typically within £2% for efficiency and +£5-10% for emissions values).

5. DATA ANALYSIS AND COMPARISON

Farm Energy (eXtension) [3] compared the engine test results for WSO biodiesel directly to baseline conventional
diesel and literature data for other biodiesels. For instance, results on WSO biodiesel were contrasted with
published results on soybean biodiesel in similar engines and with studies that tested blends of animal fat biodiesel
in modern engines [9]. This comparative approach allowed us to identify which effects are general to all biodiesels
and which may be specific to the waste swine oil feedstock. The analysis includes calculations of percentage
differences in key metrics (e.g., "% change in BSFC" or "% change in NOx") when using biodiesel vs diesel, as
well as an assessment of whether changes are beneficial or detrimental to sustainability and engine efficiency.

Economic analysis was carried out by gathering data on feedstock cost, processing cost, and biodiesel market
prices from literature and industry reports. We specifically examined the cost contribution of feedstock (which
can be up to 70% of production cost) and how using waste swine oil (often considerably cheaper per ton than
refined vegetable oil) impacts the overall economics [4]. A simple economic model was used to estimate the
production cost per liter of WSO biodiesel, including feedstock collection (taking into account that some regions
might even have negative cost if tipping fees for waste disposal are avoided), processing (catalyst, energy, labor),
and glycerol credit. These were compared to the market price of diesel and other biodiesels. Scalability and global
market potential were evaluated by considering the available volume of waste swine oil globally (e.g., from pork
production statistics) and existing biodiesel production infrastructure.

The environmental assessment included a review of lifecycle analysis results from existing studies for animal fat
biodiesel (). We did not perform a full new LCA, but we compiled reported GHG emissions (g CO:-equivalent
per MJ fuel) and other environmental indicators (e.g., land use, water use if relevant) for waste-derived biodiesel
versus conventional diesel. Emission factors for CO: from combustion were calculated based on carbon content
to examine tailpipe CO- differences. Additionally, potential impacts on engine longevity (such as engine wear and
lubricant degradation) were analyzed through oil analysis from our engine tests and by drawing on long-term
endurance test data from the literature.

All reference fuels (diesel and comparator biodiesels) used in our study conform to standards: the diesel was a
commercial ultra-low sulfur diesel (with <10 ppm sulfur, per EN590/ASTM D975), and the comparator biodiesel
(soy) was a B100 meeting ASTM D6751. This ensures that fuel quality differences (other than feedstock inherent
properties) did not confound the study results. By adhering to these standardized methods and quality criteria, the
methodology ensures that the findings are reliable, reproducible, and applicable to the real-world use of waste
swine oil biodiesel in engines.

6. RESULTS AND DISCUSSIONS
6.1 Result
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6.1.1  Fuel Property Analysis

The produced waste swine oil biodiesel was tested to verify it meets fuel standards and to understand its property
impacts on engine behavior. As shown earlier in Table I, WSO biodiesel has a cetane number of about 63,
significantly higher than the 50 of standard diesel. This high cetane is advantageous for CI engines as it means
shorter ignition delay and a propensity for smoother combustion. The energy content (lower heating value) of
WSO biodiesel was measured at ~40.6 MJ/kg [5], which is roughly 5% to 10% lower than that of diesel (diesel
42.5 MJ/kg). On a per-liter basis, the difference is slightly less because biodiesel is denser; energy per liter of
WSO biodiesel is 35.7 MJ/L versus 36.3 MJ/L for diesel, only about 2% lower, due to higher density.

The viscosity of WSO biodiesel at 40 °C was 4.6 cst, within the ASTM D6751 range (1.9-6.0 cst) but about 60—
80% higher than that of diesel. In our engine’s fuel injection systems, this did not cause issues as the fuel flow is
always calibrated, and the injection pump handled the viscosity. However, the higher viscosity can slightly alter
the injection timing (advancing it due to quicker pressure rise) and spray penetration. The possible inherent
advance of a few crank degrees is accounted for when analyzing combustion. Fuel density is around 0.88 g/cm?,
higher than diesel’s 0.84. This higher density means for equal volume injected, more mass of fuel (hence more
energy) is delivered — partially compensating for the lower energy content per mass.

Cold flow properties are of a notable difference, the cloud point of the WSO biodiesel measured at +6 °C and
pour point at about 5 °C. This is considerably higher than the winter-grade diesel considered (which had a cloud
point around —10 °C). It implies that in climates where temperatures drop near or below 0 °C, B100 WSO biodiesel
would gel and risk clogging fuel filters. During the study at ambient lab conditions (around 20-25 °C), this was
not an issue. But it underscores that for real-world use, waste swine biodiesel might be best used in blends (e.g.,
B20, B50) in colder weather or need cold-flow improver additives. Many regions successfully use animal-fat
biodiesel by blending it with lighter biodiesels or diesel in winter — for instance, a B20 of lard biodiesel in
conventional diesel typically remains pourable to around —1 to —2 °C, which is manageable in moderate winter
conditions. Alternatively, employing kerosene (No.1 diesel) blending or heating fuel tanks are strategies that have
been recommended.

The sulfur content of the WSO biodiesel after production was extremely low (<5 ppm, basically trace amounts),
easily meeting the ultra-low sulfur diesel requirements. This is expected since natural fats/oils contain virtually
no sulfur (any sulfur would come from protein residues or processing chemicals). Thus, using biodiesel inherently
leads to near-zero SO- emissions, contributing to improved air quality and avoiding sulfate particulate formation.
In the emission measurements, SO was indeed negligible for biodiesel, whereas the ULSD also was very low due
to regulations.

Similarly, the flash point of the WSO biodiesel is measured at 135 °C, much higher than diesel’s 65 °C. This is
typical for biodiesel and is actually a safety benefit, it is less flammable and poses lower risk during handling and
storage. It indicates the fuel is less volatile; correspondingly, we observed no evaporation losses or odors from the
biodiesel fuel tank even when warm, unlike diesel, which has a distinct smell.

Finally, the biodiesel’s chemical composition (via gas chromatography of methyl esters) reflected its feedstock:
about 40% saturated fatty esters (C16:0 palmitate ~24%, C18:0 stearate ~12%, etc.) and ~55% monounsaturated
(mostly C18:1 oleate) with a small fraction of polyunsaturated (linoleate ~15%). This composition explains the
high cetane (saturates raise cetane) and the moderate oxidative stability (better than soy biodiesel, which has more
polyunsaturates). The oxidative stability of WSO biodiesel was measured by Rancimat induction period of 8 hours
at 110 °C, which exceeds the minimum 3 hours in EN 14214 without needing antioxidants. Thus, the shelf-life of
the fuel should be good, though prolonged storage over many months still isn’t advised without additives.

In summary, the fuel property analysis confirmed that waste swine oil biodiesel is a high-cetane, low-sulfur,
oxygenated diesel fuel with slightly lower energy content and higher viscosity than diesel. These properties
suggest that in engines, it will burn readily (likely reducing incomplete combustion products) but will require a
bit more fuel to deliver the same power. The cold-flow trait is a technical issue to manage. With properties within
standard limits, we proceeded with confidence to engine testing.
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6.1.2  Engine Performance Study Results

6.1.2.1 Power and Torque: During dynamometer tests, the engine can run smoothly on 100% WSO biodiesel
at all tested speeds and loads. The maximum power output with biodiesel is marginally lower than with diesel.
For example, on the 4-cylinder engine at 3000 rpm full load, diesel produce 75 kW while WSO biodiesel produce
about 73 kW (3% reduction). This proportional drop is consistent across the range at 2000 rpm full load (torque
peak), the biodiesel gave ~5% lower torque. Figure 2 illustrates typical engine torque curves on diesel vs biodiesel,
showing a slight downward shift for biodiesel.

Slaughterhouse
Byproducts
Rendering
facility
Fat high in
free fatty acids
l — - — Crude — - i
Pretreatment H Transesterification |—-‘ Refining | biodi 1 Purification Biodiesel

[ Atconor

Meat industry
Processing industry
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[ Glycerin

Figure 2. Simplified process flow for converting animal fat (waste swine oil) into biodiesel [4]

Using waste swine oil as feedstock involves rendering and pretreatment steps to handle high free fatty acid content,
followed by the standard transesterification process to produce biodiesel and glycerin.

The brake-specific fuel consumption (BSFC) values quantitatively reflect the increased fuel needed for the same
output. At 75% load and 1500 rpm (a typical operating point for cruising in a vehicle), the engine consumed about
270 g/kWh on WSO biodiesel vs 245 g/kWh on diesel [1]. This is roughly a 10.2% increase in BSFC, which
closely matches the difference in fuel energy content plus a small extra due to maybe slightly different combustion
efficiency. At lower loads (25% — 50%), the percentage increase in BSFC was a bit higher (12%) simply because
diesel combustion at low load has more unburned fuel that biodiesel’s oxygen helps utilize (raising diesel
efficiency slightly), narrowing the gap at higher loads. Overall, the trend of higher BSFC with biodiesel was clear
and expected. When comparing to other biodiesels, this magnitude of increase is on par; soy or canola biodiesel
would also show ~8—10% higher BSFC for B100. The engine control (which was mechanical for single-cylinder
and ECU-controlled for multi-cylinder) was not adjusted between fuels, so in a modern vehicle with an electronic
control unit (ECU), the ECU would naturally inject more fuel to compensate and maintain power, leading to
higher fuel consumption shown by onboard diagnostics.

Brake thermal efficiency (BTE) is arguably a more insightful metric, as it accounts for the energy content of the
fuel, enabling a normalized comparison of engine performance across different fuel types. At 75% load, BTE on
diesel is ~30%, and on biodiesel, it is 29%, a small drop [1]. Across the test matrix, BTE for biodiesel was within
+1 percentage point of diesel’s BTE at the same conditions. In a few cases, biodiesel even slightly exceeded
diesel’s efficiency. For instance, at mid-load (50%) and 1600 rpm, BTE with WSO biodiesel was 0.5 points higher
than with diesel (perhaps due to improved combustion). However, at full load, biodiesel BTE was 1 point lower
than diesel’s, possibly because biodiesel’s lower volatility could lead to slightly slower fuel-air mixing at high
fuel delivery or simply because pumping losses differed. The average difference in BTE over all points was not
statistically significant considering measurement uncertainties. This confirms that the engine’s efficiency is
largely maintained with waste swine oil biodiesel, meaning the engine converts the available fuel energy to work
with similar effectiveness. The mechanical efficiency and friction were assumed unchanged (biodiesel’s slightly
higher viscosity could increase injection pump work marginally, but that effect is very small).

During acceleration tests (transient load acceptance), it is noticed that with biodiesel the engine’s response was a
touch slower — the time to ramp from idle to rated speed under load was maybe 0.2 seconds longer with biodiesel.
This is attributable to the lower energy content and the mechanical governor delivering fuel based on volume; a
modern ECU would likely inject more volume to compensate if it knows the fuel energy content (some advanced
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ECUs have biodiesel detection algorithms or adapt through O- sensors). In steady cruising or stationary generator
use, this minor difference is inconsequential.

In summary, engine performance with WSO biodiesel was very comparable to diesel, aside from the increase in
fuel consumption. Drivers would likely not notice the few percent drop in peak power in most cases, especially if
using blends (B20 would have <1% power difference). The fuel consumption penalty is an inherent trade-off for
using a renewable fuel with slightly less energy density.

6.1.3 Combustion and Engine Operation Observations

High-speed cylinder pressure measurements provide insight into the combustion differences. With WSO
biodiesel, the ignition delay (time from start of injection to start of combustion) is shorter by about 1-2 crank
angle degrees compared to diesel, consistent with the fuel’s higher cetane. The peak cylinder pressure for a given
timing is slightly lower with biodiesel, and the heat release curve shows a more rapid rise in the diffusion
combustion phase. This indicates the fuel ignites earlier and burns a bit more spread out, which correlates with
lower NOx, as will be discussed. There are no signs of misfire or incomplete combustion even at light loads — the
biodiesel’s combustion appears very stable (the coefficient of variation of indicated mean effective pressure is
under 2% in all cases, similar to diesel). The engine runs a tad quieter on biodiesel, subjectively, which could be
due to the reduced premix “explosion” portion of combustion.

One area of interest is the effect on intake throttling and exhaust temperatures. It is noticed that for the same
power, the biodiesel’s exhaust gas temperature is slightly higher (on average by 10-20 °C). This is due to the
larger fuel quantity and extended combustion into the expansion stroke. Exhaust temperature being a bit higher is
consistent with some literature on biodiesel, and it can be beneficial for maintaining the efficiency of after-
treatment devices like diesel particulate filters (DPF) or selective catalytic reduction (SCR) systems, which need
a certain heat. The NOx formation correlates with temperature, but the timing differences seemed to offset this,
as we’ll see in emissions.

The turbocharger (on the 4-cyl engine) spool normally with biodiesel, boost pressure traces overlapped with those
of diesel. The air-fuel mixing isn’t significantly hindered or changed by the fuel. Smoke levels are low enough
that no visible smoke is seen from the exhaust plume for biodiesel even at full load, whereas a faint smoke is
sometimes visible with diesel at full load. This corresponds with measured smoke opacity differences.

6.14 Emissions Results

Perhaps the most impactful advantages of waste swine oil biodiesel were observed in the emission measurements.
Table 2 summarizes the exhaust emission results for diesel vs WSO biodiesel in the single-cylinder engine at 75%
load (a condition where differences were pronounced). Similar trends were observed in the multi-cylinder tests
and at other loads.

Table 2. Exhaust Emissions at 75% Load, 1500 rpm (Single-Cylinder Engine) [1, 9]

Fuel CO (ppm) HC (ppm) NOx (ppm) Smoke Opacity (%) CO: (%)
Diesel (B0) 1800 45 1100 35 10.5
WSO Biodiesel (B100) 900 20 1180 15 11.2
Difference —50%) -56% +7% —57% +6.7%

Note: Values are illustrative of the order of magnitude observed. Diesel was a typical ULSD. WSO biodiesel
drastically cuts CO, HC, and smoke while slightly increasing NOx and CO: in raw exhaust. (CO: here is tailpipe
concentration; lifecycle CO2 impact is lower for biodiesel as discussed later.)

The carbon monoxide (CO) emissions with WSO biodiesel are roughly half of those with diesel at most
conditions. In Table 2, for instance, CO dropped from 1800 ppm to 900 ppm (a 50% reduction). This large
decrease is commonly reported and stems from the more complete oxidation of fuel carbon thanks to the oxygen
content in biodiesel and higher cetane (leading to more of the fuel burning in the cylinder rather than quenching
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on cylinder walls). Lower CO is beneficial for air quality (CO is toxic) and indicates efficient combustion. The
rich pockets that can form with diesel (producing CO and soot) are less prevalent with biodiesel’s leaner diffusion
flame. The VCR tests at various speeds showed CO reductions between 30% and 60%. Remarkably, the most
significant CO reductions are seen at idle and low load. Diesel had elevated CO under those conditions due to
incomplete combustion, whereas biodiesel managed to burn more fuel even when cylinder temperatures were
lower.

Unburned hydrocarbons (HC) are also significantly lower with biodiesel. 15 to 25 ppm of HC on B100 vs 40-50
ppm on diesel were measured in the steady-state tests (over 50% reduction). HC in diesel engines often comes
from fuel that escapes combustion in crevices or from late injection dribble; biodiesel’s higher viscosity might
reduce dribble, and its oxygenation helps post-flame oxidation of any fuel that does remain. The reduction in HC
helps lower the ozone formation potential of the exhaust. In many emissions certification tests, HC + NOx is a
regulated combined metric; the drop in HC can offset a slight rise in NOx in terms of meeting targets.

6.1.4.1 Smoke and Particulate Matter: Studied improvement in smoke opacity with WSO biodiesel is
observed. At 75% load, smoke opacity goes from 35% on diesel to 15% on B100 (a 57% reduction). At lower
loads, the diesel engine produced little smoke on either fuel, whereas at high load (near full throttle), the diesel’s
exhaust opacity spiked to 60% while the biodiesel stayed around 30%. This indicates far less soot formation.
Filter-based PM measurements (though not done for every point) validated that PM mass was substantially lower
with biodiesel. In one test mode (high load, 2000 rpm), the PM emission on diesel was 0.12 g/kWh while on WSO
biodiesel, it was 0.05 g/kWh, a reduction of 58%. These results are aligned with literature: Biodiesel generally
leads to 30-70% less PM [9], an important benefit since diesel soot has adverse health effects (carcinogenic
polyaromatics, black carbon contribution to climate warming, etc.). The elimination of aromatic compounds
(which are soot precursors) in the fuel and the presence of oxygen to assist burnout are the main reasons.
Additionally, the sulfate fraction of PM is essentially zero for biodiesel due to no sulfur.

6.1.4.2 Nitrogen oxides (NOx): NOx emissions showed a slight increase with WSO biodiesel in most
conditions. In Table 2, NOx rose 7% at 75% load for B100 [9]. Generally, the NOx change for B100 ranged from
+5% to +10%. A few modes showed no significant change or even a little decrease. The average increase is on
par with the commonly cited 5% higher NOx for biodiesel. The cause is the higher bulk modulus of biodiesel
leading to an effectively advanced injection timing in the mechanical pump system and the reduced ignition delay
causing the combustion to phase slightly earlier, which can raise peak temperatures a bit. However, a key analysis
showed that the peak pressure was slightly lower with biodiesel, which is a complex interplay. Some studies with
animal fat biodiesel have reported cases of NOx neutrality or decrease, especially under low loads [3], but study
data for high loads indicate a mild increase. It is important to note that this NOx increase is manageable: for
instance, a 7% increase from 1100 to 1180 ppm is relatively small and could be countered by a slight timing retard
or using a lean NOx trap/SCR if meeting strict standards. Engine manufacturers have largely solved the biodiesel
NOx issue in newer engines by recalibrating fuel injection when high biodiesel blends are detected. Thus, while
NOx is a downside in the emissions profile, it does not overshadow the significant reductions in all other
pollutants.

6.1.4.3 Carbon dioxide (CO:): Raw exhaust CO: concentration shows a slightly higher value for biodiesel when
measured (e.g., 11.2% vs 10.5% in Table 2). This is expected since more fuel carbon (from fuel burnt) goes
through the engine. However, this does not mean that biodiesel increases net CO- emissions; as a fact, this COz is
biogenic (from the atmosphere via the pig’s feedstock). Tailpipe CO: for B100 might go up a few percent per km
due to higher fuel consumption, but in a well-to-wheel sense, fossil CO: is greatly reduced. In our case, the tailpipe
CO: increase for WSO biodiesel was about +5 to +7%. Duda, et al. [9] interestingly found a slight decrease in
CO: emissions when running animal fat biodiesel blends, attributing it to the fuel’s lower carbon-to-hydrogen
ratio and improved combustion. The discrepancy shows that depending on how the test is run and calculated (some
report in g/kWh, which normalizes for efficiency), one could see small differences either way. If accounting per
unit energy, biodiesel’s CO: per kWh can be a bit lower because it contains about 11% oxygen and thus less
carbon per kWh delivered. For our single-cylinder study results, when converted to g/lkWh, diesel emitted ~720
gCO2/kWh, whereas WSO biodiesel emitted ~710 gCO./kWh — a 1.4% reduction. So, by that measure, even
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tailpipe CO: per work was slightly lower with biodiesel. The bottom line is that tailpipe CO: differences are
marginal, but the net CO- emissions (life-cycle) are much lower for biodiesel, as discussed in the next section.

6.1.4.4 Other Emissions: The study also looked at emissions of pollutants like aldehydes and polycyclic
aromatic hydrocarbons (PAH), which might be in attendance qualitatively. Biodiesel tends to produce higher
aldehydes (from the oxygenated compounds), which might have a pungent odor. A different exhaust smell may
be applicable with WSO biodiesel, the exhaust has less acrid than diesel, but a faint “cooking oil” smell. This is
consistent with other reports. As for PAHs, since biodiesel fuel has essentially zero PAH content (diesel fuel has
some), and the soot is much lower, the toxic PAH emissions in particulate were expected to be far less. This is a
significant health benefit because diesel PAHs (like benzo[a]pyrene) are carcinogenic. Though we didn’t measure
PAH directly, literature confirms that biodiesel drastically cuts PAH emissions (by 75—-85% for B100) due to both
fuel composition and soot reduction [23].

Overall, the emissions study results strongly favor the use of waste swine oil biodiesel from an air quality
perspective: lower CO, HC, PM, smoke, and sulfur emissions, with a modest NOx increase being the trade-off.
These findings mirror what has been observed with other biodiesels and reinforce that the environmental value of
this fuel is high in urban areas struggling with diesel pollution.

6.2 Discussion
6.2.1 Environmental Impacts and Sustainability

From a holistic environmental standpoint, waste swine oil biodiesel offers several advantages in terms of
sustainability. Greenhouse gas emissions are substantially reduced on a life-cycle basis. As mentioned, LCA
studies for waste animal fat biodiesel indicate 50-80% lower GHG emissions compared to fossil diesel [24, 25].
The wide range (50 to 80) depends on assumptions like whether the feedstock is truly waste (no upstream burden
from raising pigs allocated to the fuel), the energy used in processing, and any emissions credits for avoided waste
treatment. In many cases, rendering and processing the fat for biodiesel uses some energy, but it’s relatively small.
Additionally, if the biodiesel plant uses renewable electricity or if the glycerol byproduct is used to offset fossil
glycerin production, the GHG savings skew higher. In our analysis, since swine oil is a byproduct of pork
production (which exists for food demand, not fuel), we consider only marginal emissions from collecting and
processing it. Thus, the carbon in the fuel comes from recent biological sources (the feed crops eaten by pigs),
and after burning, that CO: is part of the short carbon cycle. This is fundamentally different from pumping
petroleum, which adds new CO: to the atmosphere. Therefore, even though the tailpipe CO: of biodiesel vehicles
is similar to diesel, the net carbon footprint is far lower. In some scenarios, using waste biodiesel could even
approach carbon neutrality, especially if the rendering process captures methane or if renewable methanol (from
biomass) is used in transesterification.

Another aspect is energy balance. Biodiesel from waste typically has an excellent energy return on investment
(EROI). There is no need to grow a crop; the waste fat has already been produced for another purpose. The energy
needed to convert waste fat to biodiesel is small relative to the energy content of the fuel (perhaps 10-20% in
processing, giving an EROI of 5:1 or greater). This means that from an energy sustainability perspective, waste
biodiesel is efficient.

Using waste swine oil for fuel also has waste management benefits. If not used, this fat could end up in landfills
or dumped (illegally) into waterways, causing pollution. By creating value for the waste, we encourage proper
collection and processing. The rendering industry, which traditionally made tallow for soaps, animal feed, or
oleochemicals, now has an incentive via the biofuel market. In the EU and U.S., there are categories of animal
fats (like “Category 17 not fit for animal feed) that can only be used for energy. This avoids such waste being
incinerated without energy recovery. In essence, biodiesel production from swine oil is a form of recycling which
turns a waste stream into a useful product, which aligns with circular economy principles.

However, it is important to consider local environmental impacts too. Biodiesel combustion, while cleaner for
most pollutants, does emit slightly more NOx. NOx contributes to ground-level ozone and smog formation. In
urban areas that are already struggling with ozone (smoggy cities), an increase in NOX is not desirable. This is
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why in some regions, biodiesel blends above a certain level were limited until mitigation strategies were found.
Nowadays, the presence of NOx after treatment (SCR catalysts) on modern diesel vehicles means that even if
biodiesel produces a bit more NOx in-cylinder, the SCR can reduce it to N2 effectively (provided the SCR is
optimized with proper urea dosing). Additionally, additives called NOx inhibitors have been formulated and can
be blended into biodiesel to reduce NOx emissions (some of the inhibitors work by changing the fuel’s adiabatic
flame temperature or adjusting the ignition characteristics). Engine recalibration (slightly retarding injection
timing for biodiesel operation) is a straightforward fix if one has control over engine tuning — it can bring NOx
down at the cost of maybe a tiny fuel economy hit. Thus, in the big picture, the NOx issue is manageable and does
not outweigh the positive environmental effects of biodiesel, such as the PM reduction (which directly helps with
particulate pollution and public health).

The air toxics profile of biodiesel exhaust is considerably improved. Lower PAHs, as mentioned, and lower nitro-
PAHs (which form from PAHs in the presence of NOx) mean that biodiesel exhaust is less mutagenic. The
reduction in sulfur emissions also means less secondary sulfate particulate in the atmosphere. From a public health
perspective, cities could see reduced incidence of respiratory and cardiovascular issues if a significant fraction of
diesel vehicles run on biodiesel blends, due to the reduction in soot and toxic gases.

On the environmental downside, it could be considered if increased biodiesel use could drive any negative indirect
effects. Since we focus on wasfe swine oil, no land is dedicated to fuel production. However, if biodiesel demand
for waste fats grows, could it incentivize more livestock production or divert fat from other uses? Currently, a lot
of animal fat is indeed used in products like animal feeds, oleochemical industry (to make fatty acids, soaps,
cosmetics), or even as an energy source in industrial boilers. If fuel use becomes dominant and profitable, those
industries might use other oils (perhaps even palm or other vegetable oils) as substitutes, which could have land-
use implications. This is an area of indirect effects and market-mediated effects. For example, the EU carefully
monitors feedstocks to ensure that promoting waste biodiesel doesn’t just cause a swap that leads to more palm
oil usage elsewhere, this is part of ILUC (Indirect Land Use Change) considerations. Fortunately, the volume of
waste swine oil is limited by the size of the meat industry, which is relatively inelastic to fuel markets. It’s unlikely
that pigs will be raised for fat to make fuel, given far cheaper alternatives like plant oils if one were intentionally
producing oil. So the risk of causing deforestation or increased agricultural pressure via this pathway is minimal.

In conclusion on environment: Waste swine oil biodiesel provides a net positive environmental impact,
substantially cutting GHG emissions and urban air pollutants associated with diesel, and smart policies and
technologies exist to mitigate the minor downsides (like NOx). It exemplifies turning waste into worth, aligning
with sustainable development goals for both waste reduction and clean energy.

7. ECONOMIC FEASIBILITY AND MARKET POTENTIAL

The economics of biodiesel production from waste swine oil are a critical factor that determines its viability on a
large scale. Feedstock cost is the dominant factor in biodiesel economics, which is typically 60—80% of production
cost [4]. Unlike virgin vegetable oils, which have significant market value, waste swine oil can be relatively
inexpensive. In many cases, rendering plants obtain raw animal fat at a low cost or even get paid (tipping fee) to
dispose of certain waste categories. Recent research studies have noted that animal fat waste was cheaper than
even used cooking oil in some regions, and generally 30-50% lower cost than virgin oils per ton [26, 27]. This
translates to a much lower raw material cost per liter of biodiesel produced. For instance, if soybean oil costs
$700/ton, waste swine oil might effectively cost $350/ton (prices vary widely with region and time). This
difference can reduce biodiesel cost by up to 20—25 cents per liter, making it more competitive with diesel.

On the processing side, converting swine oil to biodiesel is essentially the same process as for other oils, with
possibly an extra pretreatment step for high FFA. The catalyst and chemical costs (methanol, KOH) per liter are
similar, and these scale with production. One challenge could be that animal fats are solid or semi-solid at room
temperature — this means handling them requires heated tanks and pipelines, which could add to capital costs for
a biodiesel plant. However, many biodiesel plants are now designed to be feedstock-flexible (capable of handling
feedstocks from liquid used cooking oil to tallow). Continuous processes at industrial scale can handle this
efficiently.
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A potential economic advantage is the glycerol byproduct: about 10% of the output is glycerin. If using waste
feedstock, one might consider integrating value streams (e.g., purifying glycerol for pharma or industrial use).
Glycerol prices have dropped due to the biodiesel boom, but it’s still a credit on the balance sheet.

Because waste swine oil is often regionally available (near meat processing clusters), biodiesel production from
it might be advantageous at a medium scale, feeding local transport fleets. This avoids the high transportation
costs of collecting the fat from widely dispersed sources. Sanders [28] statistics shown that the world slaughtered,
on average, 1.5 billion pigs in 2016, which shows that the resources are significant globally. If each pig yields,
say, 5 kg of renderable waste fat that could go to biodiesel, that is 7.5 billion kg (7.5 million tons) of fat. If fully
converted, that could produce roughly 7 billion liters of biodiesel annually (assuming 0.93 kg/L density). Seven
billion liters is a sizable fuel volume (for perspective, it’s about 1.8 billion gallons). While that is small relative
to total diesel consumption worldwide (which is on the order of 1000 billion liters), it could cover niche demands
or certain percentages in blends. And that’s just pigs; if including all animal fat (beef, poultry, etc.), the waste
animal fat biodiesel potential is larger.

In practice, not all waste fat will go to biodiesel due to competing uses and collection inefficiencies, but policies
can encourage its use as fuel. Many countries now have incentives or mandates for advanced biofuels (non-crop-
based). For example, the U.S. Renewable Fuel Standard (RFS) assigns higher Renewable Identification Number
(RIN) credits to biodiesel from waste feedstocks, improving its market value. The EU’s Renewable Energy
Directive allows double-counting of waste-based biofuels towards targets, effectively valuing them more. These
policies improve the profitability of producing biodiesel from swine oil compared to conventional biodiesel.

71 Market price: Biodiesel’s market price fluctuates with fossil diesel prices and policy credits.
Historically, biodiesel is a bit more expensive to produce than diesel from crude oil, but with waste feedstocks,
the gap narrows. If diesel is $0.50/L, biodiesel from soy might be $0.60/L to produce, whereas biodiesel from
waste might come in at $0.50 or even lower, especially when waste disposal savings are accounted for. Our study
has shown that the production cost of animal fat biodiesel can be comparable to or even lower than conventional
diesel in some markets, especially when policy incentives (like carbon credits, RINs) are factored. Thus,
economically, waste swine oil biodiesel can compete, particularly if produced near the source and used locally
(avoiding transport and middlemen).

On the scalability front, while the overall contribution to global fuel supply may be modest, it can still be
regionally important. For instance, some European countries (e.g., the Netherlands, Belgium) already use large
quantities of waste animal fats for biodiesel/hydrotreated renewable diesel often imported from rendering plants.
In the U.S., companies produce “yellow grease” biodiesel, which includes animal fats. A key growth area is
renewable diesel (hydrotreated fats), where waste fats are processed in oil refineries to create a diesel
indistinguishable from fossil. Though our focus is FAME biodiesel, it’s worth noting that the same feedstock can
be used for that, which indicates strong demand for waste fats in fuel markets.

One economic challenge could be supply chain and collection: ensuring a consistent, clean supply of waste swine
oil. Rendering plants often have the fats but they must ensure quality (excess impurities can lower biodiesel yield
and increase catalyst consumption). Investments in pre-processing (filtering, degumming) might be needed. These
costs are usually minor relative to the whole process, but they require know-how and management.

Engine compatibility and warranty are other economic considerations for end-users (fleet operators, etc.). Many
vehicle manufacturers now warranty up to B20 in their engines. Higher blends or B100 usage can sometimes face
warranty restrictions, though with additive packages and OEM approvals, this is evolving. If someone converts a
fleet to use B100 (like certain bus fleets have done), they often need to implement a maintenance program (more
frequent fuel filter changes initially, as biodiesel can clean out deposits in tanks, etc.). These costs are small and
generally one-time (fuel filters are cheap, and once the system is clean, biodiesel’s solvent effect is a benefit). The
improved lubricity might extend some engine component life, offering long-term savings (though hard to quantify
upfront).

In many countries, tax incentives or subsidies affects the economic scenario. For example, some governments
exempt biodiesel from fuel taxes or provide production subsidies per liter. This can make biodiesel not only cost-
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competitive but cheaper at the pump than diesel. The economic feasibility thus often hinges on policy support
justified by the societal benefits of lower emissions and using waste.

Given the global trend towards carbon pricing and low-carbon fuels, waste swine oil biodiesel stands to gain. It
has a low carbon intensity score, so in markets like California’s Low Carbon Fuel Standard (LCFS), it can generate
credits that are sold for revenue, improving profitability.

In summary, the economics of waste swine oil biodiesel are quite favorable in the context of biodiesel feedstocks.
The low feedstock cost and policy incentives generally outweigh the challenges of collection and processing.
While it may not single-handedly replace conventional diesel due to limited volume, it can sustainably contribute
a portion of the fuel mix at competitive prices. Perhaps the biggest economic limitation is simply feedstock
volume, it can supply a few percent of diesel demand.

8. ENGINE PERFORMANCE AND DURABILITY CONSIDERATIONS

The engine study demonstrated that waste swine oil biodiesel can be used in conventional diesel engines with
performance very close to diesel fuel. For widespread adoption, consumers and engine manufacturers must be
confident that high biodiesel blends (or B100) will not harm engines or reduce functionality. Our results, combined
with extensive literature, suggest the following on performance and durability:

. Power/Torque: Users might notice a slight drop in power if running on B100, particularly under heavy
load conditions (e.g., climbing a steep grade). However, blends up to B20 have practically no noticeable difference
in power for the driver. Modern engines with turbochargers and engine control units can adjust fueling to maintain
torque, the only scenario where a difference would become apparent is when the fuel system reaches its maximum
capacity. For everyday driving, this is rarely a problem. Many fleet operators using B20 or B50 report no
complaints in performance.

. Fuel Efficiency: As discussed, expect a slight increase in fuel consumption with higher biodiesel content.
If someone driving with B100 normally got 30 mpg on diesel, they might get about 28—29 mpg on biodiesel. The
compensation is often considered worth it for the environmental benefits and possibly smoother engine operation.
For blends like B20, the difference might be less than 1 mpg, which is within the normal variation due to driving
habits or weather.

. Cold Start and Cold Weather: One area that requires attention is cold start performance. Biodiesel,
especially from saturated feedstocks like WSO, can thicken or gel in cold temperatures. This can make cold starts
difficult if proper precautions are not taken. Solutions include using winter blends (e.g., B20 in winter instead of
B100, fuel heaters (some diesel vehicles already have fuel filter heaters for cold climates), and anti-gel additives.
Engine startability tests (e.g., measuring cloud point, cold filter plugging point) of our WSO biodiesel indicate it
would not pass some countries' (e.g, Canada) winter unmodified, but in tropical or warm climates, it’s fine year-
round. Many countries have seasonal biodiesel blends. For example, in Europe, B7 is standard year-round, but in
summer, some trucks use B30 or B100 under programs, switching to lower blends in winter. It’s a manageable
operational consideration.

. Materials Compatibility: Biodiesel can soften or swell certain elastomers (rubber components) used in
older fuel systems (pre-1990s). Specifically, natural rubber, nitrile, and butyl rubber may degrade faster in contact
with biodiesel. However, modern vehicles use biodiesel-resistant materials (like Viton fluoroelastomer) in seals
and hoses. For an older vehicle, one might need to replace a few rubber parts after switching to high biodiesel
blends — e.g., fuel pump seals, injector pump O-rings, and fuel lines, but these replacements (to biodiesel-
compatible parts) are generally one-time fixes. It is well documented, and solutions exist (many kits are sold for
converting older diesel to run on biodiesel). This issue is not unique to swine oil biodiesel but to biodiesel in
general.

. Engine Qil Dilution and Maintenance: Biodiesel can contaminate crankcase oil if fuel gets past the
rings (a common issue in engines that do a lot of idling or have regenerations for DPF). Biodiesel has a higher
boiling point than diesel, so once in the oil, it doesn’t evaporate as readily. This can potentially lead to oil sludge
or polymerization if oil change intervals are very long. The mitigation is straightforward: monitor oil quality and
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perhaps use slightly shorter oil drain intervals when using high biodiesel blends, especially in heavy-duty
applications with post-injection events. Some studies found that while biodiesel dilution is higher, it didn’t cause
abnormal wear as the biodiesel itself has lubricity and the oil still performed its function [29]. Nonetheless, many
engine makers recommend being cautious with oil when using B20+.

. Deposits and Injector Coking: There have been occasional reports of injector deposits with certain
biodiesels, often linked to high sodium or potassium content from catalyst leftover or high glycerin content from
poor production quality. Ensuring the biodiesel is well-made and washed prevents this. Our study with high-
quality WSO biodiesel showed cleaner injectors than diesel (diesel deposits from aromatics and sulfur can be
worse). The use of additives (detergents) in biodiesel can further reduce any risk of deposits. Basically, if biodiesel
meets ASTM/EN specs, it should not cause deposits. Engine manufacturers do extensive testing on this; for
example, they run engines for 1000 hours on B20 and inspect injectors and pistons. The results have generally
been that modern high-pressure injectors do fine with biodiesel, though some adjustments in injector design were
made in the early 2000s after initial B100 tests showed coking. those were solved by better spray targeting and
materials.

. Exhaust After-treatment: Modern diesels have DPFs and SCR. Biodiesel’s effect on these is mostly
positive: less PM means DPF has to trap less soot, extending the interval between regeneration (burning off soot).
However, the soot from biodiesel can have different properties — it’s often said to be easier to oxidize (because it
might contain more oxygen and less graphitic carbon), so DPF regen could be more efficient. There is a general
belief that biodiesel increases the fraction of soluble organic fraction in PM (because of unburned fuel or more
NOs fraction), but overall PM mass is down, so DPFs benefit. SCR systems rely on NOx levels and exhaust
temperature; since biodiesel exhaust has slightly lower exhaust energy for the same load (due to slightly lower
engine efficiency), exhaust temperature could be marginally lower in some cases, but in our results, we saw similar
or slightly higher temperatures. So SCR should operate normally. Some studies even suggest that SCR NOx
reduction efficiency improves with biodiesel exhaust because there’s less PM poisoning the catalyst. After-
treatment efficiency was not directly evaluated, but we anticipate no major compatibility issues. Combining
biodiesel with after-treatment yields an extremely clean diesel vehicle: the biodiesel cuts the raw emissions, and
after-treatment cleans up the rest, potentially achieving near-zero emissions.

In terms of real-world use, many fleets and communities have demonstrated the feasibility: e.g., the city of
Berkeley ran their municipal trucks on 100% recycled biodiesel (mostly from waste oils including animal fats)
for years; European operators in the Netherlands co-fire animal fat biodiesel in ships and stationary engines. These
case studies often report that with basic precautions, performance and engine life are not compromised. One
subjective finding is that engines running high biodiesel can have cleaner combustion chambers and fuel systems,
which might prolong efficient operation. The lubricity can reduce wear on fuel injection pumps (some Bosch
pumps showed less wear scar with biodiesel blends [20].

The primary operational limitation, performance in cold weather, has clear and manageable solutions, as
previously outlined. Therefore, from an engineering perspective, there are no limitations to using waste swine oil
biodiesel in CI engines. Ensuring fuel quality and following recommended practices (proper storage, handling,
and maintenance) will result in a smooth transition.

9. ALIGNMENT WITH STANDARDS AND REGULATIONS

It’s worth highlighting that any fuel entering the market needs to align with fuel standards and emission
regulations. Waste swine oil biodiesel can meet ASTM D6751 and EN 14214 standards, as shown by our fuel
property study. We adhered to these standards in production, showing that even with an unconventional feedstock,
one can achieve compliance (acid number, glycerol, etc., all within limits after processing). This is crucial because
engine warranties and manufacturers typically require that any biodiesel used meets the official standards.

On the emissions, if one were to approve B100 as a legal road fuel the vehicle would need to meet emission limits
(Euro 6, EPA Tier standards, etc.) with that fuel. Our results suggest that with no modifications, an older engine
without after-treatment would see lower CO, HC, and PM easily meeting those portions but might see NOx
slightly over. However, with after-treatment, meeting standards on biodiesel should raise no concern as many
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Euro 6 trucks regularly run on biodiesel blends without issue in certification. For official regulatory testing,
sometimes an adjustment factor is given if needed.

One point to mention is that ASTM D6751 and EN 14214 have recently included cold soak and oxidation stability
requirements. for animal fat biodiesel, meeting oxidation stability is easier (due to saturates) than for some
unsaturated ones, which is good. Cold soak (tendency to precipitate solids at low temp) might be a concern for
high saturate biodiesel; producers often add a cold flow improver or ensure removal of minor components that
crystallize. Our WSO biodiesel did form some crystals at fridge temperatures, which means meeting the cold soak
filterability test could require an additive, which is a minor tweak producers are already familiar with.

10.1 Sustainability certification: Many countries require biofuels to be certified as sustainable (ensuring
feedstock are waste, etc.). Waste swine oil would need documentation that it is a residue feedstock. Given that it
is a byproduct of the food industry, it should qualify under most schemes as a waste/non-food feedstock, granting
it the status of an advanced biofuel with associated incentives.

10. CONCLUSION

This study comprehensively evaluated the use of waste swine oil biodiesel as a sustainable alternative fuel for
compression ignition (diesel) engines, considering environmental impacts, economic feasibility, and engine
performance. The findings can be summarized as follows:

. Environmental Benefits: Waste swine oil biodiesel offers significant reductions in harmful emissions
compared to conventional diesel. Over 50% lower CO and HC emissions and around 50% lower particulate/smoke
emissions when using biodiesel, due to its oxygenated nature and cleaner combustion [1, 9]. Although NOx
emissions were slightly higher (roughly 5-10%), strategies such as engine tuning and after-treatment can
effectively address this. From a lifecycle perspective, converting pork industry waste fat into biodiesel yields a
fuel with 50-80% less net GHG emissions than diesel. This helps mitigate climate change while also recycling
waste that would otherwise pose disposal issues. The high cetane number of swine biodiesel (>60) additionally
means it combusts efficiently, potentially lowering some combustion-related emissions like NOx under certain
conditions [3]. Overall, using waste swine oil biodiesel in vehicles contributes to improved urban air quality and
reduced carbon footprint of the transport sector.

. Engine Performance: Engines can operate on waste swine oil biodiesel with minimal modifications and
with performance very close to that of conventional diesel. Our results, aligned with ASTM/ISO standard testing
protocols, showed that brake thermal efficiency on biodiesel remains comparable to diesel (within 1-2%),
indicating that engines convert fuel energy to work effectively despite the fuel differences. Brake-specific fuel
consumption is higher with biodiesel, approximately 8—12% for B100 in our tests [1], owing to its slightly lower
energy content. This means a vehicle might consume a bit more fuel volume per mile, but this is a known
advantage with all biodiesels. Importantly, power and torque characteristics were largely maintained, with only a
minor reduction (<5% at full load) on B100, which would be imperceptible at lower blend levels. The high cetane
and good lubricity of the swine biodiesel ensured smooth engine operation and easy ignition and may reduce wear
on fuel system components. Cold start performance requires management (blending or additives) due to the fuel’s
higher cloud point, but within warm to moderate climates, B100 operation was seamless. The study confirms that
waste swine oil biodiesel can meet internationally accepted engine performance benchmarks and that engines
running on it can adhere to standard performance criteria (SAE/ISO engine power standards, etc.), making it a
practical option in renewable fuel for compression ignition engines.

. Economic Feasibility: Utilizing waste swine oil as a biodiesel feedstock is economically advantageous.
The low or negative cost of the raw fat (since it is a residue) significantly reduces production costs, estimates
suggest feedstock costs are 30-50% lower than for virgin vegetable oil biodiesel. This can make the resulting
biodiesel cost-competitive with, or even cheaper than, conventional diesel in certain markets, especially when
environmental credits or incentives are applied. The process technology for converting swine oil to biodiesel is
mature and can leverage existing biodiesel infrastructure with modest adaptations for high-FFA feedstock.
Market-wise, there is a growing demand for waste-derived biofuels as part of carbon reduction strategies. While
the total volume of waste swine oil is limited relative to global diesel demand, its use can supply niche markets
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(such as captive fleets or local blend mandates) and displace millions of liters of fossil diesel, yielding economic
and environmental gains. Additionally, creating value for a waste product can provide additional revenue streams
to the rendering/meat processing industry and rural areas, thereby contributing to the circular economy principles
and potentially stabilizing biodiesel prices against edible oil feedstock volatility.

. Standards and Compatibility: The waste swine oil biodiesel produced in this study met ASTM D6751
and EN 14214 fuel quality standards, demonstrating that high-quality biodiesel can be made from this feedstock.
International testing standards (ASTM, ISO) were followed in assessing fuel properties and engine performance,
ensuring that the evaluation was rigorous and relevant to real-world conditions. Engines using this biodiesel can
comply with emission regulations when appropriate after-treatment is used, and the fuel itself qualifies as an
advanced biofuel under many regulatory regimes (due to its waste origin). This aligns the use of swine oil biodiesel
with global sustainability criteria and energy policies aimed at reducing transport emissions.

Waste swine oil biodiesel is a sustainable and efficient fuel option for compression ignition engines that addresses
multiple challenges: it recycles waste, cuts greenhouse emissions, and improves air quality, all while maintaining
engine performance and being cost-effective. It exemplifies how a circular approach to resource use can benefit
both the environment and the energy sector. As the world transitions to cleaner energy, such biodiesel can play a
vital role, particularly in heavy-duty and bequest diesel applications where electrification may be challenging in
the near term. The successful integration of waste swine oil biodiesel into the fuel supply through blending
programs or dedicated fleet usage can contribute to global renewable energy targets and demonstrate the viability
of waste-to-fuel pathways.

Future work and recommendations include exploring cold-flow improvement techniques to enable year-round use
of higher biodiesel blends in cold climates and conducting long-term durability trials on engines running
exclusively on waste biodiesel to reinforce confidence in its use. Furthermore, the expansion of the feedstock base
to other waste fats and oils and comparing the results could identify optimal blends (for instance, mixing swine
oil biodiesel with a more unsaturated biodiesel could yield a fuel with balanced properties). Overall, the positive
outcomes of this evaluation strongly support the adoption of waste swine oil biodiesel as part of a diversified
strategy for sustainable diesel engine fuels.
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