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ARTICLE INFO ABSTRACT
Keywords: High inert gas content in biogas resulted in poor burning and emissions attributes, though scarcely investigated
RCCI in reactivity controlled compression ignition (RCCI). Established kinetic mechanisms were combined with multi-

High-CO, content

Biogas

Emission trade-off

Kinetic mechanisms
Multi-objective optimization

objective optimization to investigate, predict, and analyze emissions occurrence and trade-offs for reduced
environmental impacts. The work examined the impact of direct-injected high reactivity fuels (HRF) and port-
injected Biogas at various inert gas (carbon dioxide, CO3) rates (25 — 45% vol), biogas fractions (40 — 70%),
speeds (1600 — 2000 rpm), and loads (4.5 — 6.5 bar IMEP) on emissions of RCCI engine, experimentally. The
findings revealed that while engine speeds greatly decreased CO (carbon monoxide) and NOx (nitrate oxide)
emissions with rising unburned hydrocarbon (UHC) regardless of HRF employed, higher engine load significantly
reduced UHC emissions. Diesel-biogas reduces NOx emissions and performs better in reducing CO and UHC
emissions at lower speeds than B5-biogas, except in low-level loads. Although increasing CO, impact led to a
reduction in UHC and CO emissions, the biogas proportion was the most significant variable. The main factor
influencing increased NOx emissions was engine load, which is inversely correlated with reduced NOx and
increased particulate emissions owing to high CO; content and biogas proportion. The premixed mode’s opti-
misation outcome confirms the trade-off reduction at 5.5 bar IMEP, 35.586% CO»,, and 50% fraction. As a result,
running the RCCI engine with direct-injected diesel co-powered in equal proportion with high-CO; biogas cuts
the emissions trade-off dramatically, limiting the environmental repercussions of the emissions.

such as methane (CHy), in the atmosphere as greenhouse gases (GHG)

1. Introduction (Meng et al., 2023; Musa et al., 2020). The prime emissions that generate
photochemical smog are nitrogen oxides (NOx) and non-methane UHC.

Engine emissions are an incredible source of pollution that is envi- ~ In addition to human health effects, NOx also produces acid rain and
ronmentally harmful (El-Adawy, 2023; Li et al., 2023; Polat, 2022) nitrate particles that degrade stratospheric ozone (Sher, 1998). Exhaust
Epidemiological figures reveal that, in particular, prolonged exposure to particulate matter (PM) emission from engines leads to swelling,
emissions detrimentally causes injuries to human health (Merk et al., oxidative stress, and cells’ death (Borlaza et al., 2018; Merk et al., 2020).
2020). Carbon monoxides (CO) emissions affect human health by PM emission also causes purported cancer growth processes (Popadic
weakening the blood’s oxygen gas (O») carrying ability, thereby dis- etal., 2018) and promotes pulmonary diseases (Hopke and Hill, 2021).
placing it from the haemoglobin in the lung (Russell et al., 2002). Exposure to pollution from the burning of biomaterial-based (Barabad
Incomplete combustion also contributes a substantial fraction of toxic et al., 2018) and conventional fuels (Edwards et al., 2021) has been
air contaminants, such as aldehydes and benzene, that poses some linked to asthma and tuberculosis. The rising amount of pollution has
carcinogenic risk for which CO emission control strategies may reduce prompted an in-depth quest for an alternative fuel derived from
(Russell et al., 2002). The leading cause of climate change is the rising ~ renewable sources (Hosseini and Wahid, 2013). Utilizing renewable low
quantity of carbon dioxide (CO5) and unburned hydrocarbon (UHC) reactivity fuel (LRF) in conjunction with conventional fuels has
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Nomenclature H hydrogen radical
H>0- hydrogen peroxide
2D two dimensional HRF high reactivity fuel
2F1 two factor interaction IC internal combustion
3D three dimensional IMEP indicated mean effective pressure
ABU Ahmadu Bello University LRF low reactivity fuel
AGU Abdullah Gul Uniniversity N nitrogen
ANOVA analysis of variance NG natural gas
AP adequate precision NOx nitrogen oxides
B5 5% Biodiesel (0} oxygen
BBD Box Behnken design (02} oxygen gas
BTDC before top dead centre OH hydroxyl radical
CA crank angle PM particulate matter
CAREM centre for automotive research and electric mobility PRC PETRONAS research centre
CDC conventional diesel combustion R2 correlation coefficient
CHs; methyl radical RCCI reactivity controlled compression ignition
CH4 methane gas RSM response surface methodology
co carbon monoxide SD standard deviation
CO, carbon dioxide UHC unburned hydrocarbon
CR compression ratio UTP Universiti Teknologi PETRONAS
GHG greenhouse gas
demonstrated enormous promise to mitigate some of the effects of
present-day pollution (W. Li et al., 2016), including the development of Table 1
more sophisticated techniques like RCCI (reactivity-controlled Biomass-based biogas compositions from various sources.
compression ignition) combustion (Hopke and Hill, 2021). S/N  Source D nositions Ref.
Mixing different fuels in the cylinder to influence and boost the
burning rate through layers formation is referred to as RCCI combustion CHa 0.
(Ibrahim B. Dalha et al., 2020; J. Li et al., 2017). High reactivity fuel 1 Caw dung 45 - 80% 20 - 55% (Gupta and Mittal,
(HRF) auto-ignition triggers combustion, while increasing thermal gra- . 2019)
. . . . 2 Animal manure 50 - 70% 30 - 50% (Nwokolo et al.,
dients promotes the burning process of port-induced fuel (Benajes et al., 2020)
2014). The technique became a fascinating approach but remained 3 Mesophilic 60% 40% (Xu et al., 2015)
prone to an in-depth review of its precision (Salahi et al., 2017). The fermentation
mode allows high thermal efficiency to be realized while cutting NOx 4 Landfill gas 50 - 55% 37 - 45% (Lamb, 2020)
.. . P 5 Sewage 55 - 65% 35 -45% (Rasi, 2009)
and PM emissions. Nevertheless, attempting to reduce those emissions Organic waste 60— 70% 20 - 40%
causes unsustainably rised UHC and CO discharges (Firmansyah et al., Landfill gas 45 _ 55% 30— 40%
2017). However, Agarwal et al. [5] indicated that studies should provide 6  Landfill gas 55.63% 37.14% (Eklund et al., 1998)
more techniques for reducing UHC and CO discharge in their report. The 7 Dairy waste 50 - 70% 20 - 45% (Li et al., 2019)
use of fuel gas is among the steps, although Li et al. (Y. Y. Li et al., 2017) E:ﬁgé"’u"sz ii - EZZZ :;’: - ;EZZ
stated that high UHC and CO emissions are also emitted by natural gas s Mahua siedcake 68 — 72% 28 — 31% (Deshpande et al.,
(NG) and diesel combustion. While different analyses were performed 2012)
under RCCI combustion using liquid biofuels and NG, in addition to 9  Algae 60% 30% (Montingelli et al.,
several studies to understand the efficacy of biogas under other 2015)
multi-fuel combustion techniques, little efforts were devoted to biogas 10 Seaweed algae 50-70% 30— 45% %ilj);dgc etal,
application in RCCI (Barik and Murugan, 2016; Shan et al., 2016). This Average 51.31 - 30.01 —
fact inspired the authors to embrace the RCCI combustion mode for 59.5% 38.92

sufficient utilization of biogas (Gund et al., 2017). CH4, COo, and a
limited proportion of nitrogen, although a substantial portion of unac-
ceptable residues, like sulfur compounds, among others, constitute pri-
marily biogas derived through anaerobic processing of biological
materials as a fuel for automobiles (Bora and Saha, 2016). It is a vital
green energy source with numerous potential uses and can substitute NG
in internal combustion (IC) engines and prevent its ecological risk (Duic
et al., 2016). Table 1 reveals that biomass-based biogas comprises 35 —
80% CHy, 20 — 55% COg, some nitrogen elements, and other unac-
ceptable substances. Impurities in biogas are mostly a result of their
origin and may be damaging to engines (Ullah et al., 2017) and the
environment. Different dual-fuel processes came up to minimize the
emissions mechanically but induce some risk that sabotages the efforts
towards achieving the standard limits (Soni and Gupta, 2016). The in-
formation necessary to evaluate the flow of engine operations and the
control strategies to concurrently reduce harmful emissions for biogas
remains incomplete. The effect of 0.28% CO; gaseous fuel on RCCI
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engine combustion and emissions was studied by Kakaee et al. (Kakaee
etal., 2015). Wang et al. (Wang et al., 2016) examined the probability of
utilizing biogas of poor quality with minor or no CO5 content. These,
among other studies, inspired the writers to explore the viability of
elevated-COs fraction biogas. As shown in the literature (Ebrahimi and
Jazayeri, 2019; Mahmoodi et al., 2020; Qian et al., 2017; Shan et al.,
2016; Wang et al., 2016), majority of prior works on differents artificial
biogas formulations utilized in RCCI combustion do not symbolize
actual biogas.

Moreover, the advantages of using biodiesel, as HRF that enhances
fuel stratification and controls the combustion process, are the greatest
priority in RCCI combustion. Different proportions of biodiesel derived
from renewable sources increase some pollutants, such as NOx, but
result in lower emissions of CO, UHC, and PM (Meng et al., 2023; Tizvir
et al., 2023). Biodiesel blend below 21% has fewer harmful impacts on
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the combustion mechanisms requiring slight or no changes (Saxena
et al., 2013). As noted from previous reports, limited attempts were
made to explore, in RCCI, the advantages of biodiesel mixtures. Benajes
et al. (Benajes et al., 2015) examined the performance of 7% biodiesel
and various LRFs experimentally. In their study, Isik and Hiiseyin (Isik,
Hiiseyin, 2016) investigated 10, 20, and 50% biodiesel and ethanol at-
tributes in RCCI. Kalsi and Subramanian (J. Li et al., 2016) reported the
characteristics of higher fractions covering 60 — 80% biodiesel in reac-
tivity with hydrogen in compressed NG. Thus, the performance of 5%
biodiesel and biogas in RCCI is still evolving. The authors’ previous
study, (Ibrahim B Dalha et al., 2020), observed elevated emissions at
2000 rpm, which motivated investigation at lower engine speed for
proper inference. The article presents an optimization and experimental
analysis in a premixed RCCI mode on the effect of direct-injected fuels at
different operational conditions and biogas containing elevated CO, at
various rate and fractions. Using kinetic mechanisms, the effects of these
parameters on emission occurrences were also predicted and analysed.
To the best of the author’s knowledge, the optimal influence of high-CO»
biogas on combustion and emissions is first analyzed and reported by
this research. This paper also pioneered the use of established kinetic
mechanisms along with multi-objective optimization to analyze emis-
sions occurrence and trade-offs. In addition to the conventional
approach, the work has demonstrated that the kinetics of fuel combus-
tion analysis increases experimental understanding of emissions occur-
rences. The work provides more insight into emissions and their
trade-off as serious setbacks in RCCI combustion that could be recon-
ciled through port injection of biogas containing high CO,. Therefore,
our results will add to the rapidly increasing field of RCCI combustion
and emission reduction techniques aiming to minimize some of the
impacts of present-day pollutants such as climate change and the risk of
exposure to detrimental diseases.

2. Methodology
2.1. Set-up and Test Equipment

To achieve biogas injection for dual-fuel, a Yanmar diesel engine
described in Table 2 was modified as depicted in Fig. 1. The engine was
modified by incorporating anjector holder that carries the biogas in-
jection valve connected to the biogas cylinders through a delivery hose.
More details of the engine modifications and the experiment’s mea-
surements of engine load, speed, crank angle, mass flow rate, and vol-
ume are reported in the research papers (Dalha et al., 2020; Dalha et al.,
2021, 2022; Said et al., 2021). The study analyzed the impact of
direct-injected diesel and B5 as HRFs and premixed biogas with
high-CO5 on RCCI engine emissions at various loads and speeds.

2.2. Test procedure and fuel

The experiment was performed to analyze the engine attributes in

Table 2
Detail of the test machine utilized.
Synopsis Specifications
Engine Model L100V
Engine Type Air-cooled 4-stroke single-cylinder (Yammer Diesel)
Cylinder Bore/Stroke 86/75 mm
Volume (Displacement) 435cm®
CR (ratio of compression) 20.0 £ 0.3
Timing (Injection) 21° CA BTDC (crank angle before top dead centre)
Injector Type Bosh
Injection Pulse Single
Injection Angle 83.38°
Injection Pressure 200 bar

Injector Holes 4
Injector Spray Angle 13.35°
Maximum Rated Output Power (6.8 kW) and speed (3600 rpm)
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premixed mode at different speeds (1600, 1800, and 2000 rpm) and low
load (4.5, 5, 5.5, 6, and 6.5 bar IMEP) conditions. According to (Bortel
et al.,, 2017; Gharehghani et al., 2015), the HRF supplied at different
loads to keep the fractions of 40%, 50%, 60%, and 70% was used to
compute the mass of biogas. Biogas fractions of 40 — 70% were
port-injected for each of the 25, 35, and 45% CO5 proportions at the
loads mentioned above.The experimental process flow is depicted by the
chart in Fig. 2. To improve in-cylinder blending (Kavuri et al., 2016;
Wang et al., 2016), an advanced 21° CA BTDC timing of injection was
adopted. The biogas was delivered at 110 mm downstream of the valve
position. The biogas was induced at various flow rates to balance the
HRF fractions while maintaining an unchanged pressure of 2 bar.
Table 3 depicts how the experimental repeatability of the work was
determined using the procedure given by (Barik and Murugan, 2016).

2.2.1. Optimization method

The Box Behnken Design (BBD) of response surface methodology
(RSM) was used to optimize the biogas in-cylinder mixing variables. The
optimization aims at minimizing UHC, CO, NOx, and particulate (PM)
emissions of the RCCI in premixed combustion at medium loads as
response variables. The independent variables at three levels each are;
engine load (5.5, 6, and 6.5 bar IMEP), CO, contents (25, 35, and 45%),
and biogas fraction (50, 60, and 70%). The optimization conditions
involve 12 runs, for low and high levels, with the three center points as
additional runs making 15 runs in a randomized manner. The inde-
pendent variables were optimized, and the models for the responses
were developed based on the best fitting relationship. The optimization
process flow chart is depicted in Fig. 3.

2.2.2. Fuels used

The study examines the performance of Euro 2 M diesel supplied by
the PETRONAS Research Center (PRC) as pilot fuel in RCCI mode. An
average from the various sources of biogas resulted in approximately 50
—60% CH,4 and 30 — 40% CO», as shown in Table 1. Thus, three different
compositions to simulate pure raw biogas were supplied from Linde
Malaysia, a gas firm, for port-injection; Biogas 1 (75% CHy, 25% CO5),
Biogas 2 (65% CHy4, 35% COs), and Biogas 3 (55% CH4, 45% CO>).
Table 4 displays some of the properties of the fuels used. The properties
of the direct-injected fuels were obtained directly from the supplier.
Some of the properties of Biogas used also obtained from the supplier
while others were calculated as the mixture containing known gaseous
CH4 and CO3 compounds. The properties of CH4 and CO-, gases are well
established in the literature.

3. Results and discussion
3.1. Influence of HRFs and operational conditions on the emissions

The effect of fuel reactivity at varying conditions on several emission
parameters was investigated.

3.1.1. Effects on CO emission discharged to the environment

According to Fig. 4a, the CO emission rises at mid-5.5 bar IMEP
while decreasing as it approaches full capacity for B5-biogas combustion
at 1800 and 2000 rpm. Low cylinder temperature at 5.5 bar IMEP, could
likely be the reason for high CO emission at this particular load for both
fuels. Besides, the CO emission at 1600 rpm demonstrates a steady rise,
peaking at 6-6.5 bar IMEP because the CO is released at 1600 rpm while
oxidized at higher speed levels. The highest CO emission was found at
1800 rpm for B5-biogas at 4.5-5.5 bar IMEP. Likely because of more
hydrogen (H) and methyl (CH3) radical oxidation under lean condition.
The highest emission occurred at mid-load for all the engine speeds,
except 1600 rpm, which is because of similar oxidation processes.
Compared to 2000 rpm, the emission reduces by 11.11-21.43% at light
load using 1600 rpm for B5-biogas. A lowest 0.11% CO discharge at
4.5 bar IMEP for B5-biogas, was found 59.49% higher than the standard
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Fig. 1. A description of the experimental test engine (Dalha et al., 2020).

Engine Modification and Testing for
RCCI Mode

Fig. 2. Experimental process flow chart.
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Table 3

Some dependent and independent variables’ reliability and uncertainty.
Parameters Accuracy Uncertainty
Pressure 0.5% FS +1.82
Crank angle lus +0.14
Torque +0.25 Nm +0.83
Speed +30 rpm +0.50
CO, 0.01% +1.65
Cco 0.01% +0.06
UHC 1 ppm +1.10
NOx 1 ppm +0.86
PM 1 ppm +2.61
Overall experimental uncertainty +3.97

EURO VI limit. Compared to B5-biogas, diesel-biogas demonstrated
similar characteristics with the increased engine load for all the speed
levels, as shown in Fig. 4b. Contrarily, a pattern of escalated CO emission
because of rised engine speed happened at 4.5-5.5 bar IMEP with a

Process Safety and Environmental Protection 184 (2024) 747-765

3.1.2. Effects on UHC emission discharged to the environment

Fig. 5a illustrates that with the raised engine speed for the different
loads, the UHC emission for the B5-biogas combustion declined pro-
gressively. This pattern is possibly due to increased cylinder temperature
across the loads leading to lower UHC emissions while the discharge
escalates at low speed because of the trapped fuel. A significant disparity
in UHC emissions was also seen in Fig. 5a as the speed rose to 1800 rpm
than 2000 rpm. The emissions decreases with the increase of speed to
2000 rpm. This pattern has shown a difference in the heat capacities of
the cylinder charge as the speed increases and will most likely be
consistent as it rises more. Because there was a more substantial dif-
ference between 1600 and 1800 rpm than between 1800 and 2000 rpm.
Compared to 2000 rpm, the emission increases averagely by 42.01%

Table 4
Features of the test fuels.

reverse pattern at 6.5 bar IMEP. Higher temperature with complete Properties Biogas1  Biogas2  Biogas3  Diesel g‘:’esel
combustion could be the reason for less CO emission at 1600 rpm. Ac-
cording to Ithnin et al. (Ithnin et al., 2015), high CO emission dem- PrOPl"m‘m by é?: % gf)o & ‘c‘;’ &
. . o s volume 2] 2 2
onstrates more coml.)ustlon. efficiency. A lowest 0.12% (?O discharge at Density (kg/m®) 1.353 1.563 17792 820-832  823.45
4.5 bar IMEP for diesel-biogas, was found 62.87% higher than the Flammability limit 61— 6.9 _ 8.3_ 0.6-7.5 0.75 —
standard limit. The observed emission has a reasonable agreement with (mol%) 22.4 25.4 30.3 4.6
the literature (Ambarita, 2017; X. Wang et al., 2016). Compared to the Molecular weight 235132 25928  28.896 168 174
. . : B (g/mol)
conventional dlese% Cf)mbustlon (CDCQC) at 1690 rpm, RQCI cor'nbustlon Specific gravity at .05 121 - REE 0.852
lowers the CO emission at low loads, especially for diesel-biogas, as 0°C
shown in Fig. 4c. The lower CO emission at low load could contribute to Specific volume 0.739 0.640 0.564 1.18-1.22
higher CO oxidation for the RCCI combustion. At 6.5 bar IMEP, the trend (m*/kg)
might have changed cousing high CO during RCCI combustion, most Kl?esmt)am giscosity 1274 Mg El 15-58 15-58
. . . . 3 C
hke¥y as a resu'lt of tl.1e OX.IdatIOI‘l o.f radlc.als Qof CH;3 and H in a le'zan Lower heating value 26,24 %3 19.35 36.0 45.139
environment with a high diluent ratio, which increased the generation (MJ/m3)
of CO at high temperatures (Fischer and Jiang, 2015). More such char- Stoichiometric Air/  14.72:1 13.64:1 12131  15.05:1 14.97:1
acteristics occurred at 1800 rpm across the loads but 5 bar IMEP, as Fuel ratio
0, —
illustrated in Fig. 4d. Even at 5bar IMEP, the trend shows a same O’;yg:‘azs)memm 0 8'2‘2‘
amount of CO emission from all combustion modes attributable to the WaZer content (mg/ 22.016 9]5.067
balance in energy supply by the reactivity fuels leading to the same kg)
thermodynamic cylinder condition. Cetane number 59.8 56.1
Octane number >130 >130 >130
START
|
CO; Contents Biogas Fractions Loads
(25, 35, & 45%) (50, 60, & 70%) (5.5, 6, & 6.5 bar IMEP)
L J
Models - > Parameters
Formulation Optimization

|

v

END

“Isonisiondosi |

Fig. 3. Optimization process flow.
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Fig. 5. UHC for; (a) B5-Biogas, (b) Diesel-Biogas, (c) HRF at 1600 rpm, and (d) HRF at 1800 rpm.

752



LB. Dalha et al.

across the load at 1600 rpm for B5-biogas. Compared to B5-biogas,
diesel-biogas demonstrated similar attributes of decrease with the
increased loads but 4.5 bar IMEP. At a 4.5 bar IMEP, a speed of
1800 rpm emitted the lowest UHC, probably due to less fuel trapped in
the crevices or high cylinder temperature than 2000 rpm. The emission
increases averagely by 35.24% across the loads for diesel-biogas at
1600 rpm. Though the emission increases at 1600 rpm, a minimum of
152.38 ppm was observed at 6.5 bar IMEP, 63.90% lower than the
standard limit. Relative to CDC, RCCI combustion showed a consider-
ably higher UHC emission at 1600 rpm for all the loads, as shown in
Fig. 5c. The high UHC emission could be due to premixed biogas during
RCCI combustion, which might occupy the crevice region along with the
air. 1800 rpm, similarly, shows the disadvantage of high UHC emission
during RCCI combustion across the loads except full 6.5 bar IMEP
illustrated in Fig. 5d. The low UHC emission at full load could be due to a
significantly raised temperature during RCCI combustion, unlike CDC.
Thus, causing a relatively high UHC emission at full capacity for the
CDC, unlike RCCI combustion, as depicted in both Figs. 5¢ and 5d. The
findings are congruent with the existing research (Ambarita, 2017;
Wang et al., 2016).

3.1.3. Effects on NOx emission discharged to the environment

Owing to the rised temperature in the cylinder for B5-biogas com-
bustion, NOx emissions elevated due to expanded engine speed for the
different loads, as shown in Fig. 6a. The NOx emission was relatively
similar at 4.5-5.5 bar IMEP, especially at 1600 and 1800 rpm, unlike
2000 rpm with high discharge. The NOx emissions considerably in-
crease when the load increases from 5.5 bar IMEP to 6.5 bar IMEP
because of elevated cylinder temperature. However, the margin between
1600 rpm and other speed levels increased with raised engine capacity
due to elevated cylinder temperature, causing a high nitrogen (N) —
Oxygen (O) bond formation when operated at higher speeds. Compared
to 2000 rpm, the emission decreases averagely by 62.87% across the

200
B5/Biogas @
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£ 120/ | —*—2000 rpm
=
o
w80+
L
£
S 404
x
o
= 04
4.5 5.0 5.5 6.0 6.5
Engine load (bar IMEP)
200 -
00 Diesel/Biogas (b)
160 —#— 1600 rpm
=3 —&— 1800 rpm
S 120, | —*— 2000 rpm
=
o
‘w80
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Engine load (bar IMEP)
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load at 1600 rpm for B5-biogas. Diesel-biogas demonstrated similar
characteristics of reduced NOx emission for 1600 and 1800 rpm, as
shown in Fig. 6b. Unlike B5-biogas at 2000 rpm, diesel-biogas indicated
firmly the same NOx emission at low loads relative to other speed levels.
Compared to 2000 rpm, the emission decreases averagely by 43.06%
across the load at 1600 rpm for diesel-biogas. The lowest NOx emission
of 1 ppm was observed at 4.5 bar IMEP, substantially lower than the
standard limit. These results reflect those of (X. Wang et al., 2016).

Relative to CDC at 1600 rpm, RCCI combustion lowered the NOx
emission significantly across the loads because of reduced cylinder
temperature. According to (Paykani et al., 2016), lower heat transfer
losses of RCCI cause lower NOx emission compared to CDC. 1800 rpm
indicated similar characteristics of lower NOx emissions, but the sig-
nificance of the emission reduction is less than1600rpm, as shown in
Fig. 6¢ and Fig. 6d, respectively. For both speeds of 1600 rpm and
1800 rpm, the emission reduction ability is greater at high load levels
due to a large temperature rise.

3.2. Effects of Biogas Intake Compositions on the Emissions Attributes

Experimentations were conducted using 25% CO; at a biogas frac-
tion of 50%, which resulted in high emissions. Although engine speed
was an influential factor, CO, content and biogas fraction might also
have significant influence on engine-out emissions. This section opti-
mize the effects of various COy proportions and biogas fractions for
Diesel-biogas to further reduce environmentally harmful emissions for
the RCCI engine. RSM in a BBD was used to optimize and analyze the
relationship and interactive effects of the input variables (load, CO,
content, and biogas fraction) to appropriately understand and manage
the exhaust emission. Table 5 depicts the design of the test and the
outcomes. Befitting quadratic models were developed to predict CO and
UHC emissions. Initially, a quadratic equation was also suggested to
estimate the NOx emission with a maximum to a minimum input ratio of
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100 L L L L L
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- —C=CDC
S 601 /
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g e
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Fig. 6. NOx for; (a) B5-Biogas, (b) Diesel-Biogas, (c¢) HRF at 1600 rpm, and (d) HRF at 1800 rpm.
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Table 5
Experimental design input variables and responses.

Process Safety and Environmental Protection 184 (2024) 747-765

Run order Standard order Intake parameters Response set 1
Medium Load CO_ Contents (%) Biogas fraction (%) CO (%) UHC (ppm) NOx (ppm) PM (ppm)
(bar IMEP)
1 11 6 25 70 0.20 326.50 5.34 11.34
2 13 6 35 60 0.17 188.27 14.25 17.00
3 12 6 45 70 0.21 243.08 3.56 23.43
4 2 6.5 25 60 0.17 216.02 32.50 8.31
5 15 6 35 60 0.17 187.48 14.25 17.19
6 9 6 25 50 0.17 170.00 11.88 15.87
7 1 5.5 25 60 0.16 212.95 7.00 6.80
8 5 5.5 35 50 0.13 134.94 7.00 10.58
9 10 6 45 50 0.15 115.98 13.66 22.29
10 8 6.5 35 70 0.17 244.40 22.50 18.89
11 6 6.5 35 50 0.14 120.46 50.00 16.25
12 4 6.5 45 60 0.15 137.26 45.00 20.03
13 14 6 35 60 0.16 189.07 14.84 17.00
14 7 5.5 35 70 0.15 238.96 3.00 20.78
15 3 5.5 45 60 0.13 139.86 5.00 25.70
16.667. Still, a model with a ratio greater than ten (10) requires trans- diluent CO, ratios, CO emission rises as the biogas fraction escalates.
formation. However, the initial quadratic model was transformed into a Using a 25% diluent rate indicates a relatively the same CO emission at
best-fitting square root model based on the analysis of the Box-Cox plot 40 and 50% biogas fraction, then elevates and maintained the same level
for power transform, which shows an index of 0.5 closed to the rec- at 60-70%. In contrast, a gradual increase occurs using 35 and 45% CO4
ommended 0.32. Contrary to other responses, a two-factor interaction ratios, indicating high CO emissions with elevated fraction. The elevated
(2FI) model was developed to predict the PM emission. The models were CO emissions due to increased biogas fraction could be an influence of
identified and selected among the highest order polynomials based on oxidized radicals of H and CH3 under a lean environment, increasing the
diagnostic analysis of not aliased parameters. CO and NOx formation (Eq. 1 and Eq. 2) (Fischer and Jiang, 2015). It
implies that H and CH3 radical oxidation’s impact was less with 25%
3.2.1. Effects biogas intake composition on CO emission attributes CO, at 5.5 bar IMEP, relatively more complete combustion might
happen, reducing the toxic pollutants and risk of affecting human
3.2.1.1. Environmental CO emission interpretation using kinetic mecha- health. Fig. 8
nism. Experimentally, at 5.5 bar IMEP, Fig. 7a demonstrates that for all
0.20
@ 5.5 bar IMEP @) 0.22] | 25% €O, (b)
0.18. —&— 25% CO, —&— 5.5 bar IMEP
= —e— 35% CO = 0.20 —&— 6 bar IMEP
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o — o
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Fig. 7. CO emission at (a) 5.5 bar IMEP, (b) 25% CO,, (c) 35% CO,, and (d) 45% CO-.
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H+ 0, OH + O 1)
0, + CH3 - O + CH30 2
2CH3 + M — CHg + M 3

Conversely, for all biogas fractions, the CO emission falls with
increasing diluent CO, level. Reduced CO emissions in the event of
increased CO3 could be attributed to the recombination of decomposed
CHjs radicals in the elevated temperature phase (Eq. 3) (Fischer and
Jiang, 2015). Because 35% CO-, registered the maximum temperature in
Fig. 6a, it appears that fluctuating cylinder temperature might not be the
main cause of the CO release. Increasing biogas fractions from 40% to
70% increases CO emissions by 4.46, 18.00, and 23.78% for 25, 35, and
45% COs. Also, increasing CO, content from 25% to 45% decreases CO
emissions by 37.61, 29.31, 20.77, and 9.79% for 40, 50, 60, and 60%
fraction, respectively. The lowest emission of 0.109% was registered at a
40% fraction for a 45% CO ratio. The lowest value is still higher than
the minimum standard by 59.12%.

Fig. 7b shows that CO emissions patterns are pretty close at various
loads over the biogas fractions. A 25% diluent ratio for 5.5 bar IMEP
suggests a steady rise in CO emission as the biogas portion advances to
70%. In contrast to the 6 bar IMEP, Fig. 6b shows that a higher pro-
portion of biogas with 25% CO» results in a comparatively lower peak
cylinder temperature, which lessens the influence of CO emission by the
reaction of H and CHj radicals. At 6 bar IMEP, the influence of those
radicals’ oxidation at escalated temperatures might occur besides a
reduced CO oxidation to CO,, causing escalated emissions for 60 and
70% biogas portion.

Because the cooling effect of increasing CO, proportion or recom-
bination of CHjs radicals hindered the role of oxidized H and CHs at the
elevated temperature, the CO emission dramatically decreases at 6.5 bar
IMEP. The CO emissions patterns are similar for 35 and 45% CO- at
various loads, as illustrated in Fig. 7c and Fig. 7d. However, radicals
oxidation’s impact was less pronounced with 35% CO- content leading
to the lowest emission of 0.104% at 40% biogas fraction and 6.5 bar
IMEP; thus, operating at such conditions could be less detrimental to
human health. The lowest value is still higher than the minimum stan-
dard by 57.16%. These findings support the work of other studies in this
area (Ambarita, 2017; Wang et al., 2016).

3.2.1.2. Optimized envirnmental CO emission prediction. The response
CO emission was modeled to predict, analyze, and strategically deter-
mine the optimum input condition for minimized trade-offs, thereby
reducing their environmental impacts. Table 6 provides an overview of
the analysis of variance (ANOVA) for the outcome of the quadratic
model of the CO emission. The ANOVA indicates a significant model
with an insignificant lack of fit. Table 6 shows that the CO model has a
significant F-value of 15.56 and there is a 0.09% possibility that noise

@ 5.5 bar IMEP
I Biogas 1 (25% CO,)
Il Biogas 2 (35% CO,)
I Biogas 3 (45% CO,)

3000

40

50 60
Biogas fraction (%)

(@)

70

Tmax. (K)
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could cause an F-value this high. The variables and the importance of the
model were analyzed at a confidence level of 5% (P<0.05). The factors
A, C, AC, A% and C? are statistically significant, as shown in Table 6,
however, the other elements are not significant due to probabilities
greater than 0.05. This finding indicates that the biogas proportion and
engine load have a significant impact on CO emissions. On the other
hand, elevated CO; content and the combination of factors have negli-
gible effects on CO emissions, but the second-order impact of engine
load and CO, content was statistically significant. The lack of fit term
shows the likelihood of the expected value disagreeing with the actual
value, indicating the model’s goodness (Zou et al., 2019). A score larger
than 0.05 therefore indicates that the equation is empirically appro-
priate. Also, a P-value of 0.2413 indicates that the model equation is
acceptable. The finally developed model for CO emission in a basic form
is offered in Eq. 4. The correlation coefficient (R?) defines the quality
and adequacy of the developed model; thus, for a good model, an R?
value closed to one (1) is desirable with a required assurance of
reasonable agreement with adjusted R2. The adjusted R? indicates the
effect of certain modifications on the actual R? for the number of pre-
dictors. Besides, the predicted R? measures the degree of diversity in the
results of the suggested model. Table 7 demonstrates that the model
accurately correlates 93.96% of experimental CO emission findings with
the data’s less aberrant elements. The model’s low standard deviation
(SD) value suggests a good correlation with experimental results, and its
adequate precision (AP) of 13.92, which is greater than 4, confirms its
suitability for the design space.

Eco = —3.269+1.272A —0.0118B — 0.00893C + 0.000064BC

4
—0.105A2 + 0.00012B> + 0.000071C> )

The developed model’s two-dimensional (2D) contour plot reveals an
excellent interactive effect between biogas fraction and CO5 content,
with semi-elliptical contour lines at 5.5 bar IMEP (Fig. 7a). Similar
contour inclination appears at other loads, though the contour colors
indicate apparent variabilities across the loads, as shown in Fig. 9b and
Fig. 9c. The contour region in bluish color representing the lower CO
emission appears in Fig. 9a. As observed, low CO emissions are domi-
nant in high CO5 and low biogas fraction region. Similarly, the contour
region in reddish color representing the high CO emission dominantly
occupies Fig. 9b, with more concentration around the upper limit of
biogas fraction. The results correlate with the experimental outcome
depicted in Fig. 7.

A 3D response curve was generated to examine the impact of inde-
pendent factors on CO emission, demonstrating that increasing the
biogas proportion enhanced CO emission (Fig. 8). Simultaneously, en-
gine load resulted in peak emission at midway (6 bar IMEP), as estab-
lished in Fig. 10a and similarly observed in Fig. 7b, Fig. 7c, and Fig. 7d.
Fig. 10b shows decreased CO emission pattern with increased CO»

@ 6.5 bar IMEP
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3000 - Il Biogas 2 (35% CO,)
[ Biogas 3 (45% CO,)
2500 -
2000 -
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Fig. 8. Tmax at different fractions and CO, contents (a) 5.5 bar IMEP and (b) 6.5 bar IMEP.
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Table 6
ANOVA for the response CO emission model.
Source Sum of Squares Degree of freedom (DF) Mean Square F-Value p-value (Prob> F) Remarks
Model 7.17E-03 7 1.02E-03 15.56 0.0009 significant
A-Engine load 5.63E-04 1 5.63E-04 8.56 0.0222
B-CO, content 3.09E-04 1 3.09E-04 4.69 0.0671
C-Biogas fraction 2.77E-03 1 2.77E-03 42.02 0.0003
BC 1.63E-04 1 1.63E-04 2.47 0.16
A? 2.53E-03 1 2.53E-03 38.37 0.0004
B? 4.13E-04 1 4.13E-04 6.28 0.0407
c2 1.88E-04 1 1.88E-04 2.85 0.135
Residual 4.61E-04 7 6.58E-05
Lack of Fit 4.13E-04 5 8.25E-05 3.43 0.2413 insignificant
Pure Error 4.82E-05 2 2.41E-05
Cor Total 7.63E-03 14
bl to CHj radicals recombination, which inhibits the combustion and
Ta e? . L . . causes UHC emission as depicted in Eq. 5 (Fischer and Jiang, 2015).
CO emission model validation for the intake regime. y . . . .
Also, further recombination terminate the chain branching, Eq. 6
2 B : o . o . .
Response D Mean R Adjusted Predicted AP (Westbrook, 2000), likely resulting to more emission. The primary
R? R? N . . .
ignition feature involves the accumulation of hydrogen peroxide (H2052),
co 0.0081 0.16  0.93%  0.8792 0.5205 13.92 which decomposes at a certain temperature (Eq. 7 and Eq. 8), consuming
UHC 5.73 192.52° 0.9951  0.9908 0.9746 49.398 fuel (Eq. 9) (Ebrahimi et al., 2018; Westbrook, 2000), thus, poor
NOx 0.13 3.75 0.9977 0.9935 0.9642 48.044 d s . UHC o . I d co .
PM 1.00 17.57  0.9854  0.9679 0.7160 24.97 ecomposition increases emissions. Increase o content in

content, with biogas fraction being the most influential independent
variable causing increased CO emission, while elevated CO; influences
reduced emission. Therefore, increasing CO, content in biogas during
combustion reduces toxic pollutants and CO emission risk, potentially
causing O, displacement from lung haemoglobin.

3.2.2. Effects biogas intake composition on UHC emission attributes

3.2.2.1. Environmental UHC emission interpretation using kinetic mecha-
nism. Fig. 11a demonstrates that UHC emission increases with biogas
fraction over diluent CO, ratios at 5.5 bar IMEP. This is due to increased
combustible CH4 and non-combustible CO; in the mixture, inhibiting
combustion while increasing UHC. Other factors include reduced in-
cylinder temperature or more fuel trapped in crevices (Imtenan et al.,
2014; Lim and Reitz, 2014; Wissink and Reitz, 2015). Kinetically, the
low temperature leading to more UHC emission may also be attributed

biogas fractions reduces UHC emissions, which in turn reduces explosive
substances. An increase in CO5 content from 25% to 45% reduces UHC
emissions by 58.69% on average for different biogas components. The
study discovered that raising the biogas fraction from 40% to 70% in-
creases UHC emissions by 54.78% on average.

2CH3 + M —» CHg + M (5)
CHj + CH3 — CyHg (6)
RH + HO; — R + H,0, )
HO, + HO; —» Hy0, + O, (8)
H,0, + M - OH + OH + M )

For 25% CO,, extending the load further indicates a similar UHC
emission pattern, as depicted in Fig. 11b. Similar attributes appear for
other CO; ratios shown in Fig. 11c and Fig. 11d. Running the engine at
6.5 bar IMEP reduces UHC emissions across COy contents and biogas

Actual factor Actual factor Actual factor
A: Engine load = 5.5 bar IMEP A:Engineload= 6 bar IMEP A: Engine load = 6.5 bar IMEP
CO Emission (%) CO Emission (%) CO Emission (%)
00 Enission (%) 10
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Fig. 9. 2D contour diagrams for CO emission at (a) 5.5 bar, (b) 6 bar, and (c) 6.5 bar IMEP.
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Fig. 10. 3D contour diagrams for the CO emission at (a) 35% CO, and (b) 50% biogas fraction.
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Fig. 11. UHC emission (a) 5.5 bar IMEP, (b) 25% CO., (c) 35% CO,, and (d) 45% CO for the loads.

fractions, lowering photochemical smog and greenhouse gasses in the
atmosphere, probably due to greater temperatures produced at this
temperature (Fig. 8a and Fig. 8b). The lowest UHC emission of
68.94 ppm was recorded at a 40% fraction and 45% CO., significantly
lower than the minimum regulatory limit and represents a safer working
environmental condition. These findings broadly support the work of
other studies in this area (Ambarita, 2017; X. Wang et al., 2016).
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3.2.2.2. Optimized envirnmental UHC emission prediction. The finally
developed model for UHC emission in a basic form is offered in Eq. (10).
Table 7 depicts the models’ validation parameters for the intake regime.
Thus, it was found suitable to navigate the design space. In comparison
to the actual result, a graphical plot of the predicted findings in a 2D
contour is shown in Fig. 12 to investigate the combined impact of the
parameters on UHC emission. The contour lines in Fig. 12a unveils an
apparent interactive effect between biogas fraction and CO5 content,
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having shown semi-elliptical curves. Similar contour inclination appears
at other loads with little variabilities across the loads, as shown in
Fig. 12b and Fig. 12c. The bluish color in the maps represents the low
UHC emission area, while the reddish color depicts the high UHC region
for all the loads. Reduced UHC emissions appear in the context of
elevated CO5 and low fraction. In contrast, the high UHC emission was
predominant in the opposite area. Importantly, it can be inferred from
the prediction results that no trade-off occurs between CO and UHC
emissions that is advantageous in minimizing the environmental and
health impacts, as illustrated in Fig. 9 and Fig. 12.

Eyne = —2636.5+ 1173.89A — 12.95B — 19.11C — 98A*

1
+0.128B> 4 0.209C> an

The study found a significant increase in UHC emission with
increased biogas fraction, but predicted a high emission trend at mid-
load for 35% CO2 content (Fig. 13a). Contrarily, Fig. 13b depicts a
decreased UHC emission as the CO, content increases. Although the
UHC emission was found to elevate at mid-load, model Eq. 10 predicts
that it generally has insignificant positive impacts on the reduced
emission. The biogas fraction is the primary independent variable
contributing to higher UHC emissions, while rising CO5 levels lower it.

3.2.3. Effects biogas intake composition on NOx emission attributes

3.2.3.1. Environmental NOx emission interpretation using kinetic mecha-
nism. Analyzing NOx emissions is critical for understanding the trade-
off between emissions and the environmental consequences of high
CO, content. Increased biogas proportion at 5.5 bar IMEP results in
lower NOx emissions due to lower cylinder temperature and nitrogen-
oxygen bond formation (Fig. 14a) (Isik, Hiiseyin, 2016). Except for
70%, adding 25% CO increases NOx emissions across the biogas portion
due to higher H and CHj3 oxidation processes in lean settings (Eq. 1 and
Eq. 2) (Fischer and Jiang, 2015). Fig. 8a indicates that lower tempera-
tures and enhanced pressure-induced N, oxidation, on the other hand,
might result in larger NOx emissions (Eq. 11 and Eq. 12) (Fischer and
Jiang, 2015). Variabilities in kinetics reactions involving Ny caused by
fluctuating cylinder temperature and pressure result in variable NOx
emission patterns due to increasing COy content at various biogas
fractions, as illustrated in Fig. 14a. According to the study, increasing

Actual Factor

Actual Factor
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the biogas portion from 40% to 70% reduces NOx emissions by 66.39%
on average, while increasing the CO5 content from 25% to 45% reduces
emissions by 35.95%. The lowest emission was 3 ppm at a 70% fraction
across the CO» ratios, which was much lower than the standard limit.
These findings broadly support the work of other studies in this area
(Rahnama et al., 2017; X. Wang et al., 2016).

0 4N, - N + NO an
O+N,+M-=NO+M 12)

Fig. 14b demonstrates a continuous minor increase in NOx emission
at 6 bar IMEP and 25% CO,, with increased biogas proportion, while
raising the CO3 to 35% and 45% exhibit same NOx emission patterns, as
shown in Fig. 14c and Fig. 14d. Disparities in load levels are evident,
with 25% COs indicating the lowest NOx emission at most biogas frac-
tions for 6.5 bar IMEP, possibly due to increased cylinder temperature
(Fig. 8a and Fig. 8b). As illustrated in Fig. 7, Fig. 11, and Fig. 14,
increasing biogas fractions led to an alarming NOx trade-off with CO and
UHC emissions across the CO; contents and loads. Importantly,
increasing the CO; ratios mitigates the emissions trade-off across the
biogas fractions when run at 5.5 bar IMEP, as established in Fig. 7a,
Fig. 11a, and Fig. 14a. These trends signify that although photochemical
smog risk might be lowered due to reduced UHC emission, increased
NOx might contrarily promote it besides increased acid rain and
degraded stratospheric ozone. Hence, the need for optimization to
properly manage the trade-off among those emission parameters.

3.2.4. Optimized envirnmental NOx emission prediction

The final developed model for NOx emission in its basic form is
offered in Eq. (13) along with validation parameters in Table 7, con-
firming its suitability for exploring the conceptual domain. Despite COy
concentration being low at 5.5 bar IMEP, the model’s 2D contour dia-
gram displays a strong interaction between biogas fraction and CO,
content, with elliptical paths (Fig. 15a). Similar contour inclination
appears at other loads with significant variabilities across, as shown in
Figs. 13b and 13c. The bluish color representing the lower NOx emission
is predominantly shown at low load, as depicted in Fig. 15a. Increasing
the load unveils an element of increased NOx emission with an increased
concentration towards the lower biogas fraction region, as shown in
Fig. 15b. In Fig. 15c, the reddish color depicts the high NOx region with
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Fig. 12. 2D contour diagrams for UHC emission at (a) 5.5 bar, (b) 6 bar, and (c) 6.5 bar IMEP.
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Fig. 13. 3D contour diagrams for UHC (a) 35% CO,, and (b) 50% biogas fraction.
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Fig. 14. NOx emission at (a) 5.5 bar IMEP, (b) 25% COa, (c) 35% CO., and (d) 45% CO,.

the highest concentration at elevated CO» in connivance with low biogas
fraction at 6.5 bar IMEP. Fig. 9, Fig. 12, and Fig. 15 show no trade-off
between CO, UHC, and NOx emissions, particularly at low biogas frac-
tion regions across the CO, ratios under 5.5-6 bar IMEP. It is because
those areas fall within the bluish color mapping in the figures. However,
a severe trade-off in those regions was predicted at 6.5 bar IMEP shown
in Fig. 9¢, Fig. 12¢, and Fig. 15c. Therefore, high CO; content and low
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biogas fraction have great trade-off reduction ability, especially at
moderate loads that reduce environmental and health risk. The 3D plot
shows that NOx emission increases dramatically with increased load, as
established in Fig. 16a. The figure further unveils that an increased
biogas fraction lowers the NOx emission, especially at 6.5 bar IMEP for
the 35% CO;, ratio, as similarly observed with the other CO; rates. Ac-
cording to Fig. 16b, a high CO, content elevates the NOx emission,
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Fig. 15. 2D contour diagrams for NOx at (a) 5.5 bar, (b) 6 bar, and (c) 6.5 bar IMEP.

especially at 6.5 bar IMEP for the 50% fraction, similar to the other
fractions. Accordingly, the notable factor producing increased NOx
emission is engine load, while biogas fraction influences lower emission.

1

(Enox)2 = +70.04 —36.13A — 0.079B + 1.15C + 0.071AB a3)
—0.071AC — 0.0017BC + 3.47A” — 0.0035B* — 0.0062C*
3.2.5. Effects biogas intake composition on PM emission attributes
Fig. 17a depicts that PM emission drops at 50% fraction and in-
creases gradually from 60% to 70% biogas for all the CO, contents
except 45% at 5.5 bar IMEP. According to (Benajes et al., 2018), uti-
lizing less diesel with improved timing of injection increases fuel
blending, resulting in lower particles of soot at a 50% proportion. This
pattern shows that an ideal mixture at a 50% proportion could occur,
leading to low PM emitted, but increases with increased CO, content
over biogas fraction, potentially increasing carbon particle rate.

NOx E mission (ppm)
« Design points above predicted value
« Design points below predicted value

Actual Factor
B: CO2 content =35%

3

NOx Emission (ppm)

6.5

59
5 A: Engine load (bar IMEP'

55
C: Biogas fraction (% !
9 (%) 50 5.5

@

Increasing the CO, content from 25% to 45% increases average PM
emission by 60.19%, but increasing the biogas portion also strengthens
the PM emission compromise with CO and UHC at 5.5 bar IMEP. At
5.5 bar IMEP, the lowest PM emission of 3 ppm was reported for 25%
CO, with a 50% portion. Extending engine load to 6 bar IMEP for 25%
CO4 shows an opposing PM emission trend (Fig. 17b), which drops
gradually with increased biogas portion due to early injection time that
lowers soot formation (Benajes et al., 2018). This trend implies that
better mixing happens at a fraction of 70%, causing less PM emission. In
contrast, a case of 6.5 bar IMEP demonstrates a pattern closed to
occurance of 5.5 bar IMEP, causing better mixing at 60% biogas frac-
tion. Fig. 17c shows that a case of 35% CO; follows the trend of 25% for
all the loads vividly, unlike 45% that shows reverse trends at 5.5 and
6 bar IMEP illustrated in Fig. 17d. These trends also indicate the need for
optimization to determine the optimum condition for minimal risk of
increased oxidative stress.
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Fig. 16. 3D contour diagrams for the NOx emission at (a) 50% biogas fraction, and (b) 35% CO, ratio.
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Fig. 17. PM emission at (a) 5.5 bar IMEP, (b) 25% COx, (¢) 35% CO, and (d) 45% CO,.

3.2.5.1. Optimized environmental PM emission prediction. The final
developed model for NOx emission in its basic form is offered in Eq. (14)
along with validation parameters in Table 7, confirming its suitability
for exploring the conceptual domain. The model’s outcome is presented
in a 2D map, revealing a significant interaction between biogas fraction
and CO; content, as shown in Fig. 18a, with diagonal mappings at a
5.5 bar IMEP. Similar contour inclination appears at other loads with
significant variabilities, though it has statistically insignificant effects, as

Actual Factor Actual Factor

AcEngineload =3.5bar MEP - P\ Emission (ppm)
PM Emission (ppm) 70
« Design Points

I25.6958
6.80183

70

C: Biogas fraction (%)
=3
C: Biogas fraction (%)

5 0 k) 4 45 25 30

B: CO2 content (%)
@

A:Engine load= 6 bar IMEP
PM Emission (ppm)

shown in Fig. 16b and Fig. 18c. The bluish contour region shows lower
PM emission, while reddish indicates high PM. At 6.5 bar IMEP, a slight
variable with modest PM emission, indicated by a light bluish to
greenish shade, can be noticed (Fig. 18c). Fig. 9, Fig. 12, Fig. 15, and
Fig. 18 show no trade-off between CO, UHC, NOx, and PM emissions in
the low biogas fraction and low CO; area at 5.5-6 bar IMEP, suggesting a
safer setting for lower environmental risk. Therefore, using moderate
CO, content and low biogas fraction has great trade-off reduction
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Fig. 18. 2D contour diagrams for the PM emission at (a) 5.5 bar, (b) 6 bar, and (c) 6.5 bar IMEP.
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ability, especially 5.5-6 bar IMEP.

Epy = —355.38 4+ 52.64A +4.458B 4 3.947C — 0.532BC

—0.570AC — 0.0096BC a4

The 3D response graph presented in Fig. 19a shows that at a biogas
portion of 60%, PM emission grows dramatically with rising CO5 con-
tent. Similarly, the PM emission increases with the increased engine load
at the low CO5 range under the same biogas fraction but indicates a
contrary trend at high CO». Fig. 19b depicts increasing PM emission with
45% CO- biogas concentration, whereas emission remains constant at
low biogas fractions but decreases at high fractions. The model predicts
that as load increases, PM emissions decreases insignificantly, with CO5
concentration and biogas fraction being the most notable variables
elevating PM.

3.2.6. Optimization and models validation for the intake regime

The quest to achieving reduced engine-out emissions prompts the
search for desirable high CO, ratio, biogas fraction, and engine load
using a multi-objective optimization technique. The optimization pro-
cess identifies key variables for achieving set goals, enhancing RSM re-
sponses, and determining optimal input CO» ratio, biogas fraction, and
load to minimize emissions based on certain criterion. The models
achieved improved results, with a total desirability of 75.42%, as shown
in Fig. 20a, with the optimal condition presented in a 3D diagram
(Fig. 20b). Individually, a 100% desirability was attained for CO and
UHC emissions because of the weight and importance, highly desired for
this research. However, the optimum CO, UHC, NOx, and PM emissions
for the premixed RCCI combustion are 0.119%, 117.3 ppm, 6.602 ppm,
and 12.07 ppm at a load of 5.5 bar IMEP, 50% biogas fraction, and
35.586% CO;, rate.

Some tests were conducted using optimized intake variables and two
more different conditions to validate the optimization results’ appro-
priateness and the whole output models. Eq. 15 was used to determine
the relative errors for the experimental and predicted outcomes, as
summarized in Table 8. It can be inferred based on the information in
Table 8 that the expected and experimental results were in mutual
agreement, having shown minor percentage errors. The positive errors
imply that the observed outcomes are more significant than the pre-
dicted and vice versa.
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*

Error (%) = 100 (15)

Experimental  outcome
4. Conclusion

An exploratory analysis was carried out in a premixed RCCI mode on
the effect of direct-injected fuels at different operational conditions and
biogas containing elevated CO3 at various rate and fractions. Using ki-
netic mechanisms, the effects of these parameters on emission occur-
rences were also predicted and analysed. This paper also pioneered the
use of established kinetic mechanisms along with multi-objective opti-
mization to analyze emissions occurrence and trade-offs.

The result showed that operating the engine at high engine load
reduced UHC emissions, while engine speeds significantly reduced CO
and NOx emissions with increasing UHC regardless of HRF used. Except
for low-level loads, diesel-biogas reduces NOx emissions and out-
performs B5-biogas in decreasing CO and UHC emissions at lower
speeds. When compared to 2000 rpm, CO emission drops by 25-31.58%
at 1600 rpm, while UHC emissions rise by 35.24% on average across all
the loads. The CO emission of both reactivity fuels happened to be
significantly higher than the standard limit, while UHC and NOx were
substantially lower.

The research work conclude that biogas fraction was the most
influential independent variable causing increased CO and UHC emis-
sions while reduced by the elevated CO; influence. The engine load was
the most influential variable causing increased NOx emission but biogas
fraction reduces it meanwhile high CO5 content as well as biogas frac-
tion increases PM emission. Finally, the optimum CO, UHC, NOx, and
PM emissions for the premixed RCCI combustion are 0.119%,
117.3 ppm, 6.602 ppm, and 12.07 ppm at a load of 5.5 bar IMEP, 50%
biogas fraction, and 35.586% CO, rate.

Consequently, running the single-cylinder RCCI engine with direct-
injected diesel co-powered in equal proportion with high-CO, biogas
significantly reduces the emissions trade-off, minimizing the environ-
mental consequences of those emissions. The work provides more
insight into emissions and their trade-off as serious setbacks in RCCI
combustion that could be reconciled through port injection of biogas
containing high CO,. Consequently, the study suggested that more
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B: CO2 content (%) *° 57A: Engine load (bar IMEP)

25 55

)

Fig. 19. 3D contour diagrams for the PM emission at (a) 35% CO,, and (b) 50% biogas fraction.



LB. Dalha et al.

Desirability

A:Engine load

B:CO2 content
C:Biogas fraction
ITE

CAS50

CO Emission
UHC Emission

NOx Emission

PM Emission 462226
Combined 0.754179
I I I I
0.000 0.250 0.500 0.750 1.000
@

Process Safety and Environmental Protection 184 (2024) 747-765

Actual Factor
A: Engine load = 5.5 bar IMEP

Desirability
» Design points above predicted value 754
I1.000

0.000 1.000

Desirability

C: Biogas fraction (%)gs

®

40

70725 B: CO2 content (%)

Fig. 20. (a) Desirability distribution and (b) desirable combination of the intake variables.

Table 8
Models verification for the intake regime.

Responses (intake) Engine load CO,, content

Biogas fraction

Predicted results Experimental results Error (%)

CO Emission (%) 5.5 35.586 50 0.119 0.125 4.80
6 35 60 0.167 0.163 271
6.5 45 60 0.154 0.151 2.13
UHC Emission (ppm) 5.5 35.586 50 117.3 125.0 6.18
6 35 60 188.3 187.4 -0.45
6.5 45 60 134.9 137.2 1.69
NOx Emission (ppm) 5.5 35.586 50 6.602 7.010 5.82
6 35 60 13.66 14.22 3.91
6.5 45 60 46.26 44.10 -4.89
PM Emission (ppm) 5.5 35.586 50 12.07 12.85 6.07
6 35 60 16.09 17.17 6.27
6.5 45 60 20.24 20.02 -1.08
research be conducted into the impacts of high-CO2 biogas which Acknowledgments
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