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Abstract

In the present investigation, we used semidried banana leaves to produce biogas through anaerobic digestion
where the methane content in biogas reached up to 87% via a scrubber fabricated with packed bed iron chips for
removal of carbon dioxide and hydrogen sulphide. The diesel engine was converted to run in dual-fuel mode
under variation of biogas flow rate at different engine loads. Yttria stabilized zirconia was used as thermal barrier
coating (TBC) on piston crown and valves to improve the performance of dual-fuel engine. It was observed that
engine with TBC has shown an improved combustion and performance characteristics for dual-fuel operation with
reduction in exhaust emissions. The brake thermal efficiency at full load operation is decreased by 23, 29 and 34%
for uncoated engine with induction of biogas at 0.6, 0.8 and 1 kg h− 1, respectively, while this decrease is minimized
to 10, 12 and 19% for coated engine at the corresponding flow rates with respect to base result. In uncoated
engine the carbon monoxide emission at highest engine load is increased by 35, 35 and 40% of the respective
biogas flow rates, while in coated engine, the percentage of increase is reduced to 25, 28 and 33% as compared to
diesel mode operation. Similar trends were observed for unburnt hydrocarbon emissions, while nitric oxide
emissions increased for coated engine in both modes of operation.

Keywords: Banana leaves, Scrubber, Biogas, Dual fuel, Coating

Introduction
Developing countries in the world including India are cur-
rently facing three important problems; increasing energy
demand, increased environmental pollution and waste dis-
posal. Due to increase in population, industrialization and
improved lifestyle, it leads to hike in energy demand. Sim-
ultaneously, compression ignition (CI) engines are
employed as the main life line of human beings for trans-
portation, construction, irrigation and small-scale power
generation [1–3]. In the present scenario most of the CI
engine runs with fossil fuel which is depleting at a faster
rate, leading to researchers for development and dissemin-
ation of renewable energy resources to incorporate as a
substitute for fossil fuel [4]. In this context, dual-fuel

mode diesel engines running with biogas can be consid-
ered as panacea to the above said problem.
Many researchers have experimented with various

dual-fuel mode CI engine using biogas. For example,
Duc and Wattanavichien [5] conducted an experiment
to understand the consequence of biogas induction on
the performance and emission parameters of CI engine.
They found higher carbon monoxide (CO), unburnt
hydrocarbon (HC) emissions with increased specific en-
ergy consumption in dual-fuel mode. Diesel substitu-
tions about 43–49% at full load operation were
recorded. Makareviciene et al. [6] observed an increased
CO and HC emissions with a drop-in brake thermal effi-
ciency (BTE) in dual-fuel engine with biogas. Bora et al.
[2] evaluated the consequence of change in compression
ratio on performance of biogas operated dual-fuel en-
gine. BTE increased with increase in compression ratio
or 20.0, 18.3, 17.1 and 16.4% at compression ratios of 18,
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17.5, 17 and 16, respectively. Tippayawong et al. [7] car-
ried on experimentation on a small-scale CI engine
using biogas for long term operation test. They observed
minor piston wear that is not significant enough for de-
terioration of the engine performance in long term oper-
ation. Ambarita [8] carried out experiment on CI engine
using biogas as inducted fuel with 70% methane content
and achieved up to 87.5% diesel saving. Barik and Muru-
gan [9] used biogas in a CI engine and observed de-
creases in oxides of nitrogen (NOx) and smoke
emissions with an increase in HC and CO emissions
along with a drop in thermal efficiency by 6.2%. Barik
and Murugan [10] also performed experimentation with
advanced injection timing of pilot fuel and observed im-
provement in both performance and emission character-
istics as compared to standard injection timing 23°
before top dead centre (TDC). Verma et al. [11] studied
the impact of percentage of methane on dual-fuel per-
formance with three different composition of biogas.
Biogas with 93% of methane showed comparable result
as that of diesel mode operation.
Performance improving techniques are required to get

better performance of dual-fuel engines. Researchers
have employed thermal barrier coating (TBC) to amplify
the heat insulation within the combustion chamber
resulting in the rise in combustion temperature and
hence improving the performance and emission charac-
teristics. Aydin et al. [12] employed TBC on engine pis-
ton and valve with composition 88% of zirconium oxide,
4% of magnesium oxide and 8% of aluminium oxide to
improve the performance of diesel engine using biodiesel
produced from cotton seed oil. Coated engine (CE) has
showed improved BTE with reduced HC and CO emis-
sions, while NOx emissions were increased as compared
to uncoated engine. Jena et al. [13] investigated the effect
of Yttria stabilized zirconia (YSZ) coating on engine per-
formance and emissions. Ferric chloride (0.2 g L− 1) used
as additive with diesel in the CE improved BTE by 2.7%
and decreased the emissions such as HC, CO and smoke
opacity except nitric oxide (NO) emission. Sivakumar
and Kumar [14] carried out experiment on diesel engine
with YSZ coating and observed 3–5% boost in brake
power with a decrease in fuel consumption, HC and CO
emissions. Mohapatra et al. [15] performed experiment
on YSZ coated diesel engine along with steam injection.
The BTE increased with decrease in NO emissions as
compared to CE without steam injection.
In the present work we choose biogas from anaerobic

digestion of semidried banana leaves with purification of
biogas via a scrubber fabricated with packed bed iron
chips for H2S removal. Detailed descriptions of the bio-
gas generation methodology and observed results of la-
boratory scale experimentation have been documented
by the authors in the previous article [3]. The properties

and calorific values of the upgraded biogas (UBG) are
presented in Table 1. A 3.5 kW diesel engine modified
to dual-fuel mode and experiments were conducted with
different flow rates of purified biogas under variation of
engine loads. Base piston and valves are replaced with
YSZ coated piston and valves, and then same experi-
mentation was performed to explore the impact of TBC
on dual-fuel performance.

Experimentation
The current experimentation is planned to use upgraded
biogas in a dual-fuel CI engine with TBC to observe the
variation in its performance, combustion and emission
parameters.

Development of CE
Thermal spraying technique can be performed by different
methods such as chemical deposition, plasma arc, physical
vapor deposition, and atmospheric plasma spray method.
Out of which plasma spray technique provides high poros-
ity in the coated layer, makes it an ideal choice for TBC on
the selected components of the engine. In plasma spray
technique, powder ceramic is injected into a very high
temperature plasma flame, where it is rapidly heated and
accelerated to a high velocity spray to form the coating on
the substrate. Argon or hydrogen or nitrogen gases was
used as carrier gas, which minimizes the oxidation problem
during coating process. To achieve the same compression
ratio with coated components, the piston crown and valves
were ground to 0.5mm thickness. Then these components
were undergone through blasting with alumina grits to im-
prove the mechanical grip between sprayed materials and
the substrate material. A commercially available NiCrAlY
powder (H.C. Starck, Germany) of 0.1mm thickness was
deposited as bond coat by an 80 kW atmospheric plasma
spray system (Metallisation, UK) on piston crown and
valves of the selected engine using PS50 plasma torch. Then
the powder ceramic 8YSZ (ZrO2–8 wt% Y2O3) was sprayed
on the piston crown and valves surface to form a 0.4mm
thin top coat. The spray parameters of the coating synthesis
are presented in Table 2.

Experimental setup
A single cylinder, 4 stroke CI engine with power 3.5 kW
at 1500 rpm was used to run in dual-fuel mode. The in-
let manifold was elongated by 91 cm where the biogas

Table 1 Compositions and calorific value of UBG

Gas Constituents Volume (%)

CH4 87.0

CO2 4.8

H2 1.1

Calorific value, MJ kg− 1 31.5
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injector was drilled into the intake manifold. For meas-
urement of in-cylinder pressure, a piezo sensor (PCB
Piezotronics, Depew, NY) with range of 34.5 MPa was
employed. A Kubler (Germany) made digital rotary en-
coder was used to measure the engine rpm. The
complete specification of the engine is presented in
Table 3. Software package “Engine SoftLV” of version 9
was employed for online performance and combustion
analysis. The exhaust emissions were measured by on-
line AVL-444 model (India), a multi-gas analyzer to
measure CO, HC, CO2 and NO composition in the ex-
haust gas. To measure smoke opacity, AVL-437 model
smoke meter (measuring range 0 to 100% with reso-
lution 0.1% and uncertainty of ± 1) was incorporated at
the exhaust manifold. A computerized data acquiring
device was used for documentation and analysis of ex-
perimental data.

Experimental procedure
The block diagram of the dual-fuel engine setup is pre-
sented in Fig. 1. The engine was run with diesel and
readings were taken for base results after reaching steady
state. In dual-fuel operation, biogas was inducted at
three different flow rates (0.6, 0.8 and 1 kg h− 1). After
the end of experimentation with uncoated piston and
valves the engine was reassembled with 8YSZ coated pis-
ton and valves. In CE, the same experimental procedure
was repeated to investigate the effect of TBC on dual-
fuel engine performance.

Biogas energy share
Energy share of inducted gaseous fuel greatly depends upon
the effective combustion of net fuel energy input to the en-
gine. It depends on quality of the gaseous fuel as well as the
engine operating parameters. To attain a definite value of
brake power, both inducted fuel (biogas) and pilot fuel
(diesel) fulfil the energy demand. The biogas energy share
(BGES) can be calculated by Eqs. (1) to (3) [9].

BGES ¼ Energy equivalent of biogas
Energy equivalent of dieselþ biogasð Þ � 100 ð1Þ

Energy equivalent of diesel ¼ m
:
diesel � CVdiesel

3600
ð2Þ

Energy equivalent of biogas ¼ m
:
biogas � CVbiogas

3600
ð3Þ

where, m
:
diesel and m

:
biogas are the mass flow rate of diesel

and biogas, CV is the calorific value of the fuels.

Results and discussion
Experimentations were accomplished to investigate the
impact of TBC on engine performance, combustion and
emissions of dual-fuel engine using UBG. The deviation
of performance parameters like brake specific energy
consumption (BSEC), BTE, exhaust gas temperature
(EGT), combustion parameters like mean combustion
gas temperature (MCT), cylinder pressure and rate of
heat release (RHR) and emissions were measured under

Table 2 Plasma spray parameters

Parameters Bond coat (NiCrAlY) Top coat (ZrO2–8 wt% Y2O3)

I (A) 500 450

V (V) 32–35 50–60

P (kW) 17–17.5 23–23.5

Primary gas flow rate (Ar) (slpm) 40 40

Secondary gas flow rate (H2) (slpm) Nil 0.2

Carrier gas flow (Ar) (slpm) 5 5

Powder feed rate (rpm) 10 10

Spraying distance (in cm) 10 10

Table 3 Specification of the engine

Make Kirloskar

General details Diesel Engine test setup 1- cylinder, 4- stroke, Water cooled

Rated power 3.5 kW at 1500 rpm

Speed 1500 rpm

Compression ratio 18:1

Bore 87.5 mm

Stroke 110 mm

Jena and Acharya Sustainable Environment Research           (2019) 29:24 Page 3 of 10



different induction rates of biogas with variation of en-
gine loads.

Performance parameters
Brake specific energy consumption
The change in BSEC with variation of engine load for
engine with and without TBC at different flow rate of
biogas is shown in Fig. 2a. With hike in engine load,
BSEC decreased in both modes of operation. This reduc-
tion in BSEC can be linked to improvement in combus-
tion quality because of hike in combustion temperature
and pressure with increase in engine loads [10]. BSEC
increases with increase in biogas substitution because of
the lower calorific value of biogas as compared to diesel;
it requires increased rate of fuel consumption for the
same brake power output. Engine with TBC showed a
reduction in BSEC in comparison with uncoated engine,
because of increased combustion temperature leading to
enhanced energy conversion rate, ensuring the dimin-
ution in the energy consumption as compared to un-
coated dual-fuel engine [13].
The BSEC at full load operation increased by 23, 24

and 30% for biogas flow rate 0.6, 0.8 and 1 kg h− 1, re-
spectively. as compared to diesel mode operation, while
in CE, the BSEC increased by 8, 12 and 18% for respect-
ive biogas flow rates that show a trend of BSEC reaching
closer to diesel mode operation with TBC.

BTE
The change in BTE for coated and uncoated engine with
engine load at different flow rates of UBG is shown in

Fig. 2b. It shows that BTE increases with hike in engine
load for both diesel and dual-fuel operations. The reason
behind this increase is same as that of BSEC as a conse-
quence with improved combustion at elevated temperature
resulting in an increase in BTE. However, a decreasing
trend of BTE was observed with increase in biogas substitu-
tion, as induction of biogas leads to deficit of oxygen in the
inhaled charge intake resulting in deficient combustion of
the supplied fuel and poor flame propagation of biogas also
adds in to the drop of BTE.
It is considerable that in CE, the BTE increases for

both modes of operation than that of uncoated en-
gine. This can be related to insulating impact of TBC
which minimizes the loss of heat energy leading to an
improved combustion. While the increases in com-
bustion temperature and pressure due to coating sup-
pressing the negative impacts of biogas combustion
like higher ignition delay, low flame speed as a conse-
quence comparatively higher BTE was observed in
dual-fuel operation for CE.
The BTE decreased by 23, 29 and 34% for biogas flow

rate 0.6, 0.8 and 1 kg h− 1, respectively, as compared to
base results, whereas in CE, the BTE decreased by 10, 12
and 19% for respective biogas flow rates at full load op-
eration indicating the improvement in performance in
dual-fuel engine with TBC.

EGT
The variation in EGT for coated and uncoated engine at
different engine loads with varying flow rates of UBG is
shown in Fig. 2c. The EGT also increases with the hike
in engine load, which can be referred to higher fuel

Fig. 1 Block diagram of engine setup
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supply to satisfy the demand of brake power leading to a
rise in combustion temperature resulting in hike of
EGT. Diesel shows higher EGT, or 342 and 360 °C for
uncoated engine and CE, respectively, while with in-
crease in biogas flow rate, EGT gradually decreases. The
reason behind this could be due to the fact that the high
auto ignition temperature of biogas affects the flame
propagation as well as the flame speed, which decreases
the mean combustion temperature resulting in reduced
EGT as compared to diesel alone operation.
CE indicates a leap in EGT for all modes of operation;

this can be referred to the insulating effect of coating
that results in hike of combustion temperature leading
to improved combustion characteristics which increases
the exhaust temperature as compared to uncoated en-
gine operation [15].
The EGT dropped by 14, 17 and 22% for biogas flow

rate 0.6, 0.8 and 1 kg h− 1, respectively, as compared to
diesel mode operation, while in CE, the EGT decreased
by 4, 6 and 10% for respective biogas flow rates as com-
pared to base result.

Combustion parameters
MCT
The change in MCT with crank angle at full engine load
under variation of biogas flow rates is shown in Fig. 3a.
With increase in biogas flow rate, the MCT was de-
creased because the higher heat capacity of biogas de-
creases the combustion chamber temperature. Again
diluting biogas induction that affects the combustion
process and presence of CO2 in biogas also affects the
in-cylinder temperature negatively that decreases the
MCT [9].
MCT of TBC engine increases may be due to the insu-

lating effect that increases thermal resistance within the
combustion chamber. This minimizes the heat loss and
leads to a more homogeneous combustion that increases
MCT. The peak value of MCT for diesel mode operation
was recorded to be 1375 and 1390 °C for uncoated and
coated engine, respectively. However, in dual-fuel oper-
ation, the peak values of MCT were found to be 1200,
1215 and 1185 °C for biogas flow rate 0.6, 0.8 and 1 kg
h− 1, respectively, in uncoated engine, while in case of

Fig. 2 Change in performance parameters with respect to engine load (a) BSEC, (b) BTE, (c) EGT

Jena and Acharya Sustainable Environment Research           (2019) 29:24 Page 5 of 10



CE, the MCTs were found to be 1265, 1250 and 1245 °C
for respective flow rate of biogas.

Cylinder pressure
The change in cylinder pressure with respect to crank
angle at full engine load is illustrated in Fig. 3b. The peak
cylinder pressure rises with increase in biogas flow rate.
Presence of biogas with the fresh charge increases the ig-
nition delay, leading to sharp increase in pressure resulting
in increased peak cylinder pressure. The peak cylinder
pressure for diesel mode operation was recorded to be 5.4

MPa and for dual-fuel mode it was recorded to be 5.8, 6.0
and 6.2MPa for biogas flow rate 0.6, 0.8 and 1 kg h− 1,
respectively.
In TBC engine, an earlier start of combustion can be

noticed from the Fig. 3b as the left leg of the pressure
curve shows higher slope as compared to pressure curve
of uncoated engine in dual-fuel mode operation, indicat-
ing the reduction of ignition lag. The graph illustrates
that peak pressure for CE was found to be 5.6MPa for
diesel alone operation while in case of dual-fueled run
the peak cylinder pressure was recorded to be 5.9, 6 and
6.3MPa for respective biogas flow rates.

Fig. 3 Change in combustion parameters with engine load (a) MCT, (b) Cylinder pressure, (c) RHR
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RHR
The changes in RHR with respect to crank angle at full
load condition are presented in Fig. 3c. Initially a nega-
tive peak was observed for the RHR curve, due to the
cooling effect of the injected fuel vaporizing in the com-
bustion chamber resulting in slightly negative RHR dur-
ing the ignition delay period. An increase in RHR was
noticed and the peak value appeared at 2° after TDC for
diesel (41 J deg-1) and 5° after TDC for diesel in CE (49 J
deg−1). The adiabatic effect because of coating enhanced
the RHR as compared to uncoated engine, instigating ef-
ficient oxidation of the injected fuel. In case of dual-fuel
mode, a higher peak of RHR was observed for both
coated and uncoated engine. This can be related to im-
provement in mixture formation of gaseous fuel with in-
haled air giving a sudden rise in RHR during premixed
combustion stage. The peak value of RHR were found to
be 46, 46 and 46.5 J deg−1 for biogas flow rate 0.6, 0.8
and 1 kg h− 1, respectively, in uncoated engine, while in
case of CE, the RHR were found to be 51, 52, and 53 J
deg−1 for respective biogas flow rates. In dual-fuel oper-
ation, the second peak of RHR was not prominent like
diesel alone operation, as observed in Fig. 3c.

Emission parameters
CO emission
Figure 4a illustrates that the CO emissions decrease
with increases in engine load, because an increase in
ignition centers with higher amount of atomized fuel
improves the combustion process at higher engine
loads. However, with hike in biogas flow rate, the CO
emissions were increased at all load spectrums. The
decreased in-cylinder temperature in dual-fuel oper-
ation may be caused by higher heat capacity of
inducted biogas along with the deficiency of fresh air
which is also responsible for incomplete combustion
of the supplied fuel leading to increase in CO emis-
sions. CE indicated a drop in CO emissions for both
modes of operation, due to the comparatively higher
MCT because coating helped the oxidation of CO to
CO2 which indicates a superior combustion in the
dual-fuel engine because of coating [13].
The CO emission at full load operation increased by

35, 35 and 40% for biogas flow rate 0.6, 0.8 and 1 kg h− 1,
respectively, as compared to diesel mode operation,
while in engine with TBC, the increase in CO emission
was minimized to 25, 28 and 33% for respective biogas
flow rates.

CO2 emission
The change in CO2 emission with respect to engine load
is showed in Fig. 4b. It illustrates that with increase in en-
gine load, CO2 emission increases due to rise in MCT and

peak cylinder temperature helped in oxidation of supplied
fuel. A decrease of CO2 emission was observed with in-
creases in biogas substitution. The dual-fuel mode oper-
ation owing to increase in ignition delay caused by
comparatively higher auto-ignition temperature of biogas
and slow burning rate of biogas along with deficiency of
fresh air, leads to incomplete combustion resulting a drop
in CO2 emissions. CE shows a marginal rise in CO2 emis-
sion as compared to base engine. The leap in combustion
temperature because of insulating effect of TBC improves
the combustion process resulting in increased CO2

emissions.
The CO2 emission decreased by 41, 45 and 49% for

biogas flow rate 0.6, 0.8 and 1 kg h− 1, respectively, as
compared to diesel mode operation, while in CE, CO2

emission decreased by 33, 36 and 38% for respective bio-
gas flow rates at full load operation.

HC emission
Unburnt hydrocarbon level arises due to incomplete
combustion i.e. partially burnt part of fuel is present in
the engine exhaust. The change in HC emissions at dif-
ferent UBG flow rate is given in Fig. 4c. With increase in
engine load, HC emission decreases, caused by the in-
crease in ignition centers at higher loads owing to in-
creased fuel supply leading to improve the combustion
characteristics. However, the HC emission increases with
increasing substitution of biogas due to the reduced vol-
ume of intake fresh air that leads to incomplete combus-
tion of inducted fuel. In addition, the fresh mixture
trapped in crevice region, escape of fresh charge during
valve overlapping also gives rise to HC emission [9]. In
CE, the HC emission is decreased considerably than that
of uncoated engine, because of the rise in combustion
temperature during diffusion stage resulting in improved
combustion with effective utilization of the intake air
leading to superior oxidation of the supplied fuel.
The HC emission at full load operation increased by

32, 43 and 50% for biogas induction rates 0.6, 0.8 and 1
kg h− 1, respectively, as compared to diesel mode oper-
ation, while in CE, the HC emission increased by 27, 31
and 35% for respective biogas induction rates.

NO emission
Figure 4d exhibits the variation of NO emission with en-
gine load at different flow rates of biogas. NO emission
mainly depends on oxidation of atmospheric nitrogen at
elevated local temperature. It also depends on retention
time of elevated temperature and concentration of oxy-
gen in combustion chamber [11]. A decrease in NO
emission is noticed with increase in biogas substitution,
which may be due to increase in specific molar heat with
increase in biogas flow rate that decreases the in-
cylinder temperature during combustion process. Again,
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induction of biogas reduces the oxygen content in the
combustion chamber and also increases the ignition
delay leading to decrease in retention time for NO for-
mation [9]. Increased NO emission was observed for CE
as compared to uncoated dual-fuel operation; the
phenomenon may be caused by the increased combus-
tion temperature that suppresses the ignition delay that
serves to comparatively higher RHR in premixed com-
bustion stage leading to increase in NO emission [16].

At full load engine operation, the NO emission is de-
creased by 43, 46 and 48% for biogas induction rates 0.6,
0.8 and 1 kg h− 1, respectively, as compared to diesel mode
operation, while in CE, the NO emission decreased by 26,
35 and 41% for respective biogas induction rates.

Smoke opacity
Figure 4e depicts the change in smoke opacity with en-
gine load at different UBG flow rate. As evidenced from

Fig. 4 Change in combustion parameters with engine load (a) CO, (b) CO2, (c) HC, (d) NO, (e) Smoke opacity
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the figure, increase in the engine load leads to increases
in the smoke opacity, while in dual-fuel mode, smoke
opacity decreases showing a considerable difference be-
tween diesel alone and dual-fuel operation. This can be
attributed to reduction in diesel consumption with in-
crease in biogas flow rate that reduces the aromatic
compounds in the fuel air mixture and higher methane
content in the supplied biogas has tendency to produce
less smoke emissions [17]. TBC has a positive effect on
smoke emissions, as the combustion chamber
temperature consistently increases because of adiabatic
impact of coating leading to decrease in ignition delay
that minimizes accumulation of injected fuel and sup-
presses the formation of fuel reach zone, resulting in en-
hanced oxidation of soot precursors in the soot forming
regions.
At full load engine operation, the smoke opacity is de-

creased by 41, 48 and 54% for biogas induction rates 0.6,
0.8 and 1 kg h− 1, respectively, as compared to diesel
mode operation, while in CE, smoke opacity decreased
by 53, 56 and 58% for respective biogas induction rates.

Impact of engine load on BGES
Figure 5 depicts the variation of BGES with engine load
at different flow rate of biogas. It is noticed that with
hike in engine load, BGES gradually decreases for all
tested flow rates of biogas. The energy share strongly de-
pends on calorific value and flow rate of the fuel. Hence,
with increase in engine load diesel supply increases lead-
ing to decrease in BGES.

At full load engine operation, the BGES was found to
be 32, 39 and 45% for biogas induction rates 0.6, 0.8 and
1 kg h− 1, respectively, as compared to base results, while
in CE, the BGESs were 35, 46 and 54% for respective
biogas induction rates.
It can be observed that engine with TBC has shown

higher BGES indicating improved combustion process.
Comparing the drop in BTE with BGES for different
flow rates of biogas at full load condition, biogas flow
rate of 0.8 kg h− 1 for CE shows the best results with high
BGES and comparatively lower drop in BTE compared
to all other tested conditions.

Conclusions
The present study was focused on the evaluation of per-
formance and emission characteristics of a dual-fuel en-
gine with TBC at different flow rates (0.6, 0.8 and 1 kg
h− 1) of biogas. The following conclusions are observed
from the current study:

� Among the three chosen flow rates of biogas in
coated as well as uncoated engine, the biogas flow
rate of 0.8 kg h− 1 showed overall suitable results as
compared to diesel mode operation of base engine.
As BGES for 0.8 kg h− 1 biogas flow rate was quite
higher than that at 0.6 kg h− 1 biogas flow rate, while
the performance and emission characteristics were
similar for both the flow rates. Whereas, 1 kg h− 1

biogas flow rate showed poor engine performance
and emission characteristics.

Fig. 5 Variation of BGES with engine load
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� In dual-fuel mode run, the BTE decreased with
increases in biogas flow rate, while application of
YSZ coating on engine improved the BTE for all
tested biogas flow rates. The biogas flow rate of
0.8 kg h− 1 showed 12% drop in BTE as compared
to base results.

� Engine emissions like CO2, NO and smoke
opacity were decreased in dual-fuel mode oper-
ation. At 0.8 kg h− 1 biogas flow rate, 36, 35 and
56% decrease in CO2, NO and smoke opacity, re-
spectively. While dual-fuel operation in CE
showed comparatively higher CO2 and NO emis-
sions than uncoated engine.

� CO and HC emissions were increased for dual-fuel
mode operation as compared to diesel mode oper-
ation. However, 0.8 kg h− 1 biogas flow rate showed
28% rise in CO emissions and 31% higher HC emis-
sions as compared to diesel alone operation in un-
coated engine.

� Biogas substitution with 0.8 kg h− 1 flow rate in CE
yielded the optimized results in terms of BTE with
46% BGES at full load. Further increase in biogas
flow rate showed a higher drop in BTE with
considerable increases in HC and CO emission.

On account of the presented results, it is concluded
that CI engine with 8YSZ coating provides encouraging
results regarding engine performance, combustion and
reduction of various emissions from dual-fuel engines.
Further research works are needed to reduce the HC
and CO emissions in dual-fuel run by adapting super-
charging technique or application of fuel additives to im-
prove the combustion process.
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