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ABSTRACT: Improving the specific, technical, economic, and environmental characteristics of piston engines (ICE)
operating on alternative gaseous fuels is a pressing task for the energy and mechanical engineering industries. The aim
of the study was to optimize the parameters of the ICE working cycle after replacing the base fuel (propane-butane
blend) with syngas from wood sawdust to improve its technical and economic performance based on mathematical
modeling. The modeling results were verified through experimental studies (differences for key parameters did not
exceed 4.0%). The object of the study was an electric generator based on a single-cylinder spark ignition engine with
a power of 1 kW. The article describes the main approaches to creating a mathematical model of the engine working
cycle, a test bench for modeling verification, physicochemical properties of the base fuel (propane-butane blend), and
laboratory syngas. It was shown that replacing the fuel from a propane-butane blend to laboratory syngas caused a
decrease in engine efficiency to 33% (the efficiency of the base ICE was 0.179 vs. the efficiency of 0.119 for the converted
ICE for the 0.59 kW power mode). Engine efficiency was chosen as the key criterion for optimizing the working cycle.
As a result of optimization, the efficiency of the converted syngas engine was 6.1% higher than that of the base engine
running on the propane-butane blend, and the power drop did not exceed 8.0%. Thus, careful fine-tuning of the working
cycle parameters allows increasing the technical and economic characteristics of the syngas engine to the level of ICEs
running on traditional types of fuel.

KEYWORDS: Electric generator; piston engine; technical and economic characteristics; propane-butane blend; syngas;
optimization; mathematical modeling; verification

1 Introduction
The internal combustion engine (ICE) is one of the most common energy converters, which is used in a

variety of areas of human activity. ICE is used in everyday life (gasoline tools, motorboats, mopeds, cars, etc.),
and in high-tech industries (aviation, shipbuilding, energy, etc.). Therefore, improving the specific, technical,
economic, and environmental characteristics of engines remains an urgent task for science, engineering
and technology.

Efficient use of alternative (renewable) fuels in ICEs is a promising task for ensuring sustainable
development of the energy industry [1,2]. Today, scientists are actively introducing the use of various fuels
in ICEs: methane [3], propane-butane blend [4], hydrogen [5,6], ammonia [7], methanol [8], syngas [9],
biofuel [10], and mixtures of various components [11,12]. Each alternative fuel has its pros and cons when
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used in an engine. Therefore, the parameters of the ICE working cycle must be adjusted for specific fuel,
taking into account its physical and chemical properties. Only in this case is it possible to obtain competitive
characteristics of an engine running on alternative fuel.

One of the most promising and environmentally friendly fuels for ICEs is syngas from coal or wood [13].
Syngas is usually a gaseous fuel consisting mainly of hydrogen H2, methane CH4, and carbon monoxide CO.
This gas can be obtained from various raw materials such as coal, wood, agricultural waste, food industry
waste, seaweed, grass, straw, bagasse, sewage sludge, and tires through gasification, pyrolysis, or reforming
processes [14,15]. Syngas is a renewable fuel because it can be produced from wood or waste from wood
processing plants.

The current results of research on syngas engines are presented below. Traditional research consisted of
obtaining technical and economic characteristics of ICEs on syngas, which was obtained in different ways
and from different substances [16,17]. Kandasamy et al. studied the operation of an ICE on syngas obtained
from glycerin [16]. It was shown that the engine power on syngas increased by 3.15%, NOx emissions were
reduced by 21.22% compared to an ICE running on diesel fuel. Zhou et al. conducted similar studies for
syngas obtained from various volatile organic compounds [17]. It was found that there was an economic
effect from generating electricity from this syngas.

There are also many studies comparing the technical and economic characteristics of ICEs running
on different types of fuel, including syngas [18–21]. Thus, Farkhondeh et al. compared the characteristics of
an ICE with compression ignition running on biogas, syngas, and diesel fuel [18]. The maximum positive
effect of using syngas is a reduction in CO emissions by 71%, NOx by 25%, and an increase in power by
6% compared to traditional diesel fuel. Dhairiyasamy et al. studied the operation of a dual-fuel engine
running on biodiesel with various syngas additives [19]. The addition of syngas allowed to reduce specific
fuel consumption by 6.5%, CO emissions decreased by 30%, and CH emissions fell by 25%; however, NOx
emissions increased by 2.1%. Kantaroğlu analyzed the characteristics of a spark ignition engine running on
syngas, hydrogen, and ammonia [20]. It was found that syngas is a competitive and environmentally friendly
fuel and have prospects for use in ICEs with zero emissions.

Converting an ICE to run on syngas requires optimizing its working cycle parameters to obtain the
best technical and environmental characteristics [22–24]. Wei et al. tuned the working cycle parameters of a
spark ignition engine running on syngas to minimize emissions while maintaining output power based on
numerical simulation [22]. The scientists were able to achieve a significant reduction in CO, CH, and NOx
emissions from a syngas-powered ICE while maintaining output power compared to a gasoline-powered
engine. There are also studies on the use of artificial intelligence algorithms to optimize the parameters
of ICEs for operation on syngas of various compositions [23–25]. It has been shown that this approach is
effective and leads to significant improvement in the technical and environmental characteristics of the ICE.

A separate area of research is the study of the influence of the syngas composition on the performance
of ICEs [26,27]. Jamsran et al. clearly demonstrated the presence of a significant influence of the composition
of syngas and its physical and chemical properties on the technical and environmental performance of a
compression ignition engine [26]. Enomoto obtained similar data for a spark ignition ICE [27].

An important area of research is also the study of the effect of syngas on the combustion process in
different ICEs [28–31]. Ran et al. studied the combustion process of syngas in an extremely lean mixture for
a spark ignition engine [28]. The main goal was to obtain a stable combustion process and reduce emissions
of harmful substances. Oleksandr et al. improved the combustion process of syngas as applied to a spark
ignition engine [29]. Gobbato et al. conducted similar studies, but for a compression ignition ICE [30]. It
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was shown that the transition to syngas requires careful adjustment of engine parameters to achieve stable
and high-quality combustion of the working fluid.

Thus, it must be concluded that there is a limited number of studies related to the study of the
characteristics of the working cycle of the engine on synthesis gas and the development of methods for
increasing its efficiency and power. This gap is partially closed by this study.

The objective of this study was to optimize the operating cycle parameters of an ICE after replacing the
fuel with a propane-butane blend to syngas to improve its technical and economic performance based on
mathematical modeling. The modeling results were verified by bench tests of the engine running on both a
propane-butane blend and syngas.

The scientific hypothesis of the study was to find an accessible and simple way to improve the power
and efficiency of an engine converted to run on syngas by optimizing the operating parameters of the ICE.

The scientific novelty of the study consists in specifying the degree of influence of various engine
parameters on its power and efficiency in relation to the syngas ICE based on physical and mathematical
modeling of the working cycle. Also, a comparative analysis of the operational characteristics of a gasoline
engine and a syngas ICE for various operating modes has scientific value.

The practical significance of the study lies in the description of the method for fine-tuning a syn-
gas engine to improve its performance characteristics based on a verified mathematical model. Engine
manufacturers and ICE modernization organizations will find the results mentioned useful and applicable.

The article structure consists of a description of the research methods (mathematical model and
laboratory setup), the results of verification of the mathematical model for a gasoline engine and an ICE
running on syngas, and an analysis of methods for increasing the efficiency of a syngas engine.

2 Object, Methods and Statement of the Research Problem
The object of the research was the Huter HT1000L electric generator based on a four-stroke, single-

cylinder piston engine running on a propane-butane blend. The main technical characteristics of the
generator were: rated power Nn = 1.0 kW; crankshaft speed at rated power nn = 3600 min−1; maximum
torque Mmax = 4 N m; specific fuel consumption at nominal mode gn = 450 g/(kW⋅h); cylinder diameter
D = 52 mm; piston stroke S = 38 mm; compression ratio ε = 7.7; ignition timing angle φ = 21.5 degrees; excess
air coefficient λ = 1.0. These parameters were basic for the created mathematical model and for conducting
experimental studies.

The working cycle of this piston engine was simulated using the Diesel-RK program from the Russian
University Bauman Moscow State Technical University. A brief description of the mathematical apparatus
(calculation methods) for the “Diesel-RK” program is presented below. The parameters of the gas in the
engine cylinder and the gas exchange system are determined by the step-by-step solution of the system of
difference equations of conservation of energy, mass and the equation of state in the “Diesel-RK” program.
These equations are written for open thermodynamic systems. The dependence of the properties of the
working fluid on the chemical composition and temperature is considered in the calculations of gas exchange
processes. The mathematical apparatus for gas exchange processes takes into account the non-stationary
flow of gas in pipelines. The multi-zone model is used to calculate the combustion process in spark-ignition
engines. The Vibe method is used to calculate the rate of heat release in the cylinder. The zone model is
used to determine temperatures (the method of Professor V. A. Zvonov). Heat exchange in the main engine
parts is calculated separately for different surfaces, the temperatures of which are determined by solving the
heat conductivity problem. The heat transfer coefficient from gases to the cylinder wall is determined by the
Voshni formula. A more detailed description of the mathematical apparatus of the “Diesel-RK” program can
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be found in [32,33]. The main limitations of the created mathematical models are that they are applicable
only to a specific engine with a given power and geometric dimensions, and the models do not describe
non-stationary processes in the ICE cylinder in sufficient detail.

The base fuel for use in the studied electric generator was a propane-butane blend. The following chemi-
cal composition of this blend was specified in the mathematical model: C3H8—98.7%; H2—1.0%; CO2—0.1%;
N2—0.2%. The following main physicochemical properties of the propane-butane blend were also specified:
net calorific value Hu = 46.47 MJ/kg; molecular weight M = 44.09 g/mol; density ρ = 1.967 kg/m3. These fuel
properties fully corresponded to those for the propane-butane blend used in the bench tests.

The alternative fuel was syngas, which was obtained from sawdust with a moisture content of 10%
through continuous gasification in the university laboratory “New Energy Technologies”. The chemical
composition of the laboratory syngas was as follows: CH4—3.5%; CO2—14.3%; H2—8.6%; N2—55.9%;
CO—17.7%. The laboratory syngas had the following physicochemical properties: net calorific value
Hu = 3.58 MJ/kg; density ρ = 1.214 kg/m3. These data were specified in the mathematical model for simulating
the working cycle of a piston engine running on syngas. These fuel properties fully corresponded to those
for the syngas used in the bench tests.

The production of laboratory synthesis gas was achieved through a full-flow gasification process of
wood sawdust in a specially designed apparatus. Two diffusers and two cylindrical sections made up the
gasifier. Wood sawdust was fed into the apparatus by means of screws and was raised by means of air supplied
from below. Within the apparatus, the following processes were executed: moisture evaporated from the
wood sawdust, volatile substances were released, heterogeneous chemical reactions occurred, slag formation
and heavy hydrocarbon compounds (resins) were condensed. The gas was captured at the apparatus outlet,
cooled, filtered, and resins were separated and fed into the fuel system of the piston engine for the operation
of the power plant.

An experimental setup based on an electric generator with a piston engine was created to verify
mathematical models (Fig. 1). The main technical characteristics of the setup are presented above. The engine
could operate on propane-butane blend (in gaseous state) and syngas. It was possible to obtain engine
parameters (fuel and air consumption, efficiency, exhaust gas composition) depending on the power (load)
during the experiments. The tests were conducted at a constant crankshaft speed n = 3600 min−1 for different
loads (from idle to 0.9 kW). It is known that the state of the power plant battery has a significant impact
on the operating characteristics and performance indicators [34]. However, in this case, this factor was
excluded, since the internal combustion engine was started by human mechanical force (manual rotation of
the crankshaft for starting).

The algorithm for conducting experiments for a gaseous fuel engine was as follows: (1) the gasifier was
started to produce synthesis gas or a cylinder with a propane-butane mixture was prepared; (2) the valves
for supplying gas to the piston engine were opened; (3) the internal combustion engine as part of an electric
generator was manually started; (4) smooth adjustment of the air-fuel ratio (excess air ratio) was performed
by means of valves; (5) the engine load was set (electric lamps were turned on/off); (6) a stable engine
operating mode was waited for; (7) engine operating parameters were recorded.

Gas consumption (propane-butane blend or syngas) was determined using an RMS gas rotameter from
the Russian company Pribor-M. The relative uncertainty of gas consumption determination was 2.5%. Air
consumption through the engine was determined using a Meta-215 flow meter from the Russian company
Emis. The relative uncertainty of air consumption determination was 1.5%.
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Figure 1: Photograph of the experimental setup for verification of the simulation results: 1—electric generator based on
a piston ICE; 2—electric loading device; 3—cylinder with propane-butane blend; 4—gas rotameter; 5—air flow meter

The load (resistance) for the electric generator was set by successively switching on/off incandescent
lamps with a power of 50 to 100 W. The relative uncertainty in determining the engine power was 5.5%. The
series of experiments was carried out at least 2–3 times to confirm the reproducibility of the results.

3 Verification of a Mathematical Model through Experimental Research
Verification of the modeling results by means of experimental studies for engines running on propane-

butane blend and syngas is presented below. A comparison of the efficiency values of an ICE running on a
propane-butane blend for the mathematical model and tests is shown in Fig. 2.

Figure 2: Calculated and experimental dependences of the efficiency η on the power N for a piston engine operating
on a propane-butane blend: 1—simulation; 2—experiment

The dependence form η = f (N) is identical for modeling and experiments. In particular, the maximum
of the function η = f (N) occurs in the region of a power equal to 0.6 kW. The differences in the engine
efficiency values for modeling and testing do not exceed 4.1%. A comparison of other engine indicators
(operation on a propane-butane blend) for a load of 0.875 kW is summarized in Table 1.

Table 1 shows that the differences in engine power do not exceed 0.3%; the difference in fuel consump-
tion is in the range of 2.7%–3.0%; air flow characteristics are within 3.7%; the maximum differences in
efficiency reach 4.1%. It can be concluded from Fig. 1 and the data in Table 1 that the mathematical model
reliably simulates the main indicators of the working cycle of an electric generator based on a piston engine
running on a propane-butane blend.
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Table 1: Comparison of engine performance (propane-butane blend) for a load of 0.875 kW obtained during testing
and simulation

Parameter Experiment Modeling Change, %
Power N, kW 0.875 0.872 –0.3

Fuel consumption Gf , kg/h 0.429 0.416 –3.0
Specific fuel consumption g, g/(kW⋅h) 490.2 477.2 –2.7

Air consumption Ga, kg/h 7.00 6.74 –3.7
Efficiency, η 0.151 0.157 +4.1

Experimental studies of a piston engine running on syngas were also conducted to verify the mathemati-
cal model. Only the fuel was changed (the propane-butane blend was replaced by syngas) in the mathematical
model and the operating engine. All other engine operating parameters (compression ratio, ignition advance
angle, excess air coefficient, etc.) remained unchanged. A comparison of the efficiency of the engine running
on syngas for the mathematical model and tests is shown in Fig. 3.

Figure 3: Calculated and experimental dependences of the efficiency η on the power N for a piston engine running on
syngas: 1—simulation; 2—experiment

The form of the η = f (N) dependence is identical for the simulation and experiments. The maximum
power developed by the engine decreased from 0.9 to 0.6 kW due to the replacement of gaseous fuel. The
maximum of the η = f (N) function is in the region of 0.4 kW for the case of engine operation on syngas. The
differences in the engine efficiency values for the simulation and tests also do not exceed 4.0%. A comparison
of other ICE parameters (operation on syngas) for a load of 0.58 kW is summarized in Table 2.

Table 2: Comparison of engine performance (syngas) for 0.58 kW load obtained during testing and simulation

Parameter Experiment Modeling Change, %
Power N, kW 0.58 0.58 0

Fuel consumption Gf , kg/h 5.471 5.704 +4.3
Specific fuel consumption g, g/(kW⋅h) 9659.6 9834.2 +1.8

Air consumption Ga, kg/h 5.2 5.02 –3.4
Efficiency, η 0.119 0.114 –4.0

Table 2 shows that there is no difference in the power values when comparing the simulation results
and experimental data; the differences in fuel consumption range from 1.8% to 4.3%; the difference in air
flow characteristics is within 3.4%; the differences in efficiency do not exceed 4.0%. The change in the mass
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air consumption Ga through the cylinders of an engine running on a propane-butane blend and syngas,
obtained on the basis of modeling and bench tests, are shown in Fig. 4.

Figure 4: Computational and experimental dependences of mass air flow Ga on power N for a piston engine running
on propane-butane blend (a) and syngas (b): 1—modeling; 2—experiment

Also, Fig. 4 shows that the air consumption through the synthesis gas engine decreased by an average
of 18.5% compared to a gasoline ICE. This indicates a deterioration in the filling of the cylinder with the
working fluid (a blend of syngas and air). Therefore, it can be expected that the power of the syngas engine
will also drop by a similar amount compared to a gasoline ICE. However, the processes of gas exchange,
mixture formation, and combustion were not considered in detail in this study. The differences in the Ga
values do not exceed 4% for an ICE running on a propane-butane blend and syngas.

Thus, the created mathematical models reliably simulate the working process of a piston engine
operating both on a propane-butane blend and on syngas. Therefore, these mathematical models can be
used to optimize and predict the performance of the ICE in question when operating on different types of
gaseous fuel.

4 Improving the Performance of a Syngas Engine by Optimizing the Working Cycle Parameters
The simulation results and experimental data showed that the efficiency of the engine on syngas was

inferior to the indicators in comparison with the operation on a propane-butane blend. For example, the
efficiency drops by 32.8% at a power of 0.59 kW. The efficiency of the base engine was 0.177, and the efficiency
of the converted ICE was 0.119. This difference is due to both the energy characteristics of the used fuel and
the features of the working process in the engine. Consequently, there is a need to optimize the operating
parameters of an ICE converted to run on syngas. The purpose of such optimization is to bring the technical
parameters of the syngas engine as close as possible to those when running on the base fuel (propane-butane
blend).

It is known that the technical and economic indicators of the engine depend on the energy value
of the fuel [35]. The quality of the combustion process of the working fluid in the cylinder also plays an
important role. One of the key factors is the combustion rate of various types of gaseous fuel during normal
engine operation. The combustion process is greatly delayed in lean combustible mixtures (such as propane-
butane blend and syngas) [36]. Therefore, it is necessary to optimize the engine working cycle to improve
the technical and economic performance of the ICE in the case of changes in the properties of the used
gaseous fuel.

The main optimization criterion was engine efficiency. It is necessary to increase the efficiency of the
converted engine for operation on syngas to the level of efficiency on the base fuel (propane-butane blend).
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The auxiliary criterion was engine power. It is necessary to maintain the power of the converted ICE. The
engine was optimized using the following parameters: ignition advance angle φ; excess air coefficient λ;
compression ratio ε; intake system resistance pin; exhaust system resistance pex.

The engine optimization was performed based on a verified mathematical model. The results of the
engine working cycle optimization for specific parameters are shown in Figs. 5–9.

Figure 5: Calculated dependences of power N (1) and efficiency η (2) on ignition advance angle φ for a syngas engine

Figure 6: Calculated dependences of power N (1) and efficiency η (2) on the excess air coefficient λ for a syngas engine

Figure 7: Calculated dependences of power N (1) and efficiency η (2) on the compression ratio ε for a syngas engine

Figure 8: Calculated dependences of power N (1) and efficiency η (2) on resistance in the intake system pin for a syngas
engine

Fig. 5 demonstrates that the ignition advance angle φ has a significant effect on the change in engine
efficiency and power. In this case, the functions η = f (φ) and N = f (φ) have a clearly defined maximum. For
example, it is necessary to use φ = 16 degrees to achieve maximum efficiency. The range of variation of the
ignition advance angle φ was selected based on statistical data on the value of φ for most engines running
on gasoline or gas.
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Figure 9: Calculated dependences of power N (1) and efficiency η (2) on resistance in the exhaust system pex for a
syngas engine

An increase in the excess air coefficient λ causes a linear decrease in the power of the ICE running on
syngas (Fig. 6). In this case, the function η = f (λ) is not linear and has a maximum at λ = 0.8 (Fig. 6). Most
gas engines operate with λ = 1.0. Therefore, the range of λ variation was chosen to be ±30% relative to the
standard value for research purposes.

Fig. 7 shows that increasing the compression ratio ε causes a monotonic increase in engine power and
efficiency. Accordingly, it is advisable to increase ε to the maximum possible value for safe operation of the
engine on syngas without detonation. The maximum values of ε are determined by avoiding detonation in
engines; the minimum values of ε are selected based on acceptable values of the ICE efficiency.

The increase in hydraulic resistance of the intake system causes a rather sharp linear decrease in both
the power and efficiency of the engine running on syngas (Fig. 8).

This is explained by a significant deterioration in filling the cylinder with the working fluid during
the intake process. The resistance values for the engine intake and exhaust systems were selected based on
statistical data and the achievement of acceptable power and efficiency values. The most common resistance
values in ICE gas exchange systems were investigated.

The increase in hydraulic resistance of the exhaust system also leads to a sharp decrease in engine power
and efficiency. This is due to a significant decrease in the quality of gas exchange processes.

The obtained dependencies allowed us to select new engine parameters to achieve the maximum
efficiency value:

– It is necessary to change the ignition advance angle φ from 21.5 to 16 degrees;
– It is necessary to reduce the excess air coefficient λ from 1.0 to 0.8;
– It is necessary to increase the compression ratio ε from 7.7 to 9.6;
– It is necessary to reduce the resistance of the engine intake system pin from 0.08 to 0.02 bar;
– It is necessary to reduce the resistance of the exhaust system pex from 0.14 to 0.02 bar.

Most of the proposed changes can be implemented by tuning (adjusting) the ignition and fuel systems,
i.e., without significantly changing the engine design. The most complex and time-consuming change is
increasing the compression ratio. It requires modifying the cylinder head, changing the connecting rod
length and piston geometry.

A mathematical model of a new (optimized) syngas engine with the parameters specified above was
created based on the results obtained. The technical and economic parameters of the optimized ICE were
compared with those of the base engine running on a propane-butane blend (the parameters remained
unchanged). A comparison of the power and efficiency of these ICEs depending on the crankshaft speed is
presented in Fig. 10.
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Figure 10: Calculated dependences of power N and efficiency η on crankshaft speed n for an engine running on
different types of fuel: 1—propane-butane blend (N); 2—syngas (N); 3—propane-butane blend (η); 4—syngas (η)

Fig. 10 shows that the efficiency of the optimized engine on syngas has increased by 6%–9% compared
to the base ICE running on a propane-butane blend. For example, the efficiency of the syngas engine is 0.226,
and the efficiency of the ICE on propane-butane blend is 0.213. The power of the optimized engine on syngas
has decreased by 0%–8% compared to the base ICE running on a propane-butane blend.

Thus, it can be stated that the optimization results have been achieved: the efficiency of the syngas
engine has become higher than that of the base engine. At the same time, the power drop did not exceed 8%
compared to the base engine. Accordingly, there are effective ways to improve the technical and economic
parameters of syngas engines without significant costs.

The obtained results are applicable only for a given engine (of given power and geometric dimensions).
The magnitudes of changes in the values of operational parameters (ignition advance angle, excess air
coefficient, compression ratio, etc.) must be specified for each new engine to achieve the maximum effect.
Therefore, a linear extension of the obtained data to all piston engines is impossible.

5 Conclusions
The main conclusions of the study are as follows:

1. Mathematical models of the working cycle of a piston engine running on a propane-butane blend and
syngas have been developed;

2. An experimental stand with a loading device and a measuring system for verifying the modeling results
has been created;

3. The differences between the modeling results and experimental data were no more than 4.0%; accord-
ingly, the created mathematical models reliably simulated the working cycle of an engine running on a
propane-butane blend and syngas;

4. Replacing the fuel with a propane-butane blend with syngas causes a decrease in engine efficiency by up
to 32.8%; accordingly, it is necessary to optimize the ICE working parameters for operation on the new
fuel (syngas);

5. Engine optimization was carried out based on the following parameters: ignition timing; excess air
coefficient; compression ratio; resistance of the intake and exhaust systems; the main optimization
criterion was ICE efficiency;

6. The efficiency of the optimized engine running on syngas increased by 6.1% compared to the base ICE
running on a propane-butane blend; the power drop did not exceed 8.0%;

7. Syngas can be considered as an alternative fuel for an ICE.

The direction of further research may be related to experimental tests of an engine with optimized
parameters and the study of ICEs of different sizes and power.
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