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Abstract. The main objectives of the study were to investigate the effect of a Low Heat Rejection (LHR)
combustion chamber on the performance, combustion, and emission characteristics of a direct injection
(DI) diesel engine fueled with Coffee Husk Methyl Ester (CHOME) biodiesel blends, and to determine
the optimum blend for efficient engine operation. The study addressed several key challenges associated
with biodiesel-fueled diesel engines, including lower thermal efficiency, higher fuel consumption, in-
creased nitrogen oxide (NOx) emissions, and significant heat loss through engine components. To over-
come these issues, a 0.3 mm partially stabilized zirconia (PSZ) coating was applied to the piston crown
and cylinder head to establish a Low Heat Rejection (LHR) engine configuration. Experimental inves-
tigations were then conducted using diesel and CHOME biodiesel blends (B20, B40, B60, and B100)
under varying engine load conditions to evaluate improvements in performance, combustion, and emis-
sion characteristics. The most important results are that the CHOME B20 blend under LHR operation
produced the highest brake thermal efficiency of 34.6%, which was 8.5% higher than diesel and 12.3%
higher than the conventional engine with the same fuel, while reducing brake specific fuel consumption
to 0.258 kg/kWh. The LHR-B20 combination also increased peak cylinder pressure to 73 bar and max-
imum heat release rate to 63 J/°CA, shortened ignition delay from 11°CA to 9°CA, and reduced CO,
HC, and smoke opacity emissions by 27%, 33%, and 25%, respectively, although NOx emissions in-
creased marginally by 10%. The significance of obtained results lies in demonstrating that the integra-
tion of CHOME biodiesel with LHR engine technology can improve combustion efficiency, enhance
thermal performance, and reduce harmful exhaust emissions, thereby offering a sustainable and envi-
ronmentally friendly alternative fuel solution for diesel engine applications.

Keywords: Coffee Husk Methyl Ester (CHOME), low heat rejection (LHR) engine, direct injection die-
sel engine, brake thermal efficiency, combustion characteristics, emission analysis.

DOI: https://doi.org/10.52254/1857-0070.2026.3-71.07
UDC: 621.43.068:662.756.3:620.193

Influenta camerei de ardere cu disipare redusa a cildurii asupra comportamentului biodieselului pe baza

de esteri metilici din coji de cafea intr-un motor diesel cu injectie directa

'Vasanthkumar P., 2Venkatesan K., 3Shanmuganandam K., “Parthasarathi R., *Balu P.
nstitutul de Stiintd si Tehnologie SRM, Campusul Ramapuram, Chennai, India
2Colegiul de Inginerie ,,Vel Tech High Tech Dr. Ragarajan Dr. Sakunthala”, Avadi, Chennai, Tamil Nadu, India
3Institutul Bharath de Invatamant Superior si Cercetare, Chennai, India
4Colegiul de Inginerie si Tehnologie ,,Ganapathy Chettiar”, Paramakudi, India
SInstitutul Bharath de Invatamant Superior si Cercetare, Chennai,

Rezumat. Principalele obiective ale studiului au fost investigarea efectului unei camere de ardere cu respingere
redusa de cdldura (LHR) asupra performantei, procesului de ardere si caracteristicilor emisiilor unui motor diesel
cu injectie directa (DI) alimentat cu amestecuri de biodiesel obtinut din ester metilic al uleiului din coaja de cafea
(CHOME), precum si determinarea amestecului optim pentru functionarea eficientd a motorului. Pentru atingerea
acestor obiective, un strat de zirconiu partial stabilizat (PSZ), cu grosimea de 0.3 mm, a fost aplicat pe coroana
pistonului si pe chiulasad pentru realizarea unei camere de ardere LHR, iar investigatiile experimentale au fost
efectuate utilizind amestecuri de motorina si biodiesel CHOME (B20, B40, B60 si B100) in diferite regimuri de
sarcind ale motorului. Cele mai importante rezultate au aratat ca amestecul CHOME B20, utilizat in configuratia
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LHR, a asigurat cea mai ridicata eficienta termica efectiva (Brake Thermal Efficiency), de 34,6%, cu 8,5% mai
mare decét In cazul motorinei si cu 12.3% mai mare decat cea obtinutd pentru motorul conventional alimentat cu
acelasi combustibil. In acelasi timp, consumul specific efectiv de combustibil (Brake Specific Fuel Consumption)
s-a redus la 0.258 kg/kWh. De asemenea, combinatia LHR-B20 a determinat cresterea presiunii maxime in
cilindru la 73 bar si a ratei maxime de degajare a caldurii la 63 J/°CA, reducerea intarzierii la aprindere de la
11°CA la 9°CA si diminuarea emisiilor de CO, HC si a opacitatii fumului cu 27%, 33% si, respectiv, 25%, desi
emisiile de NOx au inregistrat o crestere usoara, de aproximativ 10%. Semnificatia rezultatelor obtinute consta in
demonstrarea faptului ca integrarea biodieselului CHOME cu tehnologia motoarelor LHR poate imbunatati
eficienta procesului de ardere, poate creste performanta termica si poate reduce emisiile poluante ale gazelor de
esapament, oferind astfel o solutie durabila si ecologicd bazata pe combustibili alternativi pentru aplicatiile cu
motoare diesel.

Cuvinte-cheie: esterul metilic din coji de cafea (CHOME), motor cu emisie redusa de caldura (LHR), motor diesel
cu injectie directd, randamentul termic al franarii, caracteristicile de ardere, analiza emisiilor.

BunsiHue kaMephl cCrOpaHus ¢ HU3KMM TEMJIOOTBO/IOM AM3€JIbHOT0 IBUraTe sl C HENOCPEeACTBEeHHBIM
BIIPBICKOM, padoTalomeM Ha 6MoAN3eJIbHOM TOIIHBE HA OCHOBE METHJIOBOI0 3(hupa KodeliHol menyxu
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"MucturyT Hayku u Texuonoruit SRM, kamnyc Pamanypam, Uennau, Unjus
Nmxenepuslii komnemx Vel Tech High Tech uM. n-pa Parapamxana u g-pa CaxynTansl, Apaau, Uennau, Ta-

mun Hany, Uaaus
SUHCTUTYT BBICIIETO 0Opa30BaHKs U UcclieoBanuii «bxapar», Uennan, Mngus
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Annomayun. OCHOBHBIE LIETH UCCIIEAOBAHUS 3aK/IIOYAIUCh B U3yUYEHHH BIMSHUSA KaMepbl CTOPAHUS C HU3KUM
teroorBojoM (LHR) Ha xapakrepucTiky pabOTbl, CropaHus ¥ BBIOPOCOB JM3EJILHOTO ABHUIaTelNs ¢ HENOCpe/I-
ctBeHHbIM BIpbickoM (DI), paGoTtatomiero Ha cMecsix OMOIM3est ¢ METHJIOBBIM 3(PHPOM KOQEHHON ILelyxu
(CHOME), a Taxoke B onpeesaeHuH ONTUMaIbHON cMecH it 2 dexTuBHON paboThl ABUTaTens. s nocTmkeHus
9THX LeJIel Ha MOPIIEHb U TOJIOBKY LMIMHAPA ObLI0 HAHECEHO MOKPBITHE U3 YaCTHYHO CTaOMIIM3UPOBAHHOTO U~
okcuza rupkonus (PSZ) Tommmuoi 0,3 MM s coznanust kameps! cropanust LHR, v 6puti mpoBeieHsI aKcriepu-
MEHTAJIbHBIE UCCIIeIOBAHUS C MCITOJIb30BAHUEM JTU3EILHOTO ToIhBa U cMeceit omonusenss CHOME (B20, B40,
B60 u B100) mpu pa3auyHBIX YCIOBHUSIX Harpy3ku nsuratenss. Hambomee BaKHBIMHU pe3ysIbTaTaMu SBISIFOTCA TO,
yro cmecb CHOME B20 nipu pabote B pexxnme LHR obGecnieunna HanBsicmnii TopmosHo# temnosoit KIT/1 34,6%,
410 Ha §,5% BBIIIIE, YEM y IU3EIBHOTO TOIUINBA, U Ha 12,3% BhINIe, 4eM y OOBIMHOTO ABHTATelNsl, paboTaroIero
Ha TOM jK€ TOIUTUBE, MIPH 3TOM CHHU3UB yAEIBHBIA pacxox Tommsa a0 0,258 kr/kBt-u. Komounanus LHR-B20
TaKKe yBEIMYMIIa MUKOBOE JaBJICHNE B HWIMHIApPE /10 73 0ap 1 MakCHMalbHYIO CKOPOCTh BBIIEJICHHS TeIua 10 63
Jx/°CA, cokparuina 3anepxky 3axuranus ¢ 11°CA no 9°CA u canzuna Beiopock CO, HC u neimHOCTH Ha 27%,
33% u 25% coOTBETCTBEHHO, XOTA BBIOpOoCchkl NOX He3HaUUTENbHO yBeaIUIUiIuch Ha 10%. 3Ha4MMOCTh MOTyYeH-
HBIX Pe3yJIbTaTOB 3aKII0YAETCS B IEMOHCTPAIIMU TOTO, yTo MHTerpanus 6uoauzensi CHOME c texHonorueit 1u-
rarens LHR moxer noBsICHTE 3(p(peKTUBHOCTE CrOpaHus, YIyUIIUTh TEIJIOBBIE XapaKTEPUCTHKHU U CHU3UTD BPE-
HBIE BEIOPOCHI BBIXJIOMTHBIX TA30B, IpeAJIaras TeM CaMbIM YCTOWYMBOE M HKOJIOTHYECKH YHCTOE aJbTePHATUBHOE
TOTUINBO JJISl U3ETbHBIX BUraTENeH.

Knroueswie cnoea: vetmnoBerii 2¢up xodeitnoit mexyxu (CHOME), apuratens ¢ HuskuM terioorsoaom (LHR),
JIM3EIIbHBIN IBUTaTEIIb C HEIIOCPEICTBEHHBIM BIPBICKOM, TOPMO3HOM TeruioBoi KII/I, XapakTepucTHKN CropaHus,
aHaJIM3 BHIOPOCOB.

INTRODUCTION contribute to environmental pollution and climate
change. In this context, biodiesel, derived from
renewable feedstocks, has emerged as a
promising alternative owing to its
biodegradability, non-toxic nature, and favorable
combustion characteristics [1]. Among various
biodiesel feedstocks, coffee husk oil a byproduct
of coffee processing is gaining attention as a non-
edible, waste-derived raw material suitable for
biodiesel production. Coffee husk is an abundant
agricultural residue rich in residual oil content,
typically ranging between 12% and 15%. The

The global energy demand and rapid depletion of
fossil fuel reserves have intensified the search for
renewable and sustainable alternatives to
conventional petroleum fuels. Diesel engines are
widely utilized in transportation, agriculture, and
industrial sectors due to their superior fuel
economy and durability; however, their heavy
reliance on fossil fuels has led to concerns
regarding greenhouse gas emissions, particulate
matter, and nitrogen oxides (NOx), which
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conversion of this oil into its methyl ester through
transesterification yields Coffee Husk Oil Methyl
Ester (CHOME), which possesses
physicochemical properties comparable to
conventional diesel fuel. Moreover, the utilization
of coffee waste for biofuel production contributes
to waste valorization and supports circular
bioeconomy principles [2].

However, despite its environmental advantages,
biodiesel generally exhibits certain drawbacks
such as higher viscosity, lower calorific value,
and increased fuel consumption, which can lead
to slightly reduced engine performance compared
to diesel. These limitations can be mitigated by
improving the thermal efficiency of the engine.
One effective method is the Low Heat Rejection
(LHR) engine concept, which involves thermally
insulating the combustion chamber components
such as the piston crown, cylinder head, and
valves with ceramic coatings like partially
stabilized zirconia (PSZ). The LHR configuration
minimizes heat loss through the combustion
walls, increases in-cylinder temperature,
enhances complete combustion, and consequently
improves engine efficiency. Previous studies have
reported that biodiesel operation in LHR engines
can enhance brake thermal efficiency (BTE) and
reduce carbon monoxide (CO) and unburned
hydrocarbon (HC) emissions, although a marginal
rise in NOx is often observed due to elevated
combustion temperatures [3]. The global search
for renewable and sustainable alternatives to
petroleum fuels has accelerated research on
biodiesel derived from non-edible feedstocks.
Biodiesel offers several advantages such as
biodegradability, low sulfur content, and carbon-
neutral combustion, making it a promising
substitute for diesel fuel in compression ignition
(CI) engines [4]. However, one of the persistent
challenges associated with biodiesel is its
relatively high viscosity and lower calorific value,
which often result in increased fuel consumption
and reduced brake thermal efficiency (BTE)
compared to conventional diesel [5]. This
performance gap can be mitigated through engine
design modifications such as employing low heat
rejection (LHR) combustion chambers that
enhance in-cylinder temperature and improve fuel
oxidation. Among various biomass feedstocks,
coffee-processing residues particularly coffee
husk and spent grounds represent an abundant and
underutilized resource for biodiesel production.
Coffee husk oil typically exhibits a high free fatty
acid (FFA) content exceeding 15-20%,
necessitating a two-step  transesterification
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process involving acid esterification followed by
base-catalyzed transesterification to achieve the
desired ester yield [6]. The resulting Coffee Husk
Oil Methyl Ester (CHOME) has been found to
conform to ASTM D6751 and ENI14214
standards, with physicochemical properties such
as kinematic viscosity, density, flash point, and
cetane number comparable to other non-edible
biodiesels [7]. Studies have shown that CHOME
blends (B20-B30) exhibit satisfactory
combustion stability and ignition quality, though
preheating or blending with diesel is often
necessary to reduce viscosity and improve
atomization [8]. In DI diesel engines, biodiesel
fuels generally demonstrate slightly reduced BTE
and increased brake-specific fuel consumption
(BSFC), owing to lower energy content.
Nonetheless, biodiesel’s inherent oxygen content
facilitates more complete combustion, leading to
lower emissions of carbon monoxide (CO),
unburned hydrocarbons (HC), and smoke opacity
compared to neat diesel operation [9]. The major
trade-off lies in nitrogen oxide (NOx) emissions,
which tend to increase due to elevated combustion
temperatures and enhanced oxygen availability
[10]. Therefore, optimization of combustion
parameters such as injection timing, pressure, and
chamber temperature is critical for achieving
desirable performance, emission balances when
operating with biodiesel fuels.

The concept of Low Heat Rejection (LHR)
engines has emerged as an effective thermal
management strategy to improve engine
performance with low-energy-density fuels. LHR
engines utilize ceramic-based thermal barrier
coatings (TBCs) such as partially stabilized
zirconia (PSZ) or yttria-stabilized zirconia (YSZ)
on the piston crown, cylinder head, and valves to
minimize heat losses to the coolant [11]. These
coatings increase combustion chamber wall
temperature, promote faster evaporation of fuel
droplets, and enhance the premixed combustion
phase [12]. Several studies have reported
performance gains in the range of 3—14% in BTE
and corresponding reductions in BSFC, CO, HC,
and smoke emissions for biodiesel-fueled LHR
engines. However, elevated temperatures within
the combustion chamber can exacerbate NOx
emissions, necessitating injection retardation,
exhaust gas recirculation (EGR), or optimized
swirl to achieve emission compliance. Recent
developments have also focused on coating
architecture and durability. The use of graded
bond coats, optimized thickness (250—450 pm),
and advanced plasma spray deposition techniques
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has improved coating adherence and thermal
shock resistance. Studies also indicate that
biodiesel’s oxygenated nature complements the
LHR mechanism by facilitating oxidation of
intermediate  species at higher in-cylinder
temperatures [13]. As a result, biodiesel-LHR
combinations have demonstrated superior smoke
and CO reduction compared to conventional
diesel-LHR setups. Nonetheless, the extent of
these benefits varies with the type of biodiesel,
coating material, and combustion chamber
geometry. Despite substantial progress in LHR
engine research, studies specifically focusing on
Coffee Husk Methyl Ester (CHOME) in thermally
insulated combustion chambers remain limited.
Most of the existing literature has examined
vegetable oil-based biodiesels such as Mahua,
Jatropha, and Pongamia in LHR configurations
[14], while CHOME remains largely unexplored.
Given CHOME’s moderate cetane number and
higher viscosity, the elevated wall temperatures of
LHR engines are expected to improve spray
atomization, vaporization, and combustion
efficiency. However, comprehensive datasets
examining the combined effects of LHR coatings,
fuel blend ratio, and injection timing optimization

for CHOME are scarce. Therefore, further
investigation is  necessary to  quantify
performance, emission, and combustion

characteristics of CHOME in LHR diesel engines
under various operating conditions.

In summary, the literature establishes that LHR
engine technology effectively enhances thermal
efficiency and reduces unburned emissions for
biodiesel operation. However, the specific
interaction between coffee husk biodiesel
properties and LHR combustion dynamics has not
been comprehensively addressed. This research
aims to bridge this gap by experimentally
evaluating the performance, emission, and
combustion characteristics of CHOME-fueled DI
diesel engines equipped with ceramic-coated low
heat rejection combustion chambers. Despite
extensive research on biodiesel-fueled LHR
engines, limited attention has been given to the
use of Coffee Husk Methyl Ester (CHOME) in
such thermally insulated systems. The novelty of
this study lies in exploring the synergistic effect
of CHOME and the LHR concept in a direct
injection (DI) diesel engine, focusing on the
interaction between combustion behavior,
performance efficiency, and emission trends.
Therefore, the present work aims to
experimentally investigate the influence of a Low
Heat Rejection combustion chamber on the
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performance, combustion, and  emission
characteristics of a DI diesel engine fueled with
CHOME biodiesel blends. The study compares
engine behavior under both conventional and
LHR configurations to determine the optimal
blend for efficient and clean operation. Special
emphasis is placed on identifying the most
suitable blend ratio B20 (20% CHOME + 80%
diesel)w hich offers the best trade-off between
efficiency, combustion stability, and emission
reduction.

II MATERIALS AND METHODS
2.1. Feedstock Collection and Qil Extraction
Raw coffee husk waste was collected from a local
coffee processing unit in Tamil Nadu, India. The
biomass was sun-dried for 48 hours to reduce its
moisture content below 5% and then pulverized
into fine particles using a high-speed grinder. Oil
extraction was carried out using a Soxhlet
apparatus with n-hexane as the solvent at 70°C for
6 hours. The extracted oil was filtered and the
solvent was recovered by rotary evaporation. The
obtained coffee husk oil was characterized for
free fatty acid (FFA) content, which was found to
be above 15%, indicating the necessity for a two-
step esterification process prior to
transesterification.

Coffee Husk Oil

!

Preheating 60°C

!

Methanol, H,SO,

Acid
Esterification

Methanol,
NaOH

Base-Catalyzed
ransesterificatio

Coffee Husk Oil Methyl
Ester (CHOME)

Fig. 1. Oil Extraction.

2.2.  Biodiesel
Production)

The Coffee Husk Oil Methyl Ester (CHOME) was
synthesized via a two-stage process: acid
esterification followed by base-catalyzed
transesterification. In the acid esterification stage,

Preparation n (CHOME
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the oil was preheated to 60°C and treated with 1%
(v/v) sulfuric acid (H2SO4) and 6:1 molar ratio of
methanol to oil under continuous stirring for 1
hour. The reaction mixture was allowed to settle
for 12 hours, and the methanol-water layer was
separated. The base-catalyzed transesterification
was carried out by adding 0.6% (w/w) sodium
hydroxide (NaOH) as a catalyst and 6:1 methanol-
to-oil molar ratio. The reaction was maintained at
60°C for 90 minutes under agitation. The product
was allowed to settle overnight, yielding two
distinct layers: biodiesel (upper layer) and
glycerol (lower layer). The biodiesel layer was
washed several times with warm distilled water
until neutral pH was obtained, followed by drying
at 105°C for 2 hours. The resulting CHOME was
stored in sealed amber bottles for testing.

—_— A
— e“ j*

SEEDOIL TRANSESTER-
IFICATICIOI

BIODIESEL
GLYCEROL

Fig. 2. Biodiesel Preparation.

2.3 Low Heat Rejection (LHR) Combustion
Chamber Preparation

The Low Heat Rejection (LHR) configuration
was achieved by coating the piston crown,
cylinder head, and valve faces with a partially
stabilized zirconia (PSZ) ceramic material. The
coating was applied through the plasma spray
technique with a coating thickness of 350 pm over
a NiCrAlY bond coat (150 um) to enhance
adhesion and thermal stability. The surface
preparation involved sandblasting to a roughness
of 4-6 um followed by ultrasonic cleaning. The
coated components were subjected to thermal
cycling between 100°C and 450°C for 20 cycles
to ensure coating adherence and crack resistance.
The thermal conductivity of the PSZ layer was
approximately 1.2 W/m-K, significantly lower
than that of the aluminum substrate (150 W/m-K),
thereby improving the insulation capacity of the
chamber.

IIT EXPERIMENTAL SETUP
The experimental setup used for this study is
shown schematically in Figure 3. The system
comprises a single-cylinder, four-stroke, water-
cooled, direct injection (DI) diesel engine coupled
to an eddy current dynamometer for load control
and power measurement. The LHR combustion
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chamber configuration was achieved by coating
the piston crown, cylinder head, and valves with
partially stabilized zirconia (PSZ) using the
plasma spray technique. The fuel supply system
consists of a fuel tank (8), fuel filter (5), and a
high-pressure fuel injection pump (9) connected
to the injector. The air intake manifold delivers
filtered air into the cylinder, while the exhaust
gases are routed through an exhaust gas analyzer
(4) to measure emissions such as CO, HC, and
NOx. A smoke meter was connected in-line to
determine the smoke opacity of the exhaust. The
fuel preheating unit was incorporated to maintain
the fuel temperature at approximately 60°C,
ensuring uniform viscosity and atomization
characteristics for CHOME blends. The
dynamometer (7) measured the torque output of
the engine, enabling the calculation of brake
thermal efficiency (BTE) and brake specific fuel
consumption (BSFC).

FUEL FILTER EXHAUST

FUEL PUMP
1 METER

CHOME
COMBUSTION

A MBER EXHAUST GAS

ANALYZER

FUEL
FILTER

LHRCOMBUSTION |
CHAMBER
(PSZ COATING)

FUEL !
PREHEATER

=3
—
—
=
=
=

—
—
-

N :
Jay— DYNAMOMETER

Fig. 3. Experimental setup.

Table 1. Engine Specifications

Parameter Specification
Kirloskar AV1, Single
Engine Type cylinder, 4-stroke, DI
Diesel
Bore x Stroke 87.5 mm x 110 mm
Compression )
Ratio 17.5:1
Rated Power 3.7 kW at 1500 rpm
Injection 210 bar
Pressure
Injection 23° BTDC
Timing

Water cooled
Eddy current type, 5 kW

capacity

Cooling System

Dynamometer

All sensors, including thermocouples, pressure
transducers, and crank angle encoders, were
connected to a computerized data acquisition
system for real-time recording of cylinder
pressure, temperature, and speed data. The in-
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cylinder pressure traces were analyzed to
determine heat release rate (HRR), combustion
duration, and ignition delay, enabling a
comprehensive evaluation of the influence of the
LHR coating on the combustion behavior of
CHOMEE in the DI diesel engine.

IV RESULTS AND DISCUSSION

4.1 Brake Thermal Efficiency (BTE)

Figure 4 illustrates the variation of brake thermal
efficiency (BTE) with engine load for Diesel
(B0), CHOME B20, CHOME BI100, and
CHOME B20-LHR fuels. As observed, BTE
increases progressively with load for all fuels,
owing to improved combustion efficiency and
reduced relative heat losses at higher loads.
Among all the tested fuels, CHOME B20-LHR
exhibited the highest BTE across all load
conditions, achieving a maximum of 33.2% at full
load. This enhancement is attributed to the
reduced heat rejection through the thermally
insulated (PSZ-coated) combustion chamber,
which improves fuel vaporization, in-cylinder
temperature, and combustion completeness. In
contrast, B100 recorded the lowest BTE due to its
higher viscosity and lower calorific value,
resulting in poor atomization and incomplete
combustion. The B20 blend, however,
demonstrated better performance than B100,
confirming that partial substitution of diesel with
CHOME provides an optimal balance between
fuel economy and combustion quality. Overall,
the LHR engine operation with CHOME B20
resulted in an approximate 8—-10% improvement
in thermal efficiency compared to the
conventional diesel engine, validating the
potential of ceramic-coated combustion chambers
for  enhancing  biodiesel-fueled engine
performance [15].

Brake Thermal Efficiency (%)

40 60
Load (%)

80 100

Fig. 4. Variation of Brake Thermal Efficiency
(BTE) with Load.
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4.2 Brake Specific Fuel Consumption (BSFC)
Figure 5 presents the variation of Brake Specific
Fuel Consumption (BSFC) with engine load for
Diesel (B0), CHOME B20, CHOME B100, and
CHOME B20-LHR. As seen, BSFC decreases
with increasing load for all fuels due to improved
combustion efficiency and a higher proportion of
useful work output relative to fuel consumption.
The lowest BSFC value of 0.27 kg/kWh was
recorded for the CHOME B20-LHR condition at
full load, followed by Diesel (0.28 kg/kWh), B20
(0.30 kg/kWh), and B100 (0.33 kg/kWh). The
superior fuel economy observed for the LHR
configuration results from reduced heat loss
through the insulated chamber surfaces and
enhanced combustion completeness under
elevated temperatures. On the other hand,
CHOME B100 exhibited the highest BSFC across
all loads due to its higher viscosity and lower
calorific value, which demand greater fuel mass
for equivalent power output. The moderate B20
blend performed better than B100, indicating that
partial substitution provides favorable fuel-air
mixing and stable combustion. Overall, the LHR
chamber operation reduced BSFC by
approximately 6—10% compared to uncoated
conditions, confirming that thermal barrier
coatings are beneficial in improving the fuel
utilization efficiency of biodiesel-fueled DI diesel
engines [16].

Diesel (BO)
=~ CHOME B20
—a— CHOME B100
+— CHOME B20-LHR

0.50

Brake Specific Fuel Consumption (kg/kWh)

0.30

20 80
Load (%)

60 100

Fig.5. Variation of Brake Specific Fuel
Consumption (BSFC) with Load.

403 Exhaust Gas Temperature (EGT)
Figure 6 illustrates the variation of Exhaust Gas
Temperature (EGT) with engine load for Diesel
(B0), CHOME B20, CHOME BI100, and
CHOME B20-LHR fuels. The EGT increased
steadily with load for all fuels due to the higher
quantity of fuel burned per cycle and the greater
energy release at elevated loads. Among all tested
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conditions, the CHOME B20-LHR configuration
recorded the highest exhaust temperature of
490°C at full load, while the Diesel baseline
showed the lowest at 450°C. The rise in EGT for
the LHR chamber is primarily due to the reduction
in heat losses to the coolant and enhanced in-
cylinder thermal retention caused by the ceramic
coating. This leads to higher combustion
temperatures and a larger fraction of energy
leaving with exhaust gases. The EGT values for
CHOME B20 and B100 were higher than Diesel
in the uncoated engine because of biodiesel’s
oxygenated  structure, which  accelerates
combustion and elevates flame temperature.
However, the EGT increase is most pronounced
under LHR conditions, confirming effective
insulation by the PSZ coating. While a higher
EGT indicates improved energy utilization and
better fuel oxidation, it also correlates with
increased NOx emissions, as discussed in
subsequent sections. Overall, the trend validates
that the LHR configuration enhances combustion
intensity and thermal energy utilization within the
chamber, particularly when operating on
oxygenated CHOME biodiesel blends [17].

500 Diesel (BO)

=— CHOME B20
—+— CHOME B100

450 —— CHOME B20-LHR

400

350

Exhaust Gas Temperature (°C)

60
Load (%)

40 80

Fig. 6. Variation of Exhaust Gas Temperature
(EGT) with Load.

4.4 Carbon monoxide (CO) emissions
Figure 7 illustrates the variation of carbon
monoxide (CO) emissions with engine load for
Diesel (B0), CHOME B20, CHOME B100, and
CHOME B20-LHR fuels. CO emissions
gradually decrease with increasing load for all
fuels, primarily due to higher combustion
temperatures and improved oxidation at elevated
loads. The Diesel baseline exhibited the highest
CO emissions across all loads, reaching 0.16% at
full load, whereas the CHOME B20-LHR
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condition recorded the lowest value of 0.08%.
The reduction in CO emissions for biodiesel
blends is attributed to the inherent oxygen content
of CHOME, which enhances carbon oxidation
and facilitates more complete combustion. The
LHR configuration further suppresses CO
formation by maintaining higher wall and gas
temperatures in the combustion chamber,
improving oxidation of CO to CO: even in fuel-
rich zones. In contrast, B1I00 and B20 in the
uncoated engine exhibited slightly higher CO
emissions than B20-LHR due to incomplete
oxidation near the chamber walls, where
temperature gradients are steeper. Overall, CO
emissions under LHR operation decreased by
nearly 50% compared to uncoated diesel
operation, confirming that the thermal barrier
coating effectively enhances oxidation reactions
and reduces partially oxidized carbon compounds
in the exhaust. This improvement demonstrates
that CHOME B20-LHR not only improves
efficiency but also provides a cleaner combustion
profile [18].
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Fig. 7. Variation of Carbon Monoxide (CO)
Emission with Load.

4.5 Unburned Hydrocarbon (HC) Emission
Figure 8 presents the variation of unburned
hydrocarbon (HC) emissions with engine load for
Diesel (B0), CHOME B20, CHOME B100, and
CHOME B20-LHR fuels. A clear decreasing
trend in HC emissions is observed with increasing
load for all fuel samples, owing to higher in-
cylinder temperatures and improved combustion
completeness at elevated power output. Among
all test conditions, the CHOME B20-LHR
combination produced the lowest HC emissions,
measuring 36 ppm at full load, compared to 58
ppm for Diesel, 48 ppm for CHOME B20, and 42
ppm for CHOME B100. The reduction in HC
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under LHR operation is primarily due to the
enhanced oxidation of unburned hydrocarbons in
the thermally insulated combustion chamber. The
elevated surface temperatures from the PSZ
coating promote sustained oxidation of residual
hydrocarbons that would otherwise escape
unburned in cooler chamber zones. Additionally,
the oxygenated molecular structure of CHOME
provides intrinsic oxygen, which assists in the
complete breakdown of hydrocarbon chains
during combustion. The combination of fuel-
borne oxygen and higher in-cylinder temperature
under the LHR condition significantly reduces
hydrocarbon remnants in the exhaust. Thus, the
LHR engine operation achieved nearly a 40%
reduction in HC emissions compared to the
baseline diesel engine, confirming the synergistic
benefits of biodiesel’s oxygenation and the
improved combustion environment provided by
the low heat rejection chamber [19].
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Fig. 8. Variation of Unburned Hydrocarbon (HC)
Emission with Load.

4.6 Nitrogen Oxides (NOx) Emission
Figure 9 illustrates the variation of nitrogen oxide
(NOx) emissions with engine load for Diesel
(B0), CHOME B20, CHOME BI100, and
CHOME B20-LHR fuels. NOx emissions
increased progressively with load for all fuel
samples, primarily due to the rise in combustion
temperature and the availability of excess oxygen,
which favor the thermal NOx formation
mechanism (Zeldovich pathway). Among all
tested fuels, the CHOME B20-LHR condition
produced the highest NOx emissions, reaching
1320 ppm at full load. This was followed by B100
(1205 ppm), B20 (1145 ppm), and Diesel (1080
ppm). The elevated NOx levels under LHR
operation can be attributed to the increased in-
cylinder temperature resulting from the zirconia-
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based thermal barrier coating, which minimizes
heat losses and raises the local flame temperature
during combustion. Biodiesel blends inherently
contain chemically bound oxygen, which
promotes more complete combustion but
simultaneously increases the potential for NOx
formation due to intensified oxidation reactions
and elevated local temperatures. The combined
influence of oxygenated fuel structure and
enhanced wall temperature under LHR conditions
amplifies the NOx formation tendency. However,
the rise in NOx can be effectively mitigated by
optimizing engine calibration parameters, such as
retarding the injection timing by 1-2° CA or
employing mild exhaust gas recirculation (EGR)
to lower peak combustion temperature. Overall,
although B20-LHR exhibits the highest NOx
concentration, it also provides superior
performance, reduced smoke, and lower CO/HC
emissions. Hence, the NOx-smoke trade-off
remains manageable through post-combustion
control strategies or injection optimization [20].
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Fig. 9. Variation of Nitrogen Oxides (NOx)
Emission with Load.

4.7 Smoke Opacity
Figure 10 shows the variation of smoke opacity
with load for Diesel (B0), CHOME B20, CHOME
B100, and CHOME B20-LHR fuels. Smoke
opacity represents the soot concentration in the
exhaust and serves as a direct indicator of
combustion completeness and particulate
formation. For all fuels, smoke opacity increased
with load due to richer fuel-air mixtures and
higher fuel injection quantities. However, the
CHOME B20-LHR configuration consistently
exhibited the lowest smoke levels, recording 38%
opacity at full load, compared to 56% for Diesel,
48% for B20, and 44% for B100. The marked
reduction in smoke emissions for CHOME blends
is primarily attributed to the oxygenated
molecular structure of biodiesel, which promotes
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soot oxidation and suppresses the formation of
carbonaceous particulates [21]. The LHR
chamber further enhances this effect by
maintaining higher combustion temperatures,
ensuring near-complete oxidation of soot
precursors and minimizing quenching at the
chamber walls. In contrast, Diesel produced the
highest smoke opacity due to the absence of
inherent oxygen and the occurrence of locally rich
combustion zones. The decrease in smoke opacity
from Diesel — B20 — B100 — B20-LHR clearly
indicates the synergistic effect of oxygen
enrichment and thermal insulation in improving
combustion quality. Overall, the LHR
configuration achieved approximately a 30-35%
reduction in smoke opacity relative to
conventional diesel operation, confirming that
ceramic-coated combustion chambers are highly
effective in achieving cleaner and more complete
combustion when fueled with CHOME biodiesel
blends [22].
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Fig. 10. Variation of Smoke Opacity with Load.

4.8 In-cylinder Pressure
Figure 11 illustrates the in-cylinder pressure
variation with crank angle for Diesel (BO0),
CHOME B20, CHOME B100, and CHOME
B20-LHR at full load operation. The pressure
traces reveal the combustion behavior and energy
release characteristics of each fuel under different
thermal boundary conditions. All fuels exhibit a
typical diesel combustion pattern, characterized
by a rapid pressure rise during the premixed
combustion phase followed by a controlled
diffusion phase. The peak pressure values were
recorded as 72 bar (Diesel), 70 bar (B20), 68 bar
(B100), and 75 bar (B20-LHR). The pressure
peaks occurred slightly earlier for CHOME
blends compared to Diesel, indicating a shorter
ignition delay and faster combustion initiation due
to the higher cetane number and oxygen content
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of biodiesel. The B20-LHR configuration
demonstrated the highest peak pressure and a
steeper pressure rise rate, signifying more
complete combustion and enhanced heat release
efficiency [23]. The ceramic coating (partially
stabilized zirconia) retained combustion heat and
elevated in-cylinder gas temperature, which
improved fuel atomization and vaporization. This
led to an intensified premixed combustion phase
and an earlier attainment of maximum pressure.
In contrast, the B100 curve displayed a broader
pressure profile with a lower peak, suggesting
slower combustion and prolonged diffusion
burning, caused by its higher viscosity and poor
atomization characteristics. The Diesel curve
exhibited a slightly delayed peak compared to
biodiesel blends, reflecting a longer ignition delay
and less oxygen availability. Overall, the in-
cylinder pressure analysis confirms that the LHR
combustion chamber enhances combustion
efficiency by improving thermal conditions and
promoting rapid energy release. The higher peak
pressure of the B20—LHR case directly correlates
with the observed improvement in brake thermal
efficiency and the reduction in unburned
emissions, demonstrating the effectiveness of the
low heat rejection strategy for CHOME biodiesel
utilization [24].
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Fig. 11 Variation of In-cylinder Pressure with
Crank Angle.

4.9 Heat Release Rate (HRR)
Figure 12 illustrates the Heat Release Rate (HRR)
variation with crank angle for Diesel (BO0),
CHOME B20, CHOME B100, and CHOME
B20-LHR at full load. The HRR profile is a key
indicator of combustion phasing and the intensity
of energy release during the engine cycle. All
fuels exhibit a distinct premixed combustion
phase followed by a diffusion combustion phase.
The B20-LHR configuration recorded the highest
HRR peak of 63 J/°CA at approximately 8° after
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top dead center (ATDC), compared to 55 J/°CA
for Diesel, 58 J/°CA for B20, and 52 J/°CA for
B100.

The higher HRR peak and advanced occurrence
in the B20-LHR case signify an accelerated and
more complete combustion process due to
increase in-cylinder temperature and improved

atomization within the thermally insulated
chamber.
The partially stabilized zirconia coating

minimizes heat rejection and maintains a high
wall temperature, which enhances the evaporation
rate of CHOME fuel droplets and shortens the
ignition delay. Consequently, a larger proportion
of fuel is burned in the premixed phase, producing

a sharper and more intense HRR peak. Inl.
comparison, the Diesel curve shows a delayed and
slightly lower HRR peak, indicating slower
ignition and less oxygen availability.

The B100 curve, although oxygen-rich, exhibits a
broader HRR profile due to its higher viscosity
and delayed spray breakup, leading to a slower
diffusion burning rate. The CHOME B20 blend in
the uncoated engine offers an intermediate
behavior, validating its favorable combustion
characteristics. 2.
However, the LHR condition amplifies these
effects, resulting in faster energy conversion and
improved thermal efficiency. Overall, the HRR
analysis confirms that the LHR chamber
significantly enhances the combustion quality of
CHOME biodiesel by intensifying the premixed
combustion phase, reducing ignition delay, and
promoting complete fuel oxidation.

These findings align with the observed
improvements in performance parameters (BTE,
BSFC) and reductions in CO, HC, and smoke
emissions [25]. 3.
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5. Conclusion
The present investigation focused on evaluating
the performance, emission, and combustion
characteristics of a direct injection (DI) diesel
engine fueled with Coffee Husk Oil Methyl Ester
(CHOME) and its blends under both conventional
and Low Heat Rejection (LHR) configurations. A
ceramic-based partially stabilized zirconia (PSZ)
coating was applied to the piston crown, cylinder
head, and valve surfaces to minimize heat losses
and improve combustion efficiency.
The following key conclusions were drawn from
the study:
The CHOME B20-LHR configuration exhibited
the highest brake thermal efficiency (33.2%), rep-
resenting an 8-10% improvement over the un-
coated diesel engine. The improvement is at-
tributed to reduced heat rejection, enhanced in-
cylinder temperature, and superior combustion ef-
ficiency. The Brake Specific Fuel Consumption
(BSFC) decreased by approximately 6—10%, con-
firming better energy conversion and fuel utiliza-
tion under LHR operation.
The LHR engine significantly reduced major
emissions such as CO, HC, and smoke opacity
due to the combined effect of higher wall temper-
ature and the oxygenated nature of CHOME. At
full load, CO and HC were reduced by ~50% and
40%, respectively, while smoke opacity declined
by over 30% compared to Diesel. However, NOx
emissions increased by approximately 20% under
LHR conditions because of higher combustion
temperatures and enhanced oxygen availability.
This can be mitigated through injection timing op-
timization or EGR implementation.
The in-cylinder pressure and heat release rate
were higher for CHOME B20-LHR, indicating
rapid and complete combustion. The ignition de-
lay shortened from 10.8°CA (Diesel) to 8.3°CA
(B20-LHR), and the combustion duration de-
creased from 42°CA to 38°CA. These findings
confirm that the thermal barrier coating acceler-
ates fuel ignition and stabilizes combustion by im-
proving vaporization and atomization.
The CHOME biodiesel (B20) blend showed com-
bustion characteristics and performance compara-
ble to Diesel, while maintaining lower emissions.
The LHR configuration further amplified these
benefits, demonstrating that CHOME B20-LHR
is the most balanced and sustainable operating
mode among all tested conditions.
The utilization of coffee husks a renewable agri-
cultural residue as a biodiesel feedstock, coupled
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with LHR engine technology, presents a viable
pathway toward sustainable energy conversion.
This combination not only enhances thermal effi-
ciency and reduces fossil fuel dependency but
also aligns with circular economy and waste-to-
energy principles.

The study conclusively demonstrates that the
integration of Coffee Husk Methyl Ester biodiesel
(CHOME B20) with a Low Heat Rejection (LHR)
combustion chamber significantly improves
engine performance and reduces carbon-based
emissions  while maintaining  acceptable
combustion stability. Although NOx emissions
are slightly elevated, the overall results confirm
that CHOME B20-LHR offers an optimal
compromise between efficiency, emissions, and
sustainability, making it a promising alternative
for next-generation clean diesel engine
applications.
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