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Abstract:

This paper presents the results research on the optimal fuel compositions and the control
parameters of the spark ignition engine fueled with syngas-biogas-hydrogen for the purpose of
setting up a flexible electronic control unit for the engine working in a solar-biomass hybrid
renewable energy system. In syngas-biogas-hydrogen mixture, the optimal content of hydrogen
and biogas is 20% and 30%, respectively. Exceeding these thresholds, the improvement of
engine performance is moderate, but the pollution emission increases strongly. The optimal
advanced ignition angle is 38°CA, 24°CA, and 18°CA for syngas, biogas, and hydrogen,
respectively. With the same content of hydrogen or biogas in the mixture with syngas, the
advanced ignition angle of the hydrogen-syngas blend is less than that of the syngas-biogas
blend by about 4°CA at the engine speed of 3000 rpm. The derating power of the engine is 30%
and 23% as switching from the hydrogen and biogas fueling mode to the syngas fueling mode,
respectively. However, NOx emission of the engine increase from 200 ppm (for syngas) to 2800
ppm (for biogas) and to over 6000 ppm (for hydrogen). The optimal advanced ignition angle,
the optimal equivalence ratio of the syngas-biogas-hydrogen fuel mixture vary within the limits
of the respective values for syngas and hydrogen. To improve the engine efficiency and reduce
pollutant emissions, the loading control system of the engine should prioritize the adjustment

of the fuel flow and then the adjustment of the air-fuel mixture flow.

Keywords: Hybrid renewable energy system; Biogas; Hydrogen; Combustion characteristics;
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1. Introduction

In order to ensure that the increase in atmospheric temperature does not exceed 2°C
compared to that of the pre-industry period by the end of this century, the emissions of
greenhouse gases must be cut down right from now on [1][2]. To date, most countries around
the world have committed to implementing the Paris Climate Agreement COP21 [3] in an effort
to bring net emissions of greenhouse gases to zero by 2050 (Net-Zero) [4][5]. The transition
from fossil energy to renewable energy is at the heart of the Net-Zero strategy [6][7], especially
for the post-COVID19 pandemic [8][9]. Many countries have adopted policies that prioritize
the development of clean energy; as a result, the share of renewable energy in power production
worldwide has increased rapidly [10][11]. However, the use of a single source of renewable
energy in general faces many technical challenges due to its low energy density, and random
and discontinuous fluctuating power [12][13].

The hybrid renewable energy system (HRES), which combines the use of many different
renewable energy sources, is an effective solution that helps to overcome these above
inadequacies [14][15][16]. Compared with systems relying only on a single renewable energy
source, HRES works stably with high reliability and reduces the need for energy storage
[17][18]. The outstanding advantage of HRES is its low CO emissions, which can be ignored
compared to traditional fossil fuel power plants [19][20]. In addition, HRES can operate
independently, so it can be easily applied in rural areas or remote areas without a national grid
[21][22]. Countries in the tropical region, especially in South and Southeast Asia, abound in
solar and biomass resources; therefore, solar-biomass HRES is rich in potential [23][24].
Combining the use of a randomly oscillating solar energy source with a controllable biomass
energy source will ensure the continuous operation of the HRES system [25]. The average solar
radiation in the region is at a high level, around 4-6 kwWh/m?/day [26]. On the other hand, this

region is at the top of rice production in the world [27]; consequently, biomass from agricultural
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waste accounts for a large proportion of renewable energy sources [28][29]. Wet biomass is
suitable for biogas production through a biochemical process, while dry biomass is suitable for
syngas production through thermochemical conversion [30][31]. Therefore, organic wastes can
generally be separated into two streams: an easily biodegradable stream for biogas production
and a hard biodegradable stream for syngas production [32][33]. In addition, in the solar-
biomass HRES, when the capacity of the solar panels is higher than that of the load, the excess
energy will be used to produce hydrogen through the water electrolysis process [34][35].
Syngas, biogas, and hydrogen are mixed together and fuel the engine that drives the generator.
In the case of off-grid HRES, this engine-generator assembly is used as an energy storage
system instead of batteries [36][37].

The composition of the HRES depends on the characteristics of the primary energy
sources. These may include PV panels, wind turbines, hydro turbines, diesel generators, biogas
generators, batteries, inverters, and a hydrogen storage system [38][39][40][41][42]. Today,
most of these components can be easily found on the market, with the exception of syngas-
biogas-hydrogen internal combustion engines. In fact, for a given fuel, all problems concerning
the energy conversion efficiency such as advanced ignition angle, air/fuel ratio, and their
relationships with the engine’s performance and emissions need to be thoroughly examined
before being applied in practice [43][44]. Although the internal combustion engine using fossil
fuels has been applied for hundreds of years, research into this issue is still ongoing. The
application of renewable fuels on engines requires thus more in-depth research, as they have
only been put into use in recent years [45][46]. Therefore, internal combustion engines fueled
with a syngas-biogas-hydrogen mixture, an important component of solar-biomass HRES, need
to be thoroughly investigated.

In the literature, we can find separate studies on syngas engines [47][48]. Syngas can be

used on dual-fuel engines or spark ignition engines [49]. The results of these studies showed
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that when the engine is powered with syngas, the pollutant emissions are much lower than what
is emitted when it is powered with traditional fuels [50]. CO and NOx emissions in the case of
syngas fueling mode are 30-96% and 54-84% lower, respectively than those in the case of the
gasoline fueling mode [51]. However, due to the low calorific value of syngas, the engine power
is significantly reduced [52]. In fact, when using syngas directly on natural gas engines, the
engine power decreases from 20% to 30% [53][54]. A detailed evaluation of syngas engines is
presented in the work of Fiore et al. [55]. To maintain engine power, one must enrich syngas
with fuels of high calorific value such as natural gas, hydrogen, or fossil fuels [56]. In that case,
syngas can be used as the main fuel or as an additive to other fuels [57].

Like syngas, biogas can be used as fuel for either dual fuel engines or spark ignition
engines [58][59][60]. However, compared with syngas, biogas requires higher ignition energy
and produces higher pollutant emissions [61]. Biogas contains the main components CH4 and
CO; with variable concentrations depending on input materials [62][63]. The increase in CHa
concentration will improve the calorific value of biogas, resulting in an increase in combustion
temperature and thermal efficiency [64]. However, under that condition, NOx emissions also
increase, so it is necessary to consider the relationship between energy efficiency and
environmental pollution emissions upon the removal of CO. from biogas [65][66]. On the other
hand, when the biogas engine operates with a poor mixture, the CO and NOyx emissions decrease
and the thermal efficiency increases [67][68]. The optimal advanced ignition angle of stationary
biogas engines increased as the CH4 content in the fuel decreased. Yungjin et al. [69] studied
the effect of CO> content in biogas on combustion characteristics and NOx emissions of spark
ignition engines and found that when the CO. concentration is increased, NOx emissions
decreased significantly under all operating conditions. CO also improves the anti-knock

properties of the fuel hence, biogas can be used in high compression ratio engines [62].
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Unlike syngas and biogas, hydrogen has outstanding advantages such as high laminar
flame speed, wide combustion limits, and low ignition energy, so the presence of hydrogen in
the blends significantly improves the quality of combustion [70][71][72]. Due to the high
combustion rate of hydrogen, the pressure curve peaks near the top dead center (TDC),
increasing the maximum pressure compared to conventional fuels [73][74]. Even with a small
amount of hydrogen, the fuel mixture can burn with a low equivalence ratio (¢), increasing the
thermal efficiency of the engine [75][76]. When hydrogen is mixed into biogas, the engine can
operate with a poor mixture [77][78]. This is because hydrogen can extend the flammability
limits of the fuel blends [79]. Bui et al. [12][80] found that when the hydrogen content in biogas
was increased, the advanced ignition angle (¢s) decreased, and the indicative engine work cycle
(Wi) increased slightly but NOx emissions increased very significantly.

Even if the solar-biomass HRES does not produce hydrogen, the combined use of syngas
and biogas from biomass is more efficient than the use of each component fuel in separation.
In biogas, CH4 has a high calorific value, and in syngas, hydrogen has a high burning rate.
Therefore, with the employment of a mixture of syngas and biogas, the thermal efficiency of
the engine can be maintained at the corresponding level of the component fuel, but NOx
emissions and detonation tendency decrease [64]. For both syngas and biogas, NOx emissions
are close to zero when poor mixtures are used [81]. Shivapuji et al. [72] analyzed the effect of
hydrogen composition in biogas-hydrogen blends on the thermal efficiency of the engine. The
authors found that the thermal efficiency of the engine increases from 18% to 24% when the
hydrogen composition of the mixture increases from 7.1% to 9.5%. However, if the hydrogen
composition in the blend is too high, the combustion process becomes unstable, and the
maximum pressure increases too much causing detonation, so the thermal efficiency of the
engine decreases [82]. The effect of hydrogen composition in the biogas-hydrogen blend on

engine power was also examined by Park et al. with the variation of hydrogen content from 5
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to 30% [83]. The authors found that when 5% of hydrogen is added to biogas, the engine
efficiency increased by about 2%, but with the addition of 10% of hydrogen, the efficiency
increased by about 0.8% compared to the value achieved with neat biogas fueling mode [83].
When hydrogen content increases, the combustion temperature increases, leading to an increase
in heat loss for the coolant and NOx emission [84][85]. Therefore, the hydrogen content is
considered an important factor in adjusting the harmonization between performance and
emissions of syngas-biogas-hydrogen fueling engines [45][64]. Besides the fuel compositions,
¢s also significantly affects the combustion quality. As for stationary biogas engines, the
optimal ¢s depends on the fuel-air mixture composition. When the engine was powered by a
fuel-air mixture with an equivalence ratio $=0.8, the maximum thermal efficiency was achieved
at the optimal ¢s of 30°CA and 35°CA respectively for methane and biogas [81]. For biogas
containing 65% methane, the optimal ¢s is 30°CA and 45°CA, with ¢ of 1 and 0.7, respectively.
For syngas, the optimal s is in the range of 30°CA to 35°CA when ¢=1 and increases to 40°CA
when ¢$=0.8 [81]. With the same s, the thermal efficiency of the syngas engine is higher, and
the NOx emissions are lower than the corresponding values of the biogas engine [64]. With
regard to engines fueled with syngas, when hydrogen content increases, the thermal efficiency
increases at a low advanced ignition angle but decreases at a large advanced ignition angle [77].
When the equivalence ratio is decreased, the NOx concentration decreases but the thermal
efficiency of the engine increases [44].

In brief, the impact of climate change and recent Europe’s energy crisis shows the urgent
need of changing from fossil energy to renewable energy for sustainable development [86][87].
Besides the perfection of solar plants [88][89], the energy conversion from biomass was
improved by different technologies to be used efficiently in the solar-biomass HRES
[90][91][92][93]. The large application of biomass offers interest not only in energy saving but

also in reducing the investment cost of landfill gassing systems to control methane emission
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[94][95][96]. As it has been mentioned above, the implementation of solar-biomass HRES
needs the development of syngas-biogas-hydrogen engine. The literature research results
showed the fundamental combustion characteristics of syngas, biogas and hydrogen-the basic
fuel components powering the engine in the solar-biomass HRES. Syngas has a low calorific
value which reduces engine power, but it produces very low pollutants [55][97]. Biogas has a
higher calorific value than syngas but a low combustion rate and good resistance to detonation
[98]. Hydrogen has a high combustion rate, and wide flammability limits, but it produces high
NOx concentration [99]. The reasonable selection of the fuel mixture compositions and the
optimal organization of the combustion process are the main factors to ensure the highest
efficiency and the lowest harmful emissions of the syngas-biogas-hydrogen fueling engine.

In the present-day market, it is difficult to find engines specifically designed to fuel
syngas [100]. Engines fueled with syngas-biogas-hydrogen mixtures suitable for solar-biomass
HRES are still harder to find, even research related to this engine is still very rare in the
literature. Published works related to this field have only mentioned the performance and
emissions of engines using separately syngas, biogas, or biogas, syngas enriched with methane,
and hydrogen. This paper focuses on studying the combustion characteristics of the syngas-
biogas-hydrogen blends with flexible compositions, suitable for engines working in solar-
biomass HRES. This helps to fill the gap in the literature concerning flexible gas-fueled engines.
The main purposes of the work are to identify the optimal fuel mixture compositions and the
optimal operating parameters of the syngas-biogas-hydrogen fueling engine. These are the new
points of the present work. The results will orient the engine control system in such a way as
to improve efficiency and reduce the pollutant emissions of the engine. The development of
control technology based on the research is beneficial not only to the new engine production

but also to the conversion of traditional engines into syngas-biogas-hydrogen flexible fuel
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engines. The availability of these engines contributes to the large application of solar-biomass

HRES.

2. Material and method

2.1. Engine and fuels

The study was performed on a syngas-biogas-hydrogen stationary engine converted from

the Honda GX200 spark-ignition engine. The engine has a cylinder diameter of 68mm, a piston

stroke of 45mm, and a compression ratio of 8.5. It is a carburetor fueling, magneto ignition

traditional engine. It generates a maximum power of 4.8 kW at 3600 rpm in gasoline fueling

mode.
Table 1. Properties of fuels
Fuel Compositions (mol/mol) M MaiMiel | Vair/ Vel

CH. H CO | CO. | N | (g/mol) | (g/g) (CD)
Biogas 0.7 0 0 0.3 0 24.40 7.98 6.71
Syngas 0.05 0.18 0.20 0.12 | 045 24.64 1.64 1.39
Hydrogen 0 1 0 0 0 2 34.78 2.4
Low calorific
value (MI/NM?) 33,906 | 10,246 | 12,035 - -

Table 2. Blend compositions
Volumetric composition (%)
Blend -
Syngas Biogas Hydrogen

Blend1 60 20 20

Blend2 40 40 20

Blend3 20 60 20

Blend9 50 0 50

Blend11 80 20 0

Blend12 70 30 0

Blend13 60 40 0

Blend14 50 50 0

The main properties of the fuels were presented in Table 1. Biogas-syngas-hydrogen

blends with different compositions used in the study were introduced in Table 2. With the given

gas composition in the fuel, the mass molar, gravimetric mair/Msyer, and volumetric Vair/ Vel Can

10
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be calculated. Besides, the heat value of the fuel can be determined through the heat value of

its components.

2.2. Method

The study was performed by means of numerical simulation with the help of CFD
software ANSYS Fluent 2021R1. The Honda GX200 engine was converted into the syngas-
biogas-hydrogen engine with a retrofitted intake manifold. The calculation space was designed
by SolidWork software. The meshing of the cylinder, combustion chamber, and intake manifold
was generated automatically with different element geometry and dimension. Dynamic
meshing was applied for the cylinder space due to the variation of the piston position. The grid
independency was analyzed to identify the optimal number of cells used in the simulation. The
details of the model setup were presented in our previous work [80].

In this work, the Re-Normalized Group RNG k-¢ model was used to describe the
turbulence phenomena. The combustion of the syngas-biogas-hydrogen mixture with air was
calculated through the Partially Premixed Combustion model. In this model, the front of the
flame is determined by the mean value of the reaction progress variable c. In the combustion
products c=1 and the fresh mixture c=0. The combustion products were calculated via the mean
value and the variance of mixture fraction f [80]. The extended Zeldovitch mechanism was
applied to simulate the NOyx formation [70]. CO emission was determined through the
thermodynamic equilibrium of combustion products.

The input parameters for boundary conditions include the temperature of the fuel, the
temperature of the air, the gauge pressure of fuel injection, gauge pressure of intake air. The
mixture fraction f=0 at the entrance of the intake manifold and f=1 at the entrance of the fuel
injector. The reaction progress variable c=0 for fresh gas and mixture and c=1 for combustion

products. The resolution of the governing equations was described in [80][101].

11
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HRR (J/°CA)

3. Results and discussion
3.1. Effects of fuel composition and equivalence ratio

Fig. 1a compares the variation of the heat release rate (HRR) according to the crankshaft
angle (CA) when the engine was fueled with a stoichiometric mixture of biogas, syngas, and
Blend12, operating at speed of 3000 rpm. Because syngas is very poor with a low combustion
rate, the maximum HRR of syngas is only 65% compared to that of biogas. The peak of biogas'
HRR curve is 10°CA earlier than that of syngas. The maximum in-cylinder pressure (Pmax) in
the syngas fueling case is only 23 bar, compared to 35 bar in the biogas fueling case. The
capacity of the syngas engine is thus lower than that of the biogas engine as mentioned by
Pradhan et al. [52]. When 30% of biogas is added to syngas (Blend12), the maximum HRR of
the blend is nearly 90% of that of biogas, i.e., it increases by 25% compared to that of syngas.
Consequently, the maximum pressure and the maximum temperature (Tmax) in the case of
Blend12 fueling mode is 5 bar and 150K higher than the corresponding value of syngas fueling

mode (Fig. 1b) and (Fig. 1c).
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Fig. 1. Comparison of variations of combustion characteristic parameters with crankshaft

angle when the engine was fueled with syngas, biogas, and blends (n=3000 rpm, ¢=1,
@s=20°CA); (a) HRR, (b) Pressure, (c) Exhaust gas temperature, (d) NOxemission, () CO

emission, (f) HC emission

The maximum combustion temperature of the syngas fueling case is about 300K lower

than that of the biogas fueling case. This is due to the low calorific value of the syngas.

However, the low-combustion temperature of syngas results in an extremely low level of NOx

emission compared to biogas. This result confirms the observation of Sharma et al. [50]. Fig.

1d showed that NOx concentration in the case of the biogas fueling mode was nearly 20 times

higher than that of the syngas fueling mode. Because syngas contains CO, the initial CO

13
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concentration in the fresh mixture is much higher than that of biogas (Figure 1e). During
combustion, CO concentration results from the thermodynamic equilibrium of combustion
products. Due to the Vair/Vsuel ratio of CO and Hz being both smaller than that of CHa, the total
HC concentration in the fresh mixture for syngas is nearly twice as high as in the case of biogas
(Fig. 1f). There is practically no significant effect of fuel compositions on the CO and HC
emissions in stoichiometric combustion.

A general comparison of combustion characteristics of syngas, biogas, and syngas-biogas
blends is presented in Fig. 2a. As it has been mentioned above, when ¢=1, the concentrations
of CO and HC were very low. They tend to decrease slightly with the increase in biogas content
in the mixture with syngas. CO concentration varies in the range of 0.047%-0.059% and HC
varies in the range of 0.096 - 0.127%. Two important characteristics in the comparison are Wi
and NOx emission. The results show that W; reaches 186 J/cyc for biogas and 149 J/cyc for
syngas, thus, Wi decreased by nearly 20% when switching from the biogas fueling mode to the
syngas fueling mode. This power derating is lower than that compared to the natural gas fueling
mode according to the report of Sridhar et al. [53]. However, NOx emission in the case of the
syngas fueling mode is only about 180 ppm, neglected before 3820 ppm in the case of biogas.
As compared to the gasoline engine, NOx emission of the syngas engine can be reduced by
more than 84% [51]. Fig. 2b shows the Wi(NOx) relationship among different biogas contents
in the mixture with syngas. When the biogas composition is less than 30%, W; increases faster
than NOyx, but when biogas content exceeds this threshold, Wi increases insignificantly while
NOx increases strongly. The addition of biogas into syngas improves thus, indicative engine
work cycle, but leads to a strong rise in NOx concentration in the exhaust gas. The harmonizing

ratio Wi/NOx can be obtained with 30% biogas in the mixture with syngas.

14
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Similar simulation calculations were performed for the syngas-hydrogen mixture. As
mentioned in the introduction, hydrogen has a much higher combustion rate than that of biogas
or syngas [70][71][72]; therefore, when it is blended with these fuels, the combustion process
is improved. Fig. 3 presents the summary variations of Wi, T, CO, HC, and NOx with hydrogen
composition in the syngas-hydrogen blend, at engine speed n=3000 rpm, ¢=1, and @s=23°CA.
The results showed that as the hydrogen concentration is lower than 10%, the combustion
characteristic parameters have not changed much compared to syngas. Wi increases sharply as
the hydrogen concentration varies from 10% to 20%. When the hydrogen concentration exceeds
the 20% threshold, Wi increases slowly because the effect of hydrogen on the combustion
improvement is not considerable. In the case of the biogas engine, the enrichment of 10%
hydrogen is reasonable [72][83]. This threshold is lower than that in the case of syngas enriched

by hydrogen because syngas is much poorer than biogas.
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Fig. 3. Variations of Wi, Tmax, and pollutants concentrations with hydrogen content in the

syngas-hydrogen blend (n=3000 rpm, ¢=1, ¢s=20°CA)
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It can be seen in Fig. 3 that NOx emissions increased almost linearly with the hydrogen
content in the mixture with syngas due to the increase in combustion temperature. When 50%
hydrogen is mixed into syngas, Wi increases by 22%, but the concentration of NOx in the
exhaust gas increases up to 20 times compared respectively to those of the neat syngas fueling
mode. Meanwhile, if 20% of hydrogen is mixed into the syngas, Wi would increase by 17%,
and the NOx concentration would only increase 7 times compared respectively to those of the
neat syngas fueling mode. The concentrations of CO and HC tend to decrease with the increase
in hydrogen content in the syngas due to the fact that combustion takes place more completely.
Hence, to harmonize the performance and emissions of the engine, the addition of 20%
hydrogen in the mixture with syngas is optimal.

Fig. 4a introduces pressure curves of Blendl, Blend2, and Blend3 containing syngas,
biogas, and hydrogen. In these blends, the hydrogen component is fixed at an optimal value of
20%, and the biogas component increases from 20% to 40%. It can be seen that when the biogas
composition increases from 20% to 40%, Pmax increases from 27 bar to 32 bar. Meanwhile, if
the biogas composition increases from 40% to 60%, Pmax increases only from 32 bar to 33 bar.
The results showed that the effects of biogas on the combustion of the blend are more significant
when the biogas content is low. When biogas dominates the fuel blends, the CO2 impurities in
the mixture account for an almost stable proportion. Therefore, the change in the biogas
composition did not significantly change the ratio of HC over the total impurities CO2 and No.
Fig. 4b shows that the peak of heat release rate increases proportionally with the maximum
pressure Pmax. When the engine is fueled with syngas, the heat release rate is low, and the peak

of the HRR curve shifts towards the expansion stroke, reducing Pmax and W; (Fig. 4b).

17
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Fig. 4. Variations of pressure and HRR according to crankshaft angle under effects of fuel

compositions (n=3000 rpm, ¢=1, @s=20°CA; (a) Variation of pressure; (b) Variation of HRR)

Fig. 5 compares the combustion characteristics of the syngas-biogas-hydrogen fueling
engine under the effects of fuel compositions. The characteristic parameters of combustion were
highest for biogas and lowest for syngas. The results show that Blend2 gives Wi approximately
Blend3, but concentrations of pollutants are lower than those of Blend3. When a switch is made
from Blendl to Blend2, the NOyx concentration increases from 1300ppm to 1600ppm, i.e.,
increasing 300ppm. However, when a switch is made from Blend2 to Blend3, the NOx
concentration increases by 1200ppm. When 20% of hydrogen and 20% of biogas is added to
the mixture with syngas, Wi increases by 18%, and NOy increases by 40% compared to the neat
syngas fueling mode. When 40% of biogas and 20% of hydrogen is added into syngas, Wi;
increases by 20%, and NOx increases by 50%. Thus, with a given hydrogen content in the
mixture, Wi and NOx concentration increase along with an increase in biogas concentration in

the fuel blends.
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Fig. 5. Effects of fuel compositions on Pmax, Tmax, Wi and pollutants emissions of the engine
fueled with syngas, biogas, and syngas-biogas-hydrogen blends (n=3000 rpm, ¢=1,

0s=20°CA)

Fuel-air mixtures can burn when the equivalence ratio is within the flammability limits,
i.e., between the minimum and the maximum equivalence ratios. With regard to CHg, the
flammability is in the range of 0.8-1.6. Meanwhile, regarding H2, the corresponding
flammability is in the range of 0.3-2.3. Fig. 6a and Fig. 6b present the effects of ¢ on the
variations of p and T with crankshaft angle. The engine was fueled with Bend2, operating at
speed of 3000 rpm. It can be seen that Pmax and Tmax Were achieved with an equivalence ratio
slightly larger than the stoichiometric value. Fig. 6¢ shows that when ¢<1, the CO emissions
are almost zero, but it increases strongly ¢ when ¢>1. Fig. 6d presents the effect of ¢ on the
NOx variation with the crankshaft angle. It can be seen that NOx emission depends on
combustion temperature, thus the largest NOx concentration is found around the stoichiometric
value of ¢. NOx concentration is very low with a poor mixture due to low combustion

temperature.
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Fig. 6. Effect of ¢ on variations with crankshaft angle (Blend2, n=3000rpm and ¢s=20°CA);

(a) pressure, (b) temperature, (c) CO concentration, (d) NOx concentration

Fig. 7 shows that the Wi(¢) curve has a peak value corresponding to the optimal

equivalence ratio (¢optimal). At doptimal, the pressure, as well as the combustion temperature,

reached the maximum values. Fig. 8 shows that when the content of hydrogen or biogas in the

mixture with syngas increases, doptimal tends to get closer to the stoichiometric value. With the

same content of hydrogen or biogas in the mixture with syngas, ¢optimai Of the syngas-biogas

mixture is higher than that of the syngas-hydrogen mixture. Thus, the addition of hydrogen into

A\ MOST
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syngas is more beneficial for CO and HC reductions because these pollutants depend strongly

on the equivalence ratio.
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Fig. 7. Variations of Wi and Pmax with ¢ (Blend2, n=3000rpm and ¢s=20°CA)
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Fig. 8. Variation of ¢optimar and CO concentration according to hydrogen, and biogas contents

in the mixture with syngas (n=3000rpm and ¢s=20°CA)
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The above results showed that the richer the mixture is, the more disadvantageous the
control of pollution is. The advantage of the combined use of different fuels is that the
combustion process can be achieved with a mixture as poor as possible. Due to wide combustion
limits, hydrogen can improve the combustion of low equivalence ratio mixture. This property
enables the control of the loading regime of the engine by adjusting the equivalence ratio instead
of adjusting the mixture flow.

Fig. 9 shows that to obtain an indicative engine work cycle around 165 J/cyc, for Blendl
and Blend2, we can adjust either the equivalence ratio or the mixture flow rate. When ¢
decreases to 0.78 for Blendl1 or 0.8 for Blend2, the emissions of CO and HC are practically
null, and the emission of NOx is lower than 250 ppm. While the loading regime (corresponding
to fuel-air mixture flow rate) decreases to 78% for Blend1 or 76% for Blend2, the CO emission
is in the range of 0.36%-0.54%, the emission of HC is in the range 0.7 - 1% and the emission
of NOx is in the range 1100 ppm-1200 ppm. To obtain the same W; under partial load and
doptimal, When the engine is fueled with Blend12 and Blend14, CO and HC emissions are
significantly higher, approximately doubling the corresponding values of Blendl and Blend2
while NOx emission is in the same range. Thus, to obtain the same engine power, the syngas-
hydrogen fuel mixture is more beneficial than the syngas-biogas mixture with regard to

pollutant emissions.
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Fig. 9. Effect of loading regime and equivalence ratio on combustion characteristics of the
engine fueled with variable compositions of syngas-biogas-hydrogen blends (n=3000 rpm,
@s=20°CA)

In order to improve the efficiency of the combustion and reduce pollutant emissions, the
loading of the engine fueled with syngas-biogas-hydrogen blends should be controlled by both
mixture quality (via the equivalence ratio) and mixture quantity (via the air-fuel mixture flow
rate). The control system should first and foremost prioritize the adjustment of the fuel flow
and then the adjustment of the air-fuel mixture flow rate. This concept is a target of the special

electronic control unit for syngas-biogas-hydrogen engines.

3.2. Effects of the advanced ignition angle
Fig. 10a presents the effects of advanced ignition angle s on the variation of in-cylinder

pressure, temperature and heat release rate of engines fueled with a stoichiometric mixture of
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p (bar), HRR (J/°CA)

Blend2. When os increases, the HRR curve increases earlier, Pmax position approaches the TDC.

This results in an increase in maximum pressure as well as the maximum combustion

temperature. The result shows that when ¢s increases from 20°CA to 32°CA, Pmax increases

from 32 bar to 37 bar. When Pmax appears earlier, the energy loss for the compression increases,

thus Wi does not vary proportionally to Pmax. In the case of ¢s=20°CA, the combustion

temperature in the combustion stage is higher, but the product temperature during the expansion

process is lower than the corresponding temperature of the case @s=32°CA. The rise in

combustion temperature is accompanied by an increase in the existing time of combustion

products in a high-temperature medium when increasing the advanced ignition angle, resulting

in an increase in NOx emission [102]. Concretely, NOx concentration increases from 2100 ppm

to 2800 ppm when s increases from 20°CA to 32°CA (Fig. 10b).
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Fig. 10. Variations of p, T, HRR, and pollutant emissions according to crankshaft angle under

effects of advanced ignition angle: (a) Variation of pressure, temperature, and HRR; (b)
Variation of CO and NOx concentrations (Blend2, ¢=1, n=3000 rpm)
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Wi (J/cyc)

Fig. 11a and Fig. 11b show the effects of biogas and hydrogen contents in the blend with
syngas on the variation of W; according to @s. With a given hydrogen or biogas content, the
curve of indicative engine cycle work has a maximum value corresponding to the optimal
advanced ignition angle (¢psop). Wi increases, but the optimal s tends to decrease with the
increase in biogas or hydrogen content in the blend with syngas. This is due to the fact that
when syngas is substituted with hydrogen or biogas, the fuel energy introduced into the cylinder
as well as the combustion rate increases, which improves the engine performance and reduces
the combustion time [103]. When s is increased, the peak of the HRR curve tends to move to
the TDC, resulting in an increase in the maximum temperature. Furthermore, the existing time
of combustion of products in a high-temperature medium is extended with an increase in s.
The concentration of NOx in the combustion mixture thus increases significantly with the

increase in hydrogen or biogas content as shown in Fig. 11c and Fig. 11d.
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Fig. 11. Effect of biogas and hydrogen compositions in the blend with syngas on the variation

of Wi and NOx with s as the engine operates at 3000rpm with stoichiometric mixture; (a)

Variation of W with s in case of the syngas-hydrogen blend; (b) Variation of W; with os in

case of the syngas-biogas blend; (c) Variation of NOx with os in case of the syngas-hydrogen

blend; (d) Variation of NOyx with @s in case of syngas-biogas blend

With a given content of hydrogen or biogas in the mixture with syngas, the indicative

engine work cycle of the engine fueled with a syngas-hydrogen blend is slightly higher and the

optimal os is lower than the corresponding values of the engine fueled with the syngas-biogas

mixture as shown in Fig. 11a and Fig. 11b. This is attributed to the fact that hydrogen is a pure

fuel with a high combustion rate, while biogas contains impure CO> with a low combustion rate

[104]. However, under the same comparison conditions, NOx concentration in the case of a

syngas-hydrogen blend is more than double the value of that in the case of syngas-biogas due

to the high combustion temperature of the first case.

Fig. 12a and Fig. 12b show the variations of ¢sop, Wi, and NOx concentration with the

hydrogen and biogas contents in the blend with syngas. The results show that ¢sep is 38°CA for

syngas, 24°CA for biogas, and 18°CA for hydrogen. When the hydrogen composition varies

26

50


http://mostwiedzy.pl

A\ MOST

Wi (J/cyc)

from 20% to 90%, ¢sop decreases linearly with the hydrogen composition in the blend. Outside
this range, @sop changes rapidly with hydrogen composition. In the case of the syngas-biogas
blend, ¢sop decreases practically linearly with the biogas content. The maximum indicative
engine work cycle reaches 210 J/cyc, 202 J/cyc, and 155 J/cyc for hydrogen, biogas, and syngas,
respectively. Thus, when the hydrogen fueling mode is switched to the syngas fueling mode,
the derating power is 30%. It is practically the same derating power regarding a switch from
natural gas to syngas [53]. With a switch from the biogas fueling mode to the syngas fueling
mode, the derating power is 23%. However, NOx emissions increase very quickly with the
hydrogen or biogas content in the syngas. NOx emission as the engine operates with @sop
increases from 200 ppm (for syngas) to 2800 ppm (for biogas) and over 6000 ppm (for
hydrogen). This is because syngas contains many impurities that reduce the combustion

temperature.
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Fig. 12. Variations of Wi, NOx, and osop according to hydrogen content (a) and biogas content

(b) in the mixture with syngas (n=3000, doptimar).

The combined results in Fig. 13 show that with the same content of hydrogen or biogas

in the mixture with syngas, the indicative engine work cycle of the syngas-hydrogen mixture is
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about 5 J/cyc larger, but the NOx concentration is doubled compared to the corresponding
values of the syngas-biogas mixture. With the same content of hydrogen or biogas in the blend
with syngas, ¢sop Of the syngas-hydrogen mixture is 4°CA smaller than that of the syngas-biogas
mixture. To obtain the same level of NOx emission, the hydrogen content in the syngas is about
50% of the biogas content in the syngas. Under this condition, the indicative engine work cycle
of the syngas-hydrogen fueling mode is about 5 J/cyc less than that of the syngas-biogas fueling
mode. In order to achieve the same level of increase in Wi, the biogas content in the syngas is

10% larger than the hydrogen content in the syngas.
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Fig. 13. Variations of Wi, NOx, and osop Of the engine fueled with syngas-biogas-hydrogen

blends according to hydrogen, and biogas contents in the mixture with syngas (n=3000,

(I)optimal)-
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When a syngas-biogas-hydrogen fuel mixture is used, the smallest ¢sop is for hydrogen,
and the largest ¢sop IS for syngas. When the syngas component is fixed, ¢sop Of the syngas-
biogas-hydrogen mixture is within the limits of @sop according to hydrogen content and
according to biogas content. ¢@sop Of syngas-biogas-hydrogen blends is thus represented by
means of the dark area in Fig. 13. @sop Of the syngas-biogas-hydrogen mixture can be adjusted
according to the contents of fuel components if gas analysis data is available. In practice, when
there is no exact information about the fuel mixture composition, ¢sop can be adjusted in the
range between its minimum value (corresponding to hydrogen) and its maximum value

(corresponding to syngas).

4. Conclusion
The above-mentioned research results enable us to draw out the following conclusions:

» The optimal advanced ignition angle is 38°CA, 24 °CA, and 18°CA for syngas, biogas,
and hydrogen, respectively. With the same content of hydrogen or biogas in the mixture with
syngas, the advanced ignition angle of the hydrogen-syngas blend is less than that of the
syngas-biogas blend by about 4°CA at the engine speed of 3000 rpm.

» The optimal biogas and hydrogen content in the mixture with syngas is 30% and 20%,
respectively. Below these thresholds, Wi increases very fast with biogas or hydrogen content,
but exceeding these values, the increase in NOx concentration is much higher relative to the
increase in Wi.

» With a stoichiometric mixture, to obtain the same level of NOx emission, the hydrogen
content in the syngas is about 50% of the biogas content in the syngas. Under this condition,
the indicative engine work cycle of the syngas-hydrogen fueling mode is about 5 J/cyc less
than that of the syngas-biogas fueling mode. To achieve the same level of increase in Wi,

the biogas content in the syngas is 10% larger than the hydrogen content in the syngas.
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» When the hydrogen fueling mode is switched to the syngas fueling mode, the derating
power is 30%. When the biogas fueling mode is switched to the syngas fueling mode, the
derating power is 23%. The NOx emission increases from 200 ppm (for syngas) to 2800 ppm
(for biogas) and to over 6000 ppm (for hydrogen).

» With Blend2, the engine generates the same Wi at full load mode with ¢$=0.8 or at 76%
loading mode with ¢optimar, but the pollutants emissions of the second case are much higher
than those of the first case. The syngas-hydrogen blend is more beneficial than the syngas-
biogas blend regarding pollution emission.

The research results show that doptimar and @sop OF the stationary engine fueled with a
syngas-biogas-hydrogen blend depend on fuel compositions but lie between the respective
extreme values for syngas and hydrogen. To improve engine performance and reduce
pollutant emissions, the loading control system of the engine should prioritize firstly the
adjustment of the equivalence ratio and then the adjustment of the air-fuel mixture flow. A
special electronic control unit with flexible adjustment of ¢ and ¢s is needed for the engine

working in the solar-biomass HRES.
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