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Abstract—The rapid depletion of global fossil fuel
reserves and the escalating severity of greenhouse gas
emissions have catalyzed intensive research into
renewable and sustainable alternative energy sources
(Karthik et al., 2018). Biodiesel, chemically defined as
fatty acid methyl esters (FAME), has emerged as a
frontrunner to replace conventional petrodiesel due to its
biodegradability, non-toxicity, and significant reduction
in tailpipe emissions (Kirubakaran & Selvan, 2018).
However, the commerecial viability of biodiesel is heavily
constrained by the exorbitant cost of first-generation
edible vegetable oil feedstocks, which account for 70% to
95% of total production expenses and precipitate the
ethical "food versus fuel" dilemma (Mohiddin et al.,
2018). Consequently, second-generation waste lipid
sources, particularly waste chicken fat (WCF), have
garnered substantial academic and industrial interest.
WCF is highly abundant due to the immense scale of the
global poultry industry, offering a low-cost, high-lipid-
yield alternative that concurrently mitigates the
environmental hazards associated with slaughterhouse
waste disposal (Author, 2024). This comprehensive
review systematically evaluates the entire lifecycle of
WCF Dbiodiesel production. It critically examines
advanced rendering techniques, such as microwave-
assisted extraction, and the requisite acid-catalyzed pre-
treatment processes necessary to neutralize the
characteristically high free fatty acid (FFA) content of
WCF (Author, 2024). Furthermore, the paper provides a
deep comparative analysis of catalytic transesterification
pathways, contrasting conventional homogeneous
alkaline catalysts with novel heterogeneous solid bases
(e.g., shell-derived CaO) and advanced cerium-
supported sulfated activated carbons (Shobhana-
Gnanaserkhar et al., 2020). Finally, the review assesses
the combustion, performance, and exhaust emission
characteristics of WCF biodiesel in compression ignition
engines, noting significant reductions in carbon
monoxide and unburned hydrocarbons, alongside
critical discussions on strategies to mitigate the
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characteristic rise in nitrogen oxide (NOx) emissions
(Giirii et al., 2010).

Index Terms—Transesterification; Biodiesel;
Heterogeneous Catalysts; Free Fatty Acids; Renewable

Energy.
I. INTRODUCTION

1.1 Background and the Global Energy Scenario

The contemporary global energy landscape is
primarily characterized by a critical tension between
the escalating demand for industrial power and the
urgent necessity to mitigate the environmental
degradation caused by fossil fuel consumption.
Current projections indicate that the world’s total
energy consumption is poised to increase dramatically,
from approximately 609.5 quadrillion Btu in 2017 to
an estimated 910.7 quadrillion Btu by 2050,
representing a staggering growth rate of 49% [10]. The
vast majority of this demand is currently met by
exhaustible, non-renewable fossil resources such as
coal, crude oil, and natural gas which are intrinsically
linked to the accumulation of greenhouse gases (GHG)
and the acceleration of anthropogenic climate change
[10]. Furthermore, continuous extraction has led to a
precarious depletion of underground carbon resources;
current estimates suggest that known reserves may last
only 218 years for coal, 63 years for natural gas, and a
mere 41 years for oil [11]. In rapidly developing
economies like India, the demand for diesel fuel is
growing at an annual rate of 8%, drastically
outstripping domestic supply and necessitating
immense capital investments in new refining
infrastructure [11].
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1.2 The Paradigm Shift: From First-Generation to
Second-Generation Biodiesel

In response to the impending fossil fuel crisis,
biodiesel has emerged as a highly viable alternative
within the transportation sector, which remains heavily
dependent on liquid fuels [12]. The American Society
for Testing and Materials (ASTM) formally defines
biodiesel as a fuel comprised of mono-alkyl esters of
long-chain fatty acids derived from renewable lipid
sources, such as vegetable oils or animal fats [1].
Biodiesel offers profound environmental advantages
over conventional petroleum diesel; it is carbon-
neutral, completely biodegradable, inherently non-
toxic, and produces significantly lower levels of
sulphur compounds, unburned hydrocarbons (HC),
and carbon monoxide (CO) upon combustion [2].
Despite these technical advantages, the widespread
commercialization of biodiesel faces a severe
economic bottleneck. The cost of raw materials
primarily first-generation edible vegetable oils such as
soybean, rapeseed, and palm oil accounts for an
overwhelming 70% to 95% of the total production
expenditure [3]. The extensive utilization of edible oils
for fuel production has ignited a fierce global "food vs.
fuel" debate, raising valid concerns regarding land-use
change (LUC), agricultural deforestation, food price
volatility, and the threat of severe food shortages,
particularly in developing nations [12]. To circumvent
these socioeconomic  barriers, research has
aggressively pivoted toward second-generation
feedstocks: non-edible oils and waste-based lipids that
do not compete with human food supply chains [13].

1.3 Rationale for Utilizing Waste Chicken Fat

Among the various second-generation feedstocks,
rendered animal fats and specifically waste chicken fat
(WCF) represent an exceptionally promising and
sustainable resource [14]. The global poultry industry
operates on a massive scale; in 2010, global meat
production reached 237.7 million tons, with poultry
consumption surging continuously due to its low
market price and the absence of religious dietary
prohibitions in most cultures [13]. In India alone,
broiler meat production reached 3,725 thousand metric
tons in 2014 [15].

The processing of poultry generates an enormous
volume of slaughterhouse waste, including blood,
offal, feathers, and adipose tissues (skin and fat). It is
estimated that approximately 10% to 20% of a
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chicken's total body weight consists of skin and visible
fat, which are routinely discarded by consumers and
processing plants due to health concerns regarding
saturated fat and cholesterol [16]. The disposal of this
nutrient-rich biological waste in landfills or public
drains poses severe ecological hazards, creating foul
odours, contaminating groundwater, and breeding
pathogens [15]. By valorizing this hazardous waste
stream into high-quality biodiesel, the energy sector
can secure a highly inexpensive, non-edible lipid
source while simultaneously resolving a critical
municipal waste management crisis [17].

1.4 Scope and Objectives of the Review

This paper aims to provide a rigorous, comprehensive
academic review of the entire technological pipeline
for converting waste chicken fat into biodiesel. The
scope encompasses the physicochemical
characterization of WCF, the optimization of rendering
and extraction methodologies, the critical necessity of
acid-catalyzed pre-treatment for high-FFA feedstocks,
and the evaluation of diverse transesterification
catalysts  (homogeneous, heterogeneous, and
nanostructured). Furthermore, this review critically
analyzes the combustion mechanics, engine
performance metrics (Brake Thermal Efficiency,
Brake Specific Fuel Consumption), and the resulting
exhaust emission profiles (CO, HC, Particulate Matter,
and NOy) of WCF biodiesel blends in compression
ignition engines.z

II. METHODOLOGY

2.1 Source Selection and Database Utilization

To construct this comprehensive review, a systematic
literature search was conducted utilizing prominent
academic databases, including Scopus, Web of
Science, ScienceDirect (Elsevier), SpringerLink, and
IEEE Xplore. The primary search algorithms
employed combinations of the following keywords:
("waste chicken fat" OR "poultry slaughterhouse
waste" OR "chicken skin oil") AND ("biodiesel" OR
"fatty acid methyl ester" OR "transesterification")
AND ("engine performance"” OR "emissions" OR
"heterogeneous catalysts").

2.2 Inclusion and Exclusion Criteria
The inclusion criteria were strictly limited to peer-
reviewed journal articles, conference proceedings, and
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comprehensive technical reports published primarily
within the last two decades to capture the most modern
advancements in catalytic conversion and engine
testing. Studies were included if they provided
quantitative data on extraction yields, -catalyst
optimization parameters (e.g., molar ratios, reaction
temperatures), or empirical engine testing results
utilizing defined biodiesel blends (e.g., B10, B20).
Non-peer-reviewed  articles, studies  focusing
exclusively on agricultural feedstuffs without animal
fat comparisons, and papers lacking empirical data
validation were excluded. The selected literature forms
the empirical foundation of the thematic discussions
presented herein.

III. LITERATURE REVIEW: CHRONOLOGICAL
AND THEMATIC EVOLUTION

3.1 Thematic Shifts in Feedstock Utilization

The historical trajectory of biodiesel research
demonstrates a distinct thematic shift from first-
generation to second-generation feedstocks. Initial
studies in the late 20th and early 21st centuries heavily
focused on virgin vegetable oils due to their high
purity and low free fatty acid (FFA) content, which
facilitated straightforward base-catalyzed
transesterification (Kirubakaran & Selvan, 2018) [2].
However, as the economic constraints of these oils
became apparent, researchers began investigating
waste cooking oil (WCO) and rendered animal fats
[18,19].

Early investigations into animal fats predominantly
utilized beef tallow and pork lard [14]. While these fats
successfully produced biodiesel with high cetane
numbers, their highly saturated molecular structures
resulted in exceedingly poor cold-flow properties
(high cloud and pour points), causing fuel filter
blockages in colder climates [20]. Consequently, waste
chicken fat gained prominence because its fatty acid
profile boasts a higher degree of unsaturation
compared to beef or pork fat, effectively balancing the
fuel's oxidative stability with acceptable low
temperature operability [21].

3.2 Evolution of Extraction and Rendering Techniques
The extraction of lipids from animal tissues, termed
'rendering', has undergone significant technological
evolution. Historically, the simplest and most
widespread method was conventional wet or dry
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melting, where chicken tissues were boiled or baked at
temperatures between 90°C and 120°C to rupture cell
walls and release triglycerides, followed by gravity
separation or centrifugation [22]. While cost-effective,
prolonged exposure to high heat via water boiling
often resulted in lipid oxidation and elevated FFA
levels [5].

Recent literature highlights the adoption of advanced
intensification methods. Soxhlet extraction using n-
hexane as a solvent drastically improved lipid
recovery yield [22]. Furthermore, High Power
Microwave-Assisted Rendering (HPMR) has emerged
as a superior technique; microwave irradiation directly
targets the water molecules within the adipose cellular
structure, causing rapid volumetric heating and
cellular rupture, yielding up to 68.4% fat recovery with
significantly less thermal degradation and improved
colour characteristics compared to traditional water
boiling [5]. Supercritical carbon dioxide extraction has
also been successfully explored, yielding highly pure
fat extracts, though the immense capital cost of high-
pressure equipment limits its current commercial
scalability [22].

Table 1: Comparison of Various Fat Extraction and
Rendering Methodologies

Extracti | Mechanis | Typi |Strength| Limitati | Citation

on mof | cal s ons | Source
Method | Action | Yiel
ology d
(%)
Convent|Applicatio| 55.8 | Highly | Slow |(Author,
ional |nofdirect| - | cost- |process;| 2024)

Melting | thermal [62.1 |effective| high [5];
(Dry/We| energy | % |;simple|thermal | (Kiruba

t) (90- to |degradat|karan &
120°C) to implem| ion; | Selvan,
rupture entin |elevated| 2018)
adipose rural |FFA and| [22]
tissue. settings. |moisture
content.

Soxhlet [Continuou|>80. [Extreme| Toxic |(Kiruba
Solvent | s solvent | 0% | ly high |solvents;| karan &

Extracti| (e.g., n- oil long | Selvan,
on hexane) recover |extractio| 2018)
reflux y; ntimes;| [22]
dissolving highly |expensiv
lipids. e solvent
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Figure 1: Conceptual Flowchart of Waste Chicken Fat
Extraction and Transesterification Pathways.

3.3 Advances in Catalytic Conversion Methodologies
The chemical conversion of triglycerides into
biodiesel via transesterification requires catalytic
intervention to achieve commercially viable reaction
rates [1]. The literature documents a continuous search
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for the optimal catalytic system tailored specifically to
the unique properties of WCF.

Initially, homogeneous alkaline catalysts, such as
sodium hydroxide (NaOH) and potassium hydroxide
(KOH), were universally employed due to their rapid
reaction kinetics and low market cost [23]. However,
researchers quickly identified a critical flaw when
applying these bases directly to waste chicken fat.
WCEF frequently exhibits a high Free Fatty Acid (FFA)
content (often ranging from 3% to over 16%),
resulting from the hydrolytic degradation of the fat
prior to processing [24]. When homogeneous bases are
introduced to high-FFA fats, they trigger an
irreversible, parasitic side-reaction known as
saponification. This reaction consumes the catalyst,
produces large quantities of soap, dramatically lowers
the final biodiesel yield, and creates highly stable
emulsions that render the subsequent separation of the
glycerol by-product nearly impossible [6].

To circumvent this, researchers developed two-step
conversion processes. The first step involves an acid-
catalyzed esterification using strong liquid acids (e.g.,
H>S804 or HCI) at temperatures around 50°C to 65°C to
convert the FFAs into methyl esters, thereby lowering
the total acid value below the critical 1% threshold
[6,25]. Once the fat is neutralized, the second step
utilizes standard alkaline catalysts (like KOH or
NaOMe) to complete the transesterification of the
remaining triglycerides, achieving final yields
exceeding 95% [26,27].

Despite solving the saponification issue, homogeneous
catalysts present severe environmental and economic
drawbacks; they cannot be recovered from the reaction
mixture and necessitate vast quantities of heated,
distilled water to wash the crude biodiesel, generating
massive volumes of highly alkaline, toxic wastewater
[28]. Consequently, the current frontier of literature is
intensely focused on the development of
heterogeneous (solid) catalysts.

Solid base catalysts, such as calcium oxide (CaO)
derived from calcined waste eggshells or metal-mixed
oxides (e.g., ZnO-CaQO), offer transformative
advantages: they are easily separated from the liquid
product via simple filtration or centrifugation, they do
not produce soaps, and they can be regenerated and
reused for multiple reaction cycles, dramatically
improving process economics [23,29,30].
Furthermore, advanced bi-functional catalysts such as
cerium-supported sulphated activated carbon (e.g.,
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5Ce/ACcs-S) have been engineered to possess both
strong acidic and basic sites simultaneously. These
engineered nanomaterials enable a single-step,
simultaneous esterification and transesterification of
high-FFA chicken fat, bypassing the tedious two-step
process entirely and achieving FFA conversions up to

93% within one hour [31].

Effect of Catalyst Loading on FFA Conversion
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Figure 2: Effect of 5Ce/ACcs-S solid catalyst loading
on the free fatty acid (FFA) conversion of waste
chicken fat oil. The optimal conversion of 93% is
achieved at 3 wt% catalyst loading. Catalytic activity

1 2

drops significantly when loading exceeds 3 wt% due
to severe mass transfer limitations in the three-phase
(oil-methanol-catalyst) system, which prevents the
reaction from reaching completion [1].

IV. THEMATIC DISCUSSION:
PHYSICOCHEMICAL PROPERTIES AND FUEL
CHARACTERIZATION

The physical and chemical properties of the resulting
biodiesel are directly inherited from the fatty acid
distribution of the parent chicken fat. Unlike
petroleum diesel, which is a complex mixture of
diverse hydrocarbons, biodiesel is a defined mixture of
specific fatty acid methyl esters (FAME) [1].

4.1 Fatty Acid Profile and Molecular Structure

Comprehensive Gas Chromatography-Mass
Spectrometry (GC-MS) analyses reveal that chicken
fat is highly heterogeneous, primarily comprising five
key fatty acids. The saturated fraction is dominated by
Palmitic Acid (C16:0), which typically accounts for
20.0% to 25.0% of the mass, and Stearic Acid (C18:0)
at roughly 5.8% to 7.6% [32]. The presence of these
saturated straight-chain molecules is highly beneficial
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for combustion, as they contribute to a high cetane
number (often between 45 and 55), ensuring rapid
auto-ignition when injected into the hot compressed
air of a diesel engine cylinder [21,33].

However, the defining characteristic of chicken fat is
its large unsaturated fraction, primarily Oleic Acid
(C18:1), a monounsaturated fat that constitutes a
massive 38.2% to 48.5% of the total composition,
alongside Linoleic Acid (C18:2), a polyunsaturated fat
making up 17.5% to 23.8% [32]. The high degree of
total unsaturation (typically 60% to 67%) gives WCF
biodiesel superior flow properties at low temperatures
compared to highly saturated beef tallow biodiesels
[21]. The double bonds in the unsaturated carbon
chains disrupt crystalline lattice formation, thereby
depressing the cloud point and pour point, making
WCF biodiesel much more viable for use in cold
climates without the risk of fuel line plugging [34,35].
Conversely, these same double bonds act as reactive
sites for oxidative degradation, meaning that highly
unsaturated WCF biodiesel may require the addition of
synthetic antioxidants for long-term storage stability
[21].

Table 2: Comparative Fuel Properties of Waste
Chicken Fat Biodiesel vs. Standard Petrodiesel

Physicoche |Uni|Petrodie| WCF |Implicatio|Citation
mical t sel |Biodie| nfor [Source
Property (Standar| sel | Engine
d) |(Typic|Operation
al
Range)
Density (at 820 - | 860 - | Higher |(Author
15°C) 845 890 | density |, 2024)
alters fuel| [33]
injection
mass
flow,
marginall
y
increasing
specific
fuel
consumpti
on.
Kinematic 1.9-4.1] 43- | WCFis |(Author
Viscosity (at 5.8 | slightly |, 2024)
40°C) more [33];
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Heating 45.0 | 43.7 | energy |,2024)
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g pressure
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Oxygen |% | ~0.0 |~10.0 -|Acts as an|(Author
Content |ma 11.0 | internal |, 2024)
ss oxidant | [39]
during
combustio
n,
drastically
reducing
smoke
and
particulat
€ matter.

V. ENGINE PERFORMANCE AND
COMBUSTION ANALYTICS

The ultimate viability of waste chicken fat (WCF)
biodiesel is determined by its combustion
characteristics and mechanical performance in internal
combustion engines. A compression ignition (CI)
engine operating on biodiesel blends exhibits distinct
thermodynamic behaviours compared to pure
petrodiesel, primarily due to the fuel's altered density,
kinematic viscosity, lower heating value (LHV), and
inherent oxygen content [1,2,3].

5.1 Brake Specific Fuel Consumption (BSFC)

Brake Specific Fuel Consumption represents the mass
of fuel consumed to produce one unit of brake power
over a specific time, serving as a primary indicator of
engine efficiency. An overwhelming consensus in the
literature indicates that the BSFC for WCF biodiesel
blends is universally higher than that of neat
petrodiesel [4,5,6,7].

For instance, Giirii et al. (2010) reported a 5.2%
increase in specific fuel consumption at the maximum
torque speed of 2200 rpm for a B10 blend (10% WCF
biodiesel) compared to standard EN 590 diesels [7].
Similarly, Mohiddin et al. (2018) observed that at 1600
rpm, the SFC of B10, B20, B30, B40, and B50 blends
were incrementally higher than pure diesel by 0.76%,
1.54%, 2.52%, 3.84%, and 6.13%, respectively [5].
This phenomenon is governed by the First Law of
Thermodynamics; WCF biodiesel possesses a lower
net calorific value (approx. 39.3 to 43.7 MJ/kg)
compared to petrodiesel (42.5 to 45.7 MJ/kg) [6,8].
Because the fuel metering systems in traditional jerk
fuel pumps operate on a volumetric displacement
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basis, the higher density of WCF biodiesel results in a
larger mass of fuel being injected per stroke [7].
Consequently, a greater mass flow rate is mandated to
achieve the identical heat release and brake power
output, driving up the BSFC [1,9].

5.2 Brake Thermal Efficiency (BTE)

Brake Thermal Efficiency (BTE) evaluates how
effectively the engine converts the chemical energy of
the fuel into mechanical work. The literature presents
slightly bifurcated findings on BTE, heavily
dependent on engine load and blend ratios.

In pure WCF biodiesel applications, BTE generally
decreases. Kirubakaran & Selvan (2018) note that
higher kinematic viscosity leads to larger Sauter Mean
Diameters (SMD) of fuel droplets during injection,
causing poorer atomization, sluggish vaporization, and
incomplete mixing with air, thereby degrading thermal
efficiency [10,11]. However, Hariram et al. (2021)
demonstrated that the addition of oxygenated co-
solvents and additives fundamentally alters this
paradigm [12,13]. When testing a D80 CFB20 (80%
diesel, 20% WCF biodiesel) blend enriched with 20%
ethanol (D80 CFB20 E20), they observed a
remarkable increase in BTE. At full load, the BTE for
diesel was 35.47%, whereas the ethanol-enriched
blend achieved 37.8% [13,14]. The presence of fuel-
bound oxygen from both the methyl ester and the
ethanol additive facilitates a leaner, more complete
combustion process, significantly improving heat
utilization and compensating for the lower baseline
LHV [13,15]. Narayanan et al. (2025) further
supported this, revealing that Waste Chicken Methyl
Ethyl Ester (WCMEE) yielded an 11.2% greater BTE
than standard methyl esters due to lower density and
enhanced rapid oxidation facilitated by ethyl chains
[15,16].

5.3 In-Cylinder Pressure and Heat Release Rate (HRR)
The combustion of WCF biodiesel initiates earlier than
petrodiesel. Transesterified chicken fat boasts a
superior cetane number (frequently between 50 and
60) [17,18]. Narayanan et al. (2025) and Giirii et al.
(2010) both detail that a high cetane number
drastically shortens the ignition delay (ID) period
[19,20]. Because the fuel ignites faster, less fuel
accumulates in the cylinder during the pre-mixed
combustion phase [21].

LJIRT 207192

Consequently, the peak heat release rate during the
premixed phase is lower for WCF biodiesel, but the
combustion rapidly transitions into the diffusion phase
[21]. The high oxygen content ensures that oxidation
is highly efficient during this diffusion phase, driving
up localized in-cylinder temperatures. Giirii et al.
(2010) recorded maximum cylinder gas pressures of
60.8 bar at 9.72 Crank Angles (CA) for biodiesel,
compared to 59.65 bar at 6.85 CA for conventional
diesel [19].

Table 3: Summary of Engine Performance
Characteristics of WCF Biodiesel vs. Petrodiesel

Performance | Trend vs. Primary Citation
Metric Petrodiesel | Governing Source
Factors
Brake Increased Lower (Mohiddin
Specific Fuel| (5% to Heating et al.,
Consumption|  25%) Value 2018);
(BSFC) (LHV); |(Giirii et al.,
Higher fuel |2010) [5,7]
density
requires
greater mass
injection.
Brake Varies Higher |(Hariram et
Thermal | (Decreases | viscosity | al., 2021);
Efficiency | with pure impedes |(Narayanan
(BTE) B100; |atomization; |et al., 2025)
Increases | oxygenated | [13,15]
with additives
oxygenated| enhance
additives) | combustion
completion.
In-Cylinder | Increased Shorter |(Narayanan
Peak (Marginal ignition et al.,
Pressure to delay; 2025);
Moderate) | advanced |(Giirii et al.,
start of 2010)
combustion; | [19,20]
accelerated
diffusion
burning.
Brake Power | Decreased Lower (Mohiddin
Output (1.5% to energy etal.,
7.5%) density 2018);
translates to | (Kinnal et
slight torque
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and brake | al.,2018)
horsepower | [22,23]
losses at high
loads.

VI. COMPREHENSIVE EXHAUST EMISSION
PROFILES

The environmental imperative for adopting WCF
biodiesel is rooted in its highly favourable exhaust
emission profile. With the exception of nitrogen oxides
(NOy), the combustion of oxygenated fatty acid methyl
esters significantly curtails tailpipe pollutants.
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Figure 3: Comparative Exhaust Emission Trends of
WCF Biodiesel Blends as a Function of Engine Load.

6.1 Carbon Monoxide (CO) and Unburned
Hydrocarbons (UBHC)

Carbon monoxide and unburned hydrocarbons are
direct by-products of incomplete combustion,
predominantly occurring in fuel-rich regions of the
cylinder spray where localized oxygen starvation
occurs [24,25]. WCF biodiesel acts as an intrinsic
chemical oxidant, carrying approximately 10% to 11%
oxygen by mass within its molecular ester structure
[26,27].

This fuel-bound oxygen intimately mixes with the
hydrocarbon chains at a molecular level, preventing
oxygen starvation even in the core of the fuel spray
[27,28]. Giirii et al. (2010) reported a 13% reduction in
CO emissions for a B10 blend at 2200 rpm [28].
Hariram et al. (2021) expanded on this by integrating
ethanol (D80 CFB20 E20), showing that the
synergistic oxygenation drastically slashed UBHC
emissions from 36 ppm to negligible levels at high
loads, alongside dropping CO emissions from 0.112%
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to a mere 0.073% [24,25]. Furthermore, Narayanan et
al. (2025) indicated a 15% drop in CO and a 10% drop
in HC for ethyl-esterified chicken fat due to enhanced
complete combustion dynamics [29,30].

Carbon Monoxide (CO) Emissions vs. Engine Load
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Figure 4: Comparative variation of Carbon Monoxide
(CO) emissions against applied engine load for
conventional petrodiesel versus a 20% waste chicken
fat biodiesel blend (B20). The intrinsic fuel-bound
oxygen of the methyl ester facilitates a more
complete combustion process, yielding lower CO
emissions across all tested load conditions [2].

6.2 Particulate Matter (PM) and Smoke Opacity
Particulate matter (soot) formation is initiated by the
pyrolysis of unburned fuel in oxygen-deficient zones
at high temperatures, followed by coagulation into
visible carbonaceous smoke [28]. Petrodiesel is rich in
aromatic hydrocarbons, which act as primary soot
precursors. In stark contrast, WCF biodiesel is entirely
devoid of aromatics and sulphur [27,28]. The
combination of zero aromaticity and internal oxygen
severely inhibits the initial soot nucleation process.
Exhaust analyses universally demonstrate smoke
opacity reductions ranging from 9% to over 48%
depending on the blending ratio [27,28,31].

6.3 The Nitrogen Oxide (NOy) Penalty

The most widely documented critical limitation of
biodiesel utilization is the elevation of NO, emissions.
NO; is synthesized via the extended Zeldovich
mechanism, which is highly temperature dependent,
occurring when diatomic atmospheric nitrogen (V)
disassociates and reacts with oxygen at peak
combustion temperatures exceeding 1,500°C [32,33].
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WCEF biodiesel blends typically exhibit a NOx penalty
of 5% to 25% [33,34]. This exacerbation is
multicausal:

1. Thermal Mechanism: The high oxygen content
promotes exceptionally clean and hot diffusion
combustion,  pushing localized cylinder
temperatures higher than those seen with
petrodiesel [32,34].

2. Advanced Injection Timing: The higher bulk
modulus, speed of sound, and density of biodiesel
cause pressure waves to travel faster through the
fuel lines of mechanical jerk pumps, advancing
the dynamic injection timing [34].

3. Extended Residence Time: The advanced start of
combustion (arising from high cetane numbers
and early injection) means the combusting gases
reside at peak temperatures for a longer duration
of the crank angle, exponentially increasing
formation rates [32,34,35].

To mitigate this, contemporary research has focused

on applying Exhaust Gas Recirculation (EGR),

retarding injection timing, or utilizing metallic nano-
additives. Synthesized organic magnesium additives,
while other studies have used cerium oxide (Ce0»);
these metal nanoparticles act as thermal heat sinks,
mildly suppressing peak combustion temperatures,
while simultaneously catalyzing oxidation to offset
any subsequent rise in CO [35,36].

VII. COMPARATIVE COST ESTIMATIONS AND
ECONOMIC FEASIBILITY

The commercialization of any alternative fuel relies
unequivocally on its economic feasibility. First
generation biodiesels (e.g., soybean, canola) face
insurmountable economic hurdles because the edible
feedstock alone commands over 70% of the final
market price [37]. By transitioning to a waste
valorization model utilizing poultry slaughterhouse
waste, the economic paradigm is entirely inverted.

7.1 Cost Breakdown Analysis

A rigorous techno-economic analysis by evaluated the

capital and operational expenditures for a WCF

biodiesel plant processing 1,000 litres of raw fat per

day [38,39].

e Feedstock Cost: The intrinsic cost of the raw
material is essentially zero (%0), as it is
municipal/industrial ~ waste. = However, the
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logistical costs collection, transportation, and
thermal melting are estimated at X10 per litre [38].

o Chemicals: The transesterification process
requires absolute methanol and a basic catalyst
(KOH). For 1,000 litres, the daily consumption is
200 litres of methanol (at I40/L) and 7.5 kg of
KOH (at %300/kg), constituting a significant
44.4% of the overall variable costs [40].

e Energy and Labor: Electricity required for heating
the reactor, stirring, and water washing was
calculated  dynamically, alongside labour
overheads, culminating in an operating cost
fraction of roughly 12.15% [41,42].

The gross production cost was partially offset by the
valorization of the glycerol by-product (marketed at
325 per litre) [39]. Factoring in depreciation of capital
equipment over a 15-year lifecycle at a 6% interest
rate, the finalized net production cost of WCF
biodiesel was calculated at a remarkably low 324.77
per litre ($~0.30 USD/litre) [39,42].

Cost Breakdown of WCF Biodiesel Production

Catalyst (KOH)
Electricity & Lahor

9.7%

34.6% Methanol

Raw Materia
(Logistics)

Figure 5: Techno-economic percentage breakdown of
total operating and material costs for a waste chicken
fat biodiesel plant producing 1,000 litres per day.
While the intrinsic purchase cost of the waste
feedstock is zero, logistical collection and thermal
melting account for roughly 43.3% of total
expenditures, followed closely by the cost of
methanol at 34.6% [4,5].
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Table 4: Economic Feasibility Matrix of Diverse
Biodiesel Feedstocks (Data based on Indian Market
Projections, 2015)

Econom| Wast | Wast| Edible | Microalgae | Citation

ic e e |Corn/So| Biomass | Source
Factor | Chic |Cook| ybean
ken | ing 0Oil
Fat | Oil
(WC|(WC
F) | 0)
Intrinsic|0.00[0.00> ¥50.00| Highly | (Rao &
Feedsto |(Wast| - Variable |Ramakri
ck Cost| e) [R25.0 (High shna,
(per 0 CAPEX) | 2015)
Liter) [43]

Total |324.7R35.0|%74.77 - | Prohibitive | (Rao &
Productii 7 | 0- | ¥85.00 | currently |Ramakri

on Cost 249.7 shna,
(per 7 2015)
Liter) [43,44]

Land |Zero|Zero|Massive| Moderate | (Rao &

Use |(By- agricultu| (Ponds/Bior |Ramakri

Require |produ| ral eactors) shna,
ment | ctof acreage 2015)
existi required [43]
ng
poult
ry
indus
try)

Food [None[None| Severe None (Author,
vs. Fuel ethical 2024);
Threat and [43]
market
threat

This data definitively proves that WCF biodiesel is
drastically cheaper to produce than petroleum diesel,
shielding economies from the volatility of
international crude oil markets while offering an
elegant solution to biological waste management
[42,45].

VIII. CRITICAL GAPS IN THE CURRENT
LITERATURE

While the conversion of WCF into biodiesel has

reached a state of high technical maturity at the
laboratory scale, several critical lacunae remain in the
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academic literature, presenting barriers to widespread

industrialization:

1. Long-Term Tribological and Wear Analysis on
Modern CRDI Engines: The vast majority of
empirical engine testing has been conducted on
older, naturally aspirated, mechanical direct-
injection (DI) or indirect-injection (IDI) single-
cylinder agricultural engines [46,47]. There is a
glaring deficit of long-term durability data (e.g.,
500-hour continuous run tests) utilizing modern,
high-pressure Common Rail Direct Injection
(CRDI) systems. The impact of the slightly higher
acidity and oxidative degradation of WCF
biodiesel on sensitive piezoelectric fuel injectors
remains poorly documented [48].

2. Scalability of Novel Nanocatalysts: Extraordinary
advances have been made in synthesizing exotic
bi-functional heterogeneous nanocatalysts, such
as the cerium-supported sulphated activated
carbon (5Ce/ACcs-S) [49]. This catalyst achieves
93% simultaneous esterification
transesterification [50]. However, synthesizing
these catalysts involves high-temperature
calcination (700°C), wet-impregnation of rare-
earth metals, and toxic sulfonation processes [51].
The literature currently lacks rigorous techno-
economic modelling regarding the mass
production of such nanomaterials versus the
cheap, albeit environmentally taxing, use of
homogeneous NaOH/KOH at an industrial scale
[52,53].

3. Low-Temperature Flow Improvers (Cold Flow
Operability): Due to the 32% saturated fat content
(palmitic and stearic acids) in chicken fat, WCF
biodiesel exhibits a relatively high cloud point
(approx. 8°Cto 13°C) and pour point [17,18].
Current literature solves this primarily by
blending with petrodiesel (B20). Research
specific to winterization techniques or the
development of polymeric cold-flow improvers
tailored specifically for poultry-derived methyl
esters is scarce [18].

IX. FUTURE RESEARCH DIRECTIONS

To bridge the identified gaps and transition WCF
biodiesel from bench-scale chemistry to mainstream
energy infrastructure, future research trajectories
should focus on:
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e The "Poultry Biorefinery" Paradigm: Future
frameworks should avoid isolated lipid extraction
and move toward comprehensive biorefineries.
This involves tandem processes: utilizing the
lipids for biodiesel, hydrolyzing the feather
keratin for high-protein animal feed or bioplastics,
and capturing the anaerobic digestion of
blood/offal for biogas. This holistic closed-loop
system maximizes economic output and achieves
absolute zero-waste [48].

e Biohydrogenated Diesel (BHD) / Green Diesel:
Moving away from transesterification entirely,
future catalytic research should emphasize the
hydrodeoxygenation of WCF using hydrogen
over metallic catalysts (e.g., Ni/ALOs). This
produces straight-chain paraffinic alkanes "Green
Diesel" which lacks the problematic ester oxygen
bonds, possesses a cetane number near 80, has
excellent cold-flow properties, and is chemically
indistinguishable from petroleum diesel, allowing
for a 100% drop-in replacement without engine
recalibration [6,54].

e Optimization via Machine Learning: While
Response Surface Methodology (RSM) is heavily
utilized, the integration of Artificial Neural
Networks (ANN) combined with Genetic
Algorithms (GA) must be expanded to
dynamically model and control large-scale
continuous flow supercritical or enzymatic
reactors, ensuring autonomous optimization of
yield in response to highly variable feedstock
acidities [55,56].

X. CONCLUSION

The exponential rise in global energy demand, coupled
with the imminent exhaustion of fossil fuel reserves
and the catastrophic realities of anthropogenic climate
change, necessitates the urgent adoption of sustainable
fuel alternatives. This comprehensive review
establishes that waste chicken fat (WCF) is a highly
superior, economically viable, second-generation
feedstock for biodiesel synthesis. Unlike first-
generation agricultural crops, WCF fundamentally
circumvents the "food versus fuel" ethical dilemma,
requires zero arable land, and transforms a hazardous
biological waste product into a valuable energy
commodity.
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Technologically, the challenges posed by the high free
fatty acid (FFA) and moisture content of raw WCF can
be effectively neutralized through advanced rendering
(such as microwave-assisted extraction) and two-step
acid-base catalytic processes. The vanguard of
chemical research demonstrates that transition toward
bi-functional heterogeneous solid catalysts, such as
cerium supported sulphated activated carbon
(5Ce/ACcs-S) or calcium oxide derived from calcined
eggshells, allows for simultaneous esterification and
transesterification in a single step. These green
catalysts are highly reusable, eradicate the formation
of toxic alkaline wastewater, and drastically streamline
the purification pipeline.

Empirical combustion analytics confirm that WCF
biodiesel conforms flawlessly to international ASTM
D6751 and EN 14214 standards. In direct injection
compression ignition engines, WCF biodiesel blends
yield comparable brake thermal efficiencies and power
outputs to conventional petrodiesel. Environmentally,
the inherent fuel-bound oxygen of the methyl esters
guarantees a more complete diffusion combustion,
resulting in profound reductions in carbon monoxide,
unburned hydrocarbons, and soot particulate matter.
While the characteristic penalty of elevated nitrogen
oxide (NOy) emissions persists due to advanced
ignition timing and higher localized thermal gradients,
it can be mitigated through exhaust gas recirculation
and the integration of novel metallic nano-additives.
Ultimately, with an estimated production cost as low
as $0.30 USD per litre, waste chicken fat biodiesel is
not merely an academic curiosity; it is a scalable,
carbon-neutral, and commercially disruptive fuel
capable of decentralizing energy production and
significantly decarbonizing the heavy transport sector.
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