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A B S T R A C T   

Biogas, a renewable and alternative energy, has recently gained attention as an environmentally friendly fuel for 
power generation in internal combustion (IC) engines. This study aimed to investigate the effect of the carbon 
dioxide (CO2) to methane (CH4) ratio in a dual-fuel gas engine. It is known that gaseous fuel combustion at high 
loads is accompanied by knocking if an appropriate combustion controlling strategy is not applied. Therefore, 
premixed mixture ignition in the end-gas region (PREMIER) combustion was proposed under high load condi
tions. Experiments were carried out using a dual-fuel gas engine under supercharged conditions, with an intake 
pressure of 200 kPa. Simulated biogas consisting of CH4 and CO2 was used as a primary fuel and diesel was used 
as a pilot fuel. The pilot fuel injection timing was varied during the experiments. The indicated mean effective 
pressure (IMEP) and thermal efficiency increased as injection timing was advanced. With the addition of CO2, the 
thermal efficiency of PREMIER combustion was slightly increased, although the IMEP was slightly decreased. 
The unburned gas temperature for PREMIER combustion increases as a function of the CO2 content of the 
mixture. Due to compression by flame propagation, high unburned gas temperatures in dual-fuel gas engines are 
important for achieving autoignition inside the end-gas region under PREMIER combustion conditions.   

1. Introduction 

Excessive global emissions of carbon dioxide (CO2) and other 
greenhouse gases (GHGs) from the burning of fossil fuels has led to a 
search for climate-friendly alternative fuels. Worldwide energy demand 
is increasing and consumption of fossil fuels, the current main source of 
energy, is increasing as a result. Depletion of petroleum resources is a 
concern, particularly for industries requiring internal combustion (IC) 
engines, which are widely used for transportation and power generation, 
among other industrial applications. 

Biomass gas, which is considered to be a suitable renewable source of 
energy [1], is derived from animal, plant and food crop waste, as well as 
from human waste from sewage plants. This biological matter can be 
burned directly, or converted to liquid biofuels such as bioethanol and 
biodiesel, or gaseous biofuels that can be used as fuel for IC engines. 
Biogas is produced from biomass through decomposition of organic 
waste in an anaerobic environment. Biogas, which mainly consists of 
methane (CH4) and CO2, is flammable due to the high proportion of CH4. 
Biogas contains 40–70% CH4 and about 20–40% CO2, along with small 

amounts of nitrogen and traces of oxygen and hydrogen sulfide [2]. The 
ratio of CH4 and CO2 in biogas varies depending on the generation 
method and raw materials used. Biogas is carbon–neutral, reduces 
landfill pollution, and is relatively cheap to produce. As an engine fuel, 
biogas has a relatively low laminar burning velocity and narrow flam
mability limits, which is important for engine performance. The energy 
density of biogas is relatively low due to the presence of CO2. The lower 
heating value (LHV) of biogas is low but it has a high autoignition 
temperature; thus, biogas is resistant to knocking. 

Biogas engines are used for electricity generation in both small- and 
large-scale plants [3,4]. In gas engines fueled with biogas, combustion 
can be initiated via a spark plug or diesel fuel. Biogas is widely used as a 
fuel in spark ignition (SI) engines [5–7]. Removal of CO2 from biogas is 
often done to increase its heat value for use in spark-ignition engines, 
although the cost of the removal should be considered. Jingdang and 
Crookes studied the biogas fuel performance and exhaust emissions in an 
SI engine [5]. They reported that engine power and thermal efficiency 
were reduced when raw biogas of 60% CH4 was used, compared to CO2 
removal conditions. The engine performance and thermal efficiency 
were improved by increasing the compression ratio, but nitrogen oxide 
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(NOx) and hydrocarbon (HC) emissions also increased [5]. Porpatham 
et al. investigated the effect of biogas CO2 concentration (41%, 30% or 
20% CO2) in an SI engine: Increasing the ratio of CO2 increased HC 
emissions but reduced CO and nitric oxide (NO) emissions, and engine 
performance [7]. 

The high autoignition temperature of biogas prevents its direct use in 
compression ignition (CI) engines; thus, an ignition source is needed. 
Dual fuel is considered the most suitable strategy for using biogas in CI 
engines. Dual-fuel engines typically use gaseous fuel (biogas) as the 
main fuel and liquid fuel (diesel) as a pilot fuel. In this type of com
bustion system, natural gas is often used; however, biogas is also used 
sometimes. The biogas fuel is introduced at the intake port and mixed 
with the inlet air. Due to the high autoignition temperature of biogas, 
combustion does not occur by solely compressing the biogas-air mixture. 
Therefore, liquid fuel (typically diesel fuel) is injected directly into the 
cylinder towards the end of the compression stroke as an ignition source. 
There are many studies on the application of biogas in CI engines 
operating in dual-fuel mode [8–19]. The effects of the equivalence ratio, 
biogas flow rate [2,9,10], compression ratio [11,12], biogas composi
tion [8,13,14,15] and exhaust gas recirculation (EGR) [13] were 
investigated. In general, the biogas components that yield the best break 
thermal efficiency vary with engine speed and load, and the exhaust 
emissions of HC and CO increase compared to those of pure diesel en
gines [14]. Cacua et al. investigated biogas with 60% CH4 and 40% CO2 
in a dual-fuel engine [16]. Oxygen-enriched air, from 21% to 27%, led to 
higher thermal efficiency and lower CH4 emissions. Biogas engines using 
different pilot fuels, such as dimethyl ether (DME) [20] and biodiesel 
[17,18,21,22], have been studied. Yoon and Lee reported higher cylin
der pressure and IMEP at high loads was obtained under biogas- 
biodiesel dual-fuel mode compared to single mode operation [18]. 
They also reported slightly lower thermal efficiency and NOx emissions, 
and higher CO and HC emissions, under biogas-biodiesel dual-fuel mode 
compared to single mode operation. Advancing the injection timing 
increased the IMEP [20] and cylinder peak pressure [22]. 

Although gaseous fuels, including biogas, are suitable for dual-fuel 
operation, these fuels are limited due to knocking [23,24]. Biogas has 
been studied in homogeneous charged compression ignition (HCCI) 
[25–27] and reactivity controlled compression ignition (RCCI) mode 
[28]. In HCCI mode, knocking and misfiring occur when lower and 
higher amounts of biogas are used, respectively [26]. Knocking, which 
refers to unexpected end-gas autoignition accompanied by pressure 
oscillation, should be suppressed due to the potential for damage to 
engine components [29–31]. Dual-fuel operation under high load, high 
compression ratio and advanced injection timing conditions increases 
thermal efficiency [11,12], but may also increase the risk of knocking 
[19]. 

End-gas autoignition without pressure oscillation has been reported 

[32]; this can improve engine performance and thermal efficiency, and 
reduce emissions of CO and HC, which are typically higher under dual- 
fuel mode. This phenomenon has been named premixed mixture ignition 
in the end-gas region (PREMIER) combustion. PREMIER combustion 
differs significantly from normal combustion and knocking combustion 
in terms of its end-gas autoignition characteristics. Similar to the dual- 
fuel combustion system, pilot fuel autoignition triggers flame propaga
tion of the gaseous fuel–air mixture, which releases combustion heat. 
The characteristics of unburned gas play an important role in deter
mining the mode of combustion. If the propagating flame consumes the 
gaseous fuel–air mixture completely, normal combustion is achieved; 
otherwise, the unburned mixture will be auto-ignited in the end-gas 
region and will yield either knocking or PREMIER combustion. The 
histories of pressure and unburned gas temperature in the end-gas re
gion are important determinants of the combustion mode, and can be 
controlled mainly by varying the injection timing of the pilot fuel. 
PREMIER combustion aims to improve the performance and thermal 
efficiency of IC engines [32–36]. Except for one study [35] demon
strating PREMIER combustion in an SI engine, our other studies were of 
dual-fuel gas engines operating under high load conditions. Azimov 
et al. showed that IMEP and thermal efficiency improved under PRE
MIER operation conditions when syngas of various compositions was 
used [33]. Split injection of pilot fuel was tested in terms of suppression 
of knocking to PREMIER combustion mode, and enhancement of normal 
to PREMIER combustion [34]. The strength of PREMIER combustion can 
be quantified in terms of PREMIER intensity (PI), as in the latest pub
lication on this topic [36]. The previous works showed that engine 
performance and thermal efficiency can be improved, and emissions of 
CO and HC can be reduced (although those of NOx slightly increase) 
with knock-free end-gas autoignition of an unburned mixture. 

The purpose of this study is to investigate the effect of CO2 on biogas 
engine performance parameters, such as the indicated mean effective 
pressure (IMEP) and thermal efficiency and exhaust emissions, at high 
load operation for stationary power generation engines. Under high 
load, the end gas autoignition characteristics are very important, 
particularly under PREMIER combustion conditions. A simulated gas 
consisting of CH4 and CO2 was used as the primary fuel, and a small 
amount of diesel was used as pilot fuel. The pilot fuel injection timing 
was varied during the experiments. Experiments were carried out using 
a dual-fuel engine under supercharged conditions with an intake pres
sure of 200 kPa while varying the ratio of CO2 to CH4. One of the goals of 
this study is to extend the PREMIER operation range by increasing the 
ratio of CO2 to CH4. 

2. Experimental setup and data evaluation 

The experiments were carried out using a single-cylinder, four- 

Nomenclature 

ATDC After top dead center 
CH4 Methane 
CI Compression ignition 
CO Carbon monoxide 
CO2 Carbon dioxide 
COV(IMEP) Coefficient of variation of the indicated mean effective 

pressure 
EGR Exhaust gas recirculation 
GHG Greenhouse gas 
HC Hydrocarbon 
HCCI Homogeneous charge compression ignition 
H2O Water 
IC Internal combustion 

IMEP Indicated mean effective pressure 
KI Knocking intensity 
LHV Lower heating value 
NOx Nitrogen oxide 
PI PREMIER intensity 
PLC Programmable logic controller 
PM Particulate matter 
PREMIER Premixed mixture ignition in the end-gas region 
RCCI Reactivity controlled compression ignition 
ROHR Rate of heat release 
SI Spark ignition 
θea End-gas autoignition 
θinj Injection timing of pilot fuel 
τ Ignition delay of initial combustion  
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stroke, water-cooled, direct-injection dual-fuel gas engine. The engine 
had a bore and stroke of 96 and 108 mm, respectively, with a 
displacement volume of 781 cm3 and compression ratio of 15.9:1. A 
shallow-dish piston was used during the experiments. A solenoid- 
controlled injector with a three-hole nozzle (ɸ 0.11 mm) and a com
mon rail system was used to spray the pilot fuel. The purpose of this 
nozzle was to inject as little diesel fuel as possible. The pilot fuel was 
delivered at an injection pressure of 40 MPa and rate of 1.6 mg/cycle, 
and the equivalence ratio was 0.015. 

A schematic diagram of the experimental setup is shown in Fig. 1, 
and the engine details and experimental conditions are listed in Table 1. 
To detect the top dead center position of the camshaft, an optical sensor 
(photo interrupter) was used. The crank angle (CA) signal was detected 
with a photo-interrupter every 0.5◦. The in-cylinder pressure was 
measured with a piezo-type pressure transducer (6052C; Kistler). A 
charge amplifier (5011; Kistler) was used to amplify the in-cylinder 
pressure signal. The gaseous fuel was introduced from the intake port 
and the gas flow rate was controlled with mass flow controllers. The gas 
flow rate was determined automatically using a programmable logic 
controller (PLC), to obtain accurate gas composition and equivalence 
ratio data. Simulated biogas consisting of CH4 and CO2 was used as the 
primary fuel, and diesel was used as the pilot fuel. The effect of the CO2 
to CH4 ratio on engine performance, exhaust emissions and end-gas 
autoignition characteristics was investigated. All tests were conducted 
at an engine speed of 1,000 rpm, and an intake pressure of 200 kPa. The 
equivalence ratio of gaseous fuel and air was set to 0.56 to achieve lean- 
burn combustion. The ratio of diesel fuel to gaseous fuel in equivalence 
ratio was very small, at 2%. Pilot fuel injection timing was varied during 
the experiments, and was advanced until knocking occurred. 

Fig. 2 shows the fuel supply strategies in all fueling cases and Table 2 
shows the gas composition. In this study, CO2 was added via the intake 
pipe. The ratio of CO2 to CH4 was varied from 0 to 50% by volume. The 
gaseous fuel flow rate is continuously adjusted based on the air flow rate 
readings obtained by the flowmeter, while the intake pressure was kept 
constant at 200 kPa. This strategy was applied to maintain a constant 
equivalence ratio throughout the experiments. As shown in Table 2, the 

Fig. 1. Schematic diagram of the experimental setup.  

Table 1 
Test engine specifications and experimental conditions.  

Engine type Bore × stroke Four stroke, single cylinder 96 mm × 108 mm 

Displacement volume 781 cm3 

Equivalence ratio, ɸt 0.575 
Compression ratio 15.9:1 
Combustion system Pilot ignited dual fuel combustion 
Intake pressure, Pin 200 kPa 
Injection system Common rail direct injection 
Injection pressure 40 MPa 
Injection quantity 1.6 mg/cycle 
Nozzle hole × diameter 3 hole × ɸ 0.11 mm 
Engine speed 1000 rpm 
Gaseous fuel supply Premixed charged through intake port 
Air intake Supercharged condition 
Intake valve open/close 340◦ATDC/135◦BTDC 
Exhaust valve open/close 130◦ATDC/345◦BTDC  

CO2 ratio to CH4, %
Air CH4 CO2

Fig. 2. Gaseous fuel supply strategy.  
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heat value was varied from 2,788.8 to 2,720.1 J/cycle, by changing the 
ratio of CO2 to CH4 from 0 to 50%. 

To explore the main indicator of knocking, i.e., pressure oscillation, a 
band-pass-filter (4–20 kHz) was applied to all pressure history data. A 
knocking intensity (KI) > 0.1 MPa was considered to indicate the 
occurrence of a knocking cycle; this threshold was selected based on the 
noise level of the pressure signal. Any cycles below the threshold were 
considered knock-free cycles of normal or PREMIER combustion [32]. 
The KI was used to distinguish normal, PREMIER and knocking com
bustion. A detailed explanation can be found in a previous publication 
[36]. 

In PREMIER combustion, it is important to know the unburned gas 
temperature inside the cylinder. After autoignition of diesel fuel, the 
propagating flame of the homogeneous mixture of CH4 and CO2 can be 
seen. The temperature and pressure of the end-gas region increases due 
to compression by the propagating flame. The unburned gas tempera
ture in the cylinder was calculated based on the pressure history and 
volume of the cylinder, assuming a polytropic change in the cylinder 
between the time when the intake valve was closed and the time of 
diesel fuel injection, and assuming an adiabatic change after diesel fuel 
injection. The gas temperature was estimated under the assumption that 
the unburned gas is compressed by the propagating flame. Fig. 3 shows 
the gas temperature obtained based on the pressure history, under the 
injection timing condition of − 13◦ after top dead center (ATDC) with no 
CO2 addition. The polytropic index of the homogeneous mixture of CH4 
and CO2 was estimated based on the pressure history and volume of the 
cylinder. Regarding the assumption of adiabatic change, the ratio of 
specific heats of the unburned gas mixture of CH4 and CO2 was deter
mined with consideration of temperature dependence. 

3. Results and discussion 

As an example of the effect of the injection timing of pilot fuel, 
pressure history and rate of heat release (ROHR) data for the 20% CO2 
fueling case are shown in Fig. 4. The maximum in-cylinder pressure 
increased when injection timing was advanced. The maximum in- 
cylinder pressure occurs slightly earlier when the combustion phase is 

advanced. When the injection timing was advanced from injection 
timing (θinj) = − 12◦ ATDC to − 15◦ ATDC, the in-cylinder pressure at the 
time of pilot fuel injection decreased from 6.0 to 5.4 MPa. Three peaks in 
ROHR occur in dual fuel engines under the PREMIER and knocking 
combustion conditions. The first ROHR peak corresponds to pilot fuel 
autoignition. This is not always seen clearly. The second peak, which 
gradually increases and occurs close to TDC, corresponds to gaseous 
fuel–air combustion due to flame propagation. This is not always seen 
clearly because end-gas autoignition can occur early. The third peak 
corresponds to end-gas autoignition of the unburned mixture. In the 
experimental conditions shown in Fig. 4, the first peak in ROHR was not 
seen clearly due to the short ignition delay of the pilot fuel. After the 
main combustion period for the gaseous fuel–air mixture, the third peak 
can be seen at a CA of around 10–15◦ ATDC under PREMIER and 
knocking combustion conditions. In Fig. 4, the θinj = − 13◦ ATDC, θinj =

− 14◦ ATDC and θinj = 14.5◦ ATDC conditions show a third ROHR peak, 
which increases when injection timing is further advanced. Under these 
pilot injection timings, PREMIER combustion can occur. When the CA of 
the injection timing is advanced from − 15◦ ATDC, there are some high- 
frequency components in the in-cylinder pressure that begin to shift 
toward knocking. By advancing the pilot fuel injection timing, com
bustion shifts from normal combustion due to flame propagation of the 
homogeneous mixture to PREMIER combustion with a third heat release 
peak in the end gas region due to compression by flame propagation. 

Fig. 5 shows the pressure history and ROHR characteristics under the 
pure CH4 and 10, 20, 30, 40 and 50% CO2 conditions, under the optimal 
injection timing without knocking. The maximum in-cylinder pressure 
was observed under the 50% CO2 condition, close to TDC. The minimum 
in-cylinder pressure was observed under the 10% CO2 and pure CH4 
conditions. Generally, increasing the ratio of CO2 to CH4 tends to reduce 

Table 2 
Gas composition.  

CH4 CO2 Mass % Heat value 

(Vol.%) (Vol.%) Air CH4 CO2 (J/cycle) 

100 0  96.85  3.14 0  2788.8 
100 10  96.03  3.11 0.85  2761.9 
100 20  95.33  3.09 1.57  2758.9 
100 30  94.41  3.06 2.51  2756.5 
100 40  93.61  3.03 3.34  2736.6 
100 50  92.83  3.01 4.15  2720.1  

Fig. 3. Estimation of gas temperature from in-cylinder pressure.  

Fig. 4. Pressure history and rate of heat release with the 20% CO2 mixture.  

Fig. 5. Pressure history and rate of heat release of all fueling cases.  
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the peak pressure when the injection timing is not changed [8,15,20], 
whereas advancing the injection timing leads to a higher in-cylinder 
peak pressure, as shown in Fig. 4. The addition of CO2 to CH4 could 
make it possible to advance the pilot fuel injection timing over a wider 
range. Regarding the ROHR characteristics shown in Fig. 5, the first 
peak, caused by pilot fuel autoignition, could not be seen clearly; in 
particular, the ratio of CO2 to CH4 was lower. The second ROHR peak, 
during flame propagation, reached almost the same value. 

Fig. 6 shows normal, PREMIER and knocking combustion (green, 
blue and red colors, respectively) at the time of pilot fuel injection with 
various CO2 ratios. PREMIER combustion required PREMIER cycles to 
account for more than 50% of all cycles [36]. As the ratio of CO2 to CH4 
increased, PREMIER combustion occurred under advanced pilot fuel 
injection timing conditions. The duration of pilot fuel injection timing 
for PREMIER combustion was almost the same, even under higher CO2 
to CH4 ratios. Fig. 7 shows the percentage of normal, PREMIER and 
knocking combustion cycles. In the pure CH4 case, all cycles showed 
PREMIER combustion at θinj = − 12.5◦ ATDC, although knocking 
occurred more than 20% of the time at θinj = − 13.0◦ ATDC. However, 
with CO2 addition, when PREMIER combustion changed to knocking 
due to advanced timing of the CA (0.5◦), the percentage of knocking was 
below 10%. Knocking appeared in only one cycle when the proportion of 
CO2 in the CO2 to CH4 ratio was 10, 30 or 40%. In general, it is easy to 
control PREMIER combustion when the proportion of CO2 is higher. 

Fig. 8(a)–(c) show the IMEP, thermal efficiency, and coefficient of 
variation of the IMEP [COV(IMEP)], respectively, as a function of the 
injection timing of the CO2–CH4 mixture. When injection timing was 
advanced and PREMIER combustion was achieved, IMEP increased, 
except in the 50% CO2 condition. When injection timing is advanced, 
combustion is triggered earlier; therefore, a larger amount of heat is 
released in the advanced CA, leading to higher in-cylinder pressure and 
IMEP. As a result of end-gas autoignition, the maximum IMEP was ob
tained during PREMIER and knocking combustion under all fueling 
conditions. The IMEP under PREMIER combustion decreased slightly 
with CO2 addition. Thermal efficiency was increased by advancing the 
injection timing for all CO2–CH4 mixtures. The maximum thermal effi
ciency was obtained under PREMIER combustion. Other researchers 
have reported a reduction in thermal efficiency with an increase in the 
CO2 ratio [2,15,18]. However, in our experiment, the maximum thermal 
efficiency under PREMIER combustion was almost the same or slightly 
larger with an increase in the CO2 ratio, although the increase in pro
portion of CO2 in the mixture results in the heat decreasing slightly. 
Engine stability is indicated by COV(IMEP). When injection timing was 
advanced, COV(IMEP) was reduced under all fueling conditions. Stability 
was improved under PREMIER combustion, regardless of the CO2 frac
tion in the mixture. The COV(IMEP) of the PREMIER operation mode for 
all fueling conditions is less than 5%. 

Exhaust emissions of NOx, THC and CO are shown in Fig. 9(a)–(c), 
respectively. In this study, advancement of injection timing promoted 
NOx emissions. It has been reported that with a fixed overall equivalence 

ratio, advancing injection timing increases NOx emissions [19]. When 
injection timing is advanced, ignition is triggered at an earlier stage; 
thus, more fuel burns, causing higher peak cylinder temperatures and, 
consequently, more NOx emissions. In this study, NOx emissions were 
highest under knocking combustion, followed by PREMIER combustion. 
This result may be due to the higher cylinder temperatures resulting 
from advanced combustion (in turn due to end-gas autoignition). NOx 
emissions during PREMIER combustion slightly decreased with a higher 
proportion of CO2 in the CO2–CH4 mixture, due to the presence of non- 
reactive CO2 (which lowers the combustion temperature). It is known 
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Fig. 6. Operating range of normal, PREMIER and knocking.  
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Fig. 7. End-gas autoignition (%).  

Fig. 8. Engine performance: (a) indicated mean effective pressure (IMEP); (b) 
indicated thermal efficiency; (c) coefficient of variation of the IMEP. 
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that NOx emissions are highly temperature-dependent, so by increasing 
the proportion of CO2 in the mixture, less NOx is emitted [18]. In this 
study, a slight decrease in heat under larger CO2 to CH4 ratios also 
reduced NOx. 

Both THC and CO increase with a higher proportion of CO2 in the 
CO2–CH4 mixture, due to the lower combustion temperature [18,19]. 
The minimum THC and CO emissions were observed under PREMIER 
combustion with advanced injection timing, due to end-gas auto
ignition. Under PREMIER operation mode, the unburned mixture un
dergoes autoignition after the main combustion period for the gaseous 
fuel–air mixture; therefore, the THC and CO emissions decrease. THC 
emissions under PREMIER combustion were almost the same among all 
fueling cases. As shown in Fig. 9(c), CO emissions under PREMIER 
combustion slightly increased with increases in the CO2 to CH4 ratio. 

In a previous study, particulate matter (PM) was measured with an 
opacimeter using natural gas, and the amount was found to be negligible 
even though the experimental conditions were similar (albeit not iden
tical) [32]. Furthermore, the ratio of 50% CO2 to CH4, corresponds to 
only 2.7% of the volume of the total gas, as shown in Fig. 2. The 
equivalence ratio of diesel fuel is 0.015, while the equivalence ratio of 
gaseous fuel with CH4 is 0.56. The ratio of diesel fuel to gaseous fuel is 
only 2%. Hence, the PM amount was considered to be almost zero due to 
the small amount of diesel fuel and addition of CO2 in this work. 

Fig. 10 shows the ROHR and mass fraction burned (MFB) at θinj =

− 13◦ ATDC for pure CH4 and mixtures with 10, 20, 30, 40 and 50% CO2. 
Heat generation was slightly reduced by the addition of CO2, due to the 
effect of slow combustion (with CO2 acting as an inert gas). During the 

initial combustion period, often considered to correspond to 0 to 5% of 
the MFB, heat generation is increased due to autoignition of the pilot 
fuel. The period from 5 to 20% of the MFB corresponds to the main flame 
propagation period of combustion of the homogenous CH4, air and CO2 
mixture. After this combustion period, end-gas autoignition occurs due 
to the increase in pressure and temperature of the unburned gas com
pressed by propagating flame, as well as the flame propagation. 

Fig. 11 shows the ignition delay as a function of θinj, with different 
ratios of CO2 to CH4. Ignition delay is the time difference between the 
start of injection and initiation of ignition. Increasing CO2 or advancing 
injection timing resulted in a longer ignition delay. When pilot fuel in
jection timing is advanced, the in-cylinder mixture temperature and 
pressure are lower at the point of fuel injection; therefore, autoignition 
takes longer, resulting in a longer ignition delay. The ignition delay 
increased when the ratio of CO2 to CH4 increased, owing to a lower 
ratios of specific heats. Mixtures with a lower ratio of specific heat have 
a lower unburned gas temperature; thus, it takes longer for the mixture 
to be auto-ignited. Similar results were reported by other studies 
[2,8,18,20]. 

Fig. 12 shows the pressure history, ROHR, unburned gas temperature 
estimated from the in-cylinder pressure and volume, and MFB with 20% 
CO2. The pressure and ROHR shown in Fig. 4 are presented again in the 
upper part of Fig. 12 to show the relationship between these factors 
clearly. As the pilot fuel injection was advanced, the ignition delay of the 
diesel fuel became slightly longer, as shown in Fig. 11. However, the 
effect of advanced CA of injection timing is larger, leading to advanced 
combustion and increased pressure and temperature. The initial com
bustion period (from 0% to 5% of the MFB) is strongly affected by the 
ignition delay and autoignition of the pilot fuel. During this combustion 
period (from 5% to 20% of the MFB), premixed flame propagates, and a 
second peak appears before autoignition inside the end-gas region. The 
unburned gas temperature of the end-gas region at the time of heat 

Fig. 9. Exhaust emissions of: (a) NOx; (b) unburned hydrocarbon (THC); (c) 
carbon monoxide (CO). 

Fig. 10. The rate of heat release (ROHR) and mass fraction burned (MFB) with 
θinj = − 13◦ ATDC for all fueling cases. 

Fig. 11. Ignition delays during initial combustion.  
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generation during PREMIER or knocking combustion increased as the 
timing of the pilot fuel injection was advanced. The end-gas region, 
which is compressed by flame propagation, is supposed to be adiabati
cally compressed; flame propagation of the main fuel raises the un
burned gas temperature, resulting in autoignition inside the end-gas 
region. In this study, we investigated the effect of CO2 content on 
autoignition characteristics inside the end-gas region. 

Fig. 13 shows the in-cylinder pressure at the initiation of end-gas 
autoignition (θea) as a function of the proportion of CO2 in the 
CO2–CH4 mixture; each value represents the average of 80 cycles. Filled 
circles, unfilled circles and crosses indicate normal, PREMIER and 
knocking combustion, respectively. The dashed line in Fig. 13 shows 
that in-cylinder pressure increases with the proportion of CO2 in the 
mixture. The cylinder pressure at θea for PREMIER combustion was 10.6 
MPa for the 0 and 10% CO2 mixtures, 11.2–11.4 MPa for the 20 and 40% 
CO2 mixtures, and 11.6 MPa for the 50% CO2 mixture. Above these 

pressure levels, knocking was observed. Fig. 14 shows the unburned gas 
temperature at θea in the cases of PREMIER and knocking combustion. 
The dashed line in Fig. 14 shows the unburned gas temperature at θea for 
each CO2 ratio. The addition of CO2 increased the unburned gas tem
perature at θea without knocking. The pressure and temperature at the 
time of autoignition inside the end-gas region increased as the amount of 
CO2 increased. This result is due to a reduction in the ratio of specific 
heats and a reduction of the flame propagation speed. Knocking was 
suppressed even when the injection timing of the pilot fuel was 
advanced. When CO2 was mixed into the main fuel, PREMIER com
bustion was achieved by advancing the injection timing of diesel fuel at 
an appropriate CA. When the CO2 ratio is high, even if the temperature 
of the end gas is also high, the inert gas CO2 helps prevent knocking; 
thus, PREMIER combustion can be achieved. 

The effect of CO2 on ignition delay is very interesting because the 
role of CO2 is usually discussed from the perspective of biogas and EGR, 
which contains CO2 and H2O. This effect is considered to be thermal 
and/or chemical. Based on simulations of chemical reactions, Tingas 
et al. reported that the addition of CO2 affects the adiabatic and iso
choric autoignition of CH4-air mixtures in an entirely thermal manner, 
and further that the ignition delay becomes longer upon the addition of 
15% CO2 at a pressure of 3 MPa and equivalence ratio of 0.8 [37]. 
Although the conditions in this study differ from those in Ref. [37], the 
effect of the addition of CO2 is only considered as a thermal effect with 
larger heat capacity, which leads to the lower unburned gas tempera
ture. The effect of CO2 on ignition delay will be discussed in detail in 
future studies using simulations of chemical reactions. 

4. Conclusion 

In this study, experiments were carried out on a dual-fuel gas engine 
at a constant speed of 1,000 rpm, with different pilot fuel injection 
timings under supercharged conditions and with an intake pressure of 
200 kPa. Simulated biogas containing CH4 and CO2 was used. The 
additional ratio of CO2 to CH4 was varied from 0 to 50%. Engine per
formance, emissions and end-gas autoignition characteristics were 
evaluated. The following results were obtained:  

1. PREMIER combustion was observed even when the volume ratio of 
CO2 to CH4 was increased. The maximum in-cylinder pressure under 
optimal pilot fuel injection timing increased with increasing CO2 
content. The addition of CO2 suppressed knocking such that more 
knock-free end-gas autoignition cycles were achieved.  

2. IMEP and thermal efficiency increased when injection timing was 
advanced. With the addition of CO2, the thermal efficiency of PRE
MIER combustion was slightly increased, although the IMEP was 
slightly decreased. 

Fig. 12. Pressure, ROHR, unburned gas temperature and mass fraction burned 
(MFB) with the 20% CO2 mixture (Pressure and ROHR are the same as 
in Fig. 4.). 
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Fig. 13. In-cylinder pressure at the initiation timing of end-gas autoignition by 
the CO2– CH4 ratio. 
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Fig. 14. Unburned gas temperature at the initiation timing of end-gas auto
ignition by the CO2– CH4 ratio. 
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3. The unburned gas temperature for PREMIER combustion increases as 
a function of the CO2 content of the mixture. Due to compression by 
flame propagation, high unburned gas temperatures in dual-fuel gas 
engines are important for achieving autoignition inside the end-gas 
region under PREMIER combustion conditions. 
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