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Solar-biogas hybrid renewable energy system (HRES) is an effective way for 
electrification of rural area in the developing countries. When the power of the 
PV panels of the HRES is higher than that of the load, the excess energy is used to 
produce hydrogen through the water electrolyser. Hydrogen is then blended with 
biogas to fuel the internal combustion engine of the generator. A microcontroller 
connects the PV panels, the water electrolyser, and the consumed network to 
automatically start the generator when an additional power is needed. The 
addition of 20% hydrogen into biogas M7C3 leads to an increase in engine cycle 
work by 13%, 4% and 2% at 100%, 65% and 50% load operating mode, 
respectively. As compared to full load mode, CO and HC emissions of the engine 
are doubled, but the NOx emission drops down 50% in the half load operating 
mode. Independently loading regime, the addition of hydrogen to biogas results in 
a decrease in CO and HC emissions, but an increase in NOx emissions. At a given 
speed and engine loading mode, the optimal equivalence ratio and advance 
ignition angle decrease as increasing CH4 composition in biogas or/and H2 
content in fuel blend. 
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1  1. INTRODUCTION 

According to the International Energy Agency (IEA), 
the number of global population without access to 
electricity declined from 1,132 million in 2015 to 752 
million in 2020. However, due to the COVID-19 
pandemic, under worldwide current planned policies, an 
estimated 660 million people would still lack access in 
2030 [2]. Most of these populations live in rural areas of 
developing countries [3]. To meet their minimum energy 
needs, people in these regions often use fossil fuels to 
operate generators [4]-[5]. This fact requires researchers 
to develop alternative power generation systems to meet 
the needs of the people while waiting for countries to 
have enough economic capacity to extend their 
electricity supply networks. 
 Rising energy demand and concerns related to 
pollution and GHG emissions due to the use of fossil 
fuels have led countries to turn to clean or renewable 
energy when setting up new power plants or extending 
their existing electricity networks [6]. Today, many 
countries and regions have made priority policies and 
taken effective measures to increase installed capacity of 
renewable energy systems [7]-[11]. The percentages of 
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different types of renewable energy sources (RES) in the 
world are shown in Figure 1a. Hydroelectricity accounts 
for the highest proportion of RES, followed by wind and 
solar power. More than 80% of RES plants in the world 
are off grid (Figure 1b) [7]. 
 Renewable energy sources can substitute fossil fuels 
in the future due to their abundance, diverse and clean 
characteristics [12]. Worldwide electricity production 
from RES increases steadily every year [13]. However, 
unlike fossil energy, the main disadvantage of renewable 
energy in most cases is its direct dependence on 
unpredictable and uncontrollable weather and 
environmental conditions, thus, it is difficult to ensure 
the reliability of the RES system [14]-[15]. 
 It is clear that a single renewable energy source is 
not sufficient to support an uninterruptible energy 
supply system [16]. The use of a single power source 
often results in an over sizing system to compensate the 
energy requirement due to the randomness and 
discontinuity of the RESs [17]. This increases the capital 
cost of the system [7]. Besides, the imbalance between 
production and demand capacity will cause shortage or 
excess of power of the system [18]. When the electrical 
capacity produced by the system is less than the 
demand, additional power is required. Conversely, when 
the electrical capacity of the system exceeds the used 
capacity, it is necessary to store excess energy. Thereby, 
the load management system and the energy storage 
devices must be integrated into the RES systems [18]. 
Batteries are often used for energy storage [19]. They 
are activated when the RES capacity is not enough to 
meet the load demand. The cost of batteries accounts for 
an important proportion in the RES plants due to their 
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short life cycle that need to be replaced frequently 
during system operation [15]. This increases the energy 
cost of the RES plant in general. 

Therefore, hybrid renewable energy systems 
(HRES) have been suggested to address the unavoidable 
and challenging obstacles of the RES [50], [13]. HRES 
can include numerous types of energy sources and, 
generally include at least two renewable or non-
renewable sources [20]. Connecting different 
intermittent energy sources to dispatchable sources such 
as biogas, batteries or to a grid system provides a unique 
problem solution to the limitations of RES. HRES can 

reduce power generation fluctuations, helping to reduce 
the need for energy storage [16]. 

The energy cost of a hybrid renewable energy 
system is about 30% cheaper than that of fossil fuel-
powered plant [21]. On the other hand, the components 
of the HRES can be optimized, thereby reducing costs of 
investment and operation [22]-[23]. Many RESs can be 
integrated into the HRES [50]. HRESs can operate in 
grid-connected and off-grid modes sustainably, lowering 
electricity costs and improve system reliability [15]. 
Many researchers have proved that the HRES is the 
most suitable electricity production, particularly for 
remote areas [24]. 

 
 

 
(a) 

 

 
(b) 

Fig. 1. Percentage of installed capacity of different RES (a), and characteristic of RES (b) in the world 2017 [7]. 
 
 

 

 
Fig. 2. Different systems of HRES [13]. 

 

Figure 2 illustrates the different types of HRES and 
the diverse usage of the output. Solar energy can be 
integrated into many HRESs. It is rich and 
environmentally friendly. The cost of PV panels has 

dropped significantly from 8 USD/W in 2008 to 1 
USD/W today, which is an average annual decrease of 
62% [25]. However, due to the disadvantage of 
instability, direct dependence on solar radiation, it is 
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recommended to use solar energy in combining with 
other energy sources [16]. 

Amongst different types of renewable energy, 
biomass is the 4th largest source of energy [26]. Many 
researchers have studied combining the use of biomass 
with other RESs. Perkins [27] studied the cost of energy 
(COE) of solar-biomass HRES and concluded that the 
COE of this solution is cheaper than that of the plants 
using biomass or solar energy separately with battery 
storage devices. The electricity from biomass, especially 
from biogas, can be produced independently daytime or 
nighttime, under different weather conditions, thus it is 
possible to adjust the energy supply to meet the needs of 
the load [28]. The flexible operation of solar-biogas 
HRES helps to improve power quality and energy 
efficiency, leading to a reduction in COE, bringing 
benefits for the entire economy [28]. In addition, the 
increasing proportion of flexible biogas installations will 
reduce the need for traditional power plants, which are 
characterized by relatively high operating costs and 
pollutant emissions [28]. Therefore, biogas can be 
considered as a solution to stabilize the solar power 
system, which depends on random changes of solar 
radiation [28]-[30]. 

Integrated solar-biogas power generation systems 
are becoming a popular choice for remote areas or 
regions lacking power grid [31]. Around the world, 
large-scale biogas production projects are concentrated 
in Europe and in North America [32]. In developing 
countries, biogas is produced on a small scale in 
households, livestock farms, but with a very large 
number of digesters, especially in rural areas. On the 
other hand, the areas lacking access to electricity today 
are mostly in Africa and South Asia, where solar power 
is abundant. Therefore, the combination of solar and 
biogas is an attractive option for the electrification of 
these areas [31], [33]. 

The solar-biogas HRES can safely and efficiently 
provide energy to grid-connected and off-grid 
communities [34]. It consists of PV panels, a power 
converter, and a biogas fueled generator [21]. The 
system can operate stably and efficiently when 
connected to the grid or not. Many studies have been 
carried out to evaluate the economic-technical efficiency 
of the solar-biogas HRES. Nixon et al. [35] conducted a 
study on economic, environmental, and technical issues 
of the solar-biomass HRES. Conclusions drawn from the 
study show that hybrid systems are more cost-effective 
than single RES for power generation [35]. Rajbongshi 
et al. [36] performed the design and optimization of 
combined PV/biomass/diesel systems for different load 
configurations. The results of the study indicate that a 
grid-connected system is more economically viable than 
an off-grid system in the same load configuration. 
Ahmad et al. [37], Rajbongshi et al. [36] conducted 
studies on the technical and economic viability of grid-
connected and off-grid combined systems. The authors 
concluded that for remote areas, an off-grid solution can 
be more cost-effective than a grid-connected solution. 
Shahzad et al. [38] analyzed the technical and economic 
efficiency of an off-grid solar-biogas HRES and found 
that the system is reliable and cost-effective. Solar-

biogas HRES are more technically feasible in providing 
a stable source of energy to residential communities in 
remote areas [31]. This system is also more 
economically beneficial than other solutions [39]. 

Although renewable energy such as solar energy 
and biogas has shown great research interest in the 
energy field with very large publications, the HRES 
using these energy sources remains an area of further 
research with a limited number of publications [2]. In 
the past decades, the research works on HRES have 
mainly focused on economic-technical features, sizing 
calculations and solutions for optimal coordination of 
energy sources in the system [40]. It is important and 
urgent now to shape the HRES modules with available 
components so that people in remote areas can install 
themselves the solar-biogas HRES, without special 
technical assistance. 

Currently the basic components for installing solar-
biogas HRES such as PV panels, inverter, and energy 
storage devices such as battery, hydrogen electrolyser 
can be found in the market. However, the internal 
combustion engine fueled with biogas-hydrogen 
integrated into the system have not been widely 
available. In practice, the characteristics of the engine 
depend on the fuel supply and operating conditions. In 
the solar-biogas HRES, the energy storage can be done 
through hydrogen instead of the battery. Therefore, the 
engine of the system can run on biogas-hydrogen blend 
with variable compositions. On the other hand, because 
the generator provides only additional energy to the 
system, the loading regime of the engine changes 
frequently. These characteristics of the engine need to be 
studied to improve the overall efficiency of the solar-
biogas HRES. The availability of biogas-hydrogen 
engine will also promote a large application of solar-
biogas HRES in remote areas. 

This paper focuses on studying the solar-biogas 
HRES for energy supplying in a case study in rural area 
of Vietnam. Based on the analysis of energy 
consumption and solar power fluctuation in the region, 
the operating conditions of the biogas-hydrogen engine 
of the HRES were identified. The performance and 
emissions of the engine in such conditions were 
predicted by simulation. 

2.  MATERIAL AND METHODS 

2.1 Survey of Power Consumption 

Information on power consumption is required to design 
a suitable hybrid energy system. In this study, we carried 
out the survey of electricity consumption in Hoa Vang, a 
suburban district of Da Nang, Vietnam. This is a district 
with diverse activities of production such as agriculture, 
animal husbandry, silk weaving, aquaculture, and 
fishing. A small part of the district's population is 
involved in the production of handicrafts, business, and 
tourism services. 

Household power consumption 

Statistics on electricity consumption of 13,480 
households in Hoa Vang district show that electricity 
demand has increased slightly over the years. Average 
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monthly household electricity consumption Q increased 
from 161 kWh/month in 2018 to 170 kWh/month in 
2019 and 179 kWh/month in 2020, equivalent to an 
average increase of about 4% per year (Figure 3a). In all 
surveyed years, power consumption is highest in 
summer. The maximum capacity of households is not so 
high, most of them are below 2kW (Figure 3b). 

Business households’ electric consumption 

Figure 4a shows that the average electricity consumption 
of business households is stable over the years, at 630 
kWh/month. Like households, electricity consumption 
of business households also increases during the summer 
months. The peak power consumption of most business 
households is less than 6 kW (Figure 4b). A few 

business households have peak power levels in the range 
of 8-10kW. 

Livestock farm electric consumption 

The electricity consumption of livestock farm is stable, 
at about 558 kWh/month over the years (Figure 5a). 
Electricity consumption in the summer is always at the 
highest level of the year. This is because livestock farms 
have to increase cooling capacity of the camps to ensure 
animal safety. Although the electric consumption is 
compatible with the business household, the peak power 
of the livestock farm is rather high. This is due to many 
operations of the farm must be carried out 
simultaneously at certain moments. The peak capacity of 
livestock households is lower than 10 kW (Figure 5b). 

 

 
(a) 

 
(b) 

Fig. 3. Monthly electric consumption of household (a) and distribution of power in Hoa Vang (b). 
 
 

 
(a) 

 
(b) 

Fig. 4. Monthly electric consumption of a business household (a) and power distribution in Hoa Vang (b). 
 

Figure 6 presents the daily variation of electricity 
power generated from a 5 kWp solar power plant in 
Danang area. From January to March, clear sky, light 
sunny, cloudy sometimes, the power fluctuated but the 
amplitude was not too large (Figure 6a). Maximum 
radiation is reached in the summer. The solar power 
plant starts generating electricity by 5:30 and ends by 
17:00. Power varies with the radiation intensity and 
reaches its maximum at noon (Figure 6b). The rainy 
season start often in September in the region. It is 

cloudy, and solar radiation decrease (Figure 6c). At the 
last months of the year, it is heavy cloudy, the humidity 
in the air is very high, reducing solar radiation to the 
solar power station (Figure 6d). 

This statistical result shows that the capacity 
compensation system for solar power stations must 
operate frequently during the day in the last months of 
the year. In the first months of the year, especially in 
summer, the power compensation system is needed 
mainly at night. 
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(a) 

 
(b) 

Fig. 5. Monthly electric consumption of a livestock farm (a) and power distribution in Hoa Vang (b). 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 6. Daily power variation in March (a), June (b), September (c) and December (d) in Danang region (Solar power 
plant 5 kWp). 

 

 
(a) 

 

 
(b) 

Fig. 7. Average monthly electric consumption (a) and energy produced by a 5kWp solar plant (b). 
 

Figure 7a summarizes the average monthly 
electricity consumption of households, business 
households and livestock farms in Hoa Vang. It can be 
seen that the electricity consumption of all local 
households and businesses does not exceed 650k 
Wh/month. According to the electricity system 

development plan in Vietnam, in the coming years, 
power consumption as well as peak capacity will 
increase by about 10%/year on average. Therefore, 
power systems must be designed with an excess capacity 
to ensure long-term operation of the system. 
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Figure 7b shows the electricity generated from a 
rooftop solar power plant with a capacity of 5kWp. As 
compared to the electric consumption in Figure 7a, the 
power of solar-biogas HRES can be chosen 3kWp, 
6kWp and 7kWp, respectively for households, livestock 
farms and business households. In terms of energy 
balance, the solar power system with these capacity 
sizes alone can meet the requirements of the loads. 
However, as analyzed above, solar power capacity 
varies by hour of the day and by month of the year. 
Therefore, the power compensation system must ensure 
to provide enough energy when the solar power capacity 
decreases or stops supplying. In this study, biogas-
hydrogen generator is used as the power compensation 
source. For households, to ensure stable power in the 
daytime as well as in the nighttime, generator capacity 
can be chosen 3 kW. For the business households, due to 
the main operation is in the daytime with the peak 
capacity is 6 kW, we can choose a generator capacity of 
5 kW for energy compensation. In the case of the 
livestock farms, although the electric consumption level 
is low, they need a high peak power to ensure operation 
in the daytime as well as in the nighttime. With 
abundant biogas source of livestock farms, a generator 
of 10 kW is suitable for the HRES of this sector. 

Basically, these systems only differ in the capacity 
of the PV panels and size of the generator. The control 
system, switching devices and displaying parameters is 
not quite different. The capacity of each PV panel is 

normally 370 Wp, so we need 9 panels for a 3kWp 
plant.  

2.2 Concept of Solar-Biogas HRES 

Figure 8 presents the schema of solar-biogas HRES. In 
this system, hydrogen is used for energy storage instead 
of battery. Hydrogen is produced from the electrolysis of 
water. When the PV panels power is higher than the 
required power of load, the excess energy is supplied to 
the water electrolyser to produce hydrogen. Hydrogen is 
then blended with biogas to fuel the generator. 
Conversely, when the load capacity is higher than the 
power generated from the PV panels, the 
microcontroller will disconnect the water electrolyser, 
open the solenoid valve of biogas-hydrogen storage 
tank, start the engine to generate an additional power. 

The system is controlled by the energy 
management program integrated in the processor. The 
sensor node of the system supplied the parameters such 
as current, voltage, power consumption of the AC load, 
DC voltage of the PV panels, AC power of the generator 
and switch ON/OFF different contactors ensure the 
smooth operation of the system. The capacity of the PV 
panels and the power consumption of the load are 
measured in real time. The measured values from the 
sensor are periodically sent to the central node through 
the LoRa module to update the data storage system. The 
system was tested in off-grid mode. 

 

 
Fig. 8. Schema of biogas-solar HRES. 

 
2.3 Biogas-Hydrogen Engine in the HRES 

Biogas-hydrogen engine was converted from the SI 
stationary Honda GX200 engine. Technique of the 
conversion was presented in [41]-[43], [56]. Engine 
specifications are given in Table 1. 
 
 
 
 
 

Table 1. Engine specifications. 
Type of engine 1 cylinder, 4 strokes  
Rated power (kW/rpm)  4.8/3600  
Maximum torque (Nm/rpm) 12.4/2500  
Displacement (cm3) 196  
Bore x stroke (mm) 68 x 54 
Ignition timing 20° before TDC 
Compression ratio 8.5 : 1 
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The original fueling system of the engine is 
replaced by an electronic control system including 
sensors, gas injectors and ECU. In this work, the set of 
sensors of the Honda motorcycle gasoline injection 
engine was used to adapt the conversion engine [44], 
[56]. Due to the injection map and ignition map have 
been changed, the ECU must be set up. In this work, we 
used the open ECU APITech for this purpose. The 
system configuration, maps installation and other 
supplement commands of the adaptation engine can be 
saved in the ECU memory. Figure 9 presents the schema 
of control system of the converted engine. 

The sensors provide operating parameters 
including engine speed, loading regime, intake air flow, 
temperature, TDC position so that ECU calculates the 
injection duration and the advance ignition angle 
according to the engine maps saved in the memory. In 
addition, the oxygen sensor in the exhaust gas manifold 
sends a feedback signal about the excess air so that the 
ECU can adjust the biogas-hydrogen injection, 
accordingly, ensuring the equivalence ratio of the 
mixture is always in stoichiometric range. 

 

 
Fig. 9. Electronic control system for biogas-hydrogen engine converted from Honda GX200 stationary SI engine 

1. ECU, 2. Biogas-hydrogen cylinder, 3. Solenoid valve, 4. Air filter, 5. IAT (Intake Air Temperature) sensor, 6. Throttle body, 7. Idlling air 
control, 8. TP (Throttle Position) sensor, 9. Biogas-hydrogen injector, 10. Oxygen sensor, 11. Engine temperature sensor, 12. CKP (Crankshaft 

Position) sensor, 13. Idle speed control valve 
 

2.4 Method 

Characteristics of biogas-hydrogen engine were studied 
by simulation. The commercial ANSYS FLUENT 18.2 
CFD code was used for the purpose. The meshing of the 
calculation space was generated automatically by 
meshing procedure included in the workbench. The 
mesh distorsion in the cylinder due to the piston 
displacement was described via dynamic mesh. To 
reduce the calculation time, the intake manifold was 
deactivated at closure of the intake valve. 

In the simulation, the k-ε turbulence model was 
used to close the convection-diffusion equations system. 
The partially premixed combustion model was used to 
describe the combustion process of biogas-hydrogen 
with air. The combustion products were considered in 
thermodynamic equilibrium, except NOx concentration 
which was determined via the thermal mechanism of 
Zeldovich. 

The pressure and temperature of air at the inlet 
port; the presure, temperture and fuel compositions at 
the nozzle of the injector were introduced at each 
calculation. The thermodynamic properties and the 
equivalence ratio of the gas mixture were determined via 
the concentrations of CH4, H2 and air in the cylinder in 

compression stroke. The details of simulation set up 
were presented in [44]-[45]. 

3. RESULTS AND DISCUSSION 

The effect of hydrogen-enriched biogas in full load 
mode of the engine has been published by many authors 
[46]. Ilbas et al. [47] found that when the hydrogen 
content increased, the burning rate increased, and the 
flame limit is widened. Porpatham et al [48] studied the 
effect of equivalence ratio on the performance of the 
engine fueled with biogas enriched by 5%, 10% and 
15% in volume of hydrogen. The results show that the 
burning rate increases with the hydrogen content in the 
fuel mixture. Simulation study by Bui et al. [44] shows 
that when increasing the hydrogen content in biogas 
mixture, the optimal advance ignition angle decreases. 
Enrichment biogas by hydrogen can improve the engine 
performance, reduce CO and HC emissions, but lead to 
an increase in NOx emission [49]. This is due to the 
close relationship between NOx emissions and 
maximum combustion temperature [44]-[46], [49]. 
Wang et al. [51] found that the heat release rate and NOx 
emissions increased with the hydrogen content in fuel 
mixture, and they suggested that a 20% 
blend of hydrogen by volume in mixture containing of 
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methane is optimal for achieving a balance between 
engine efficiency and pollution emissions. In most cases, 
hydrogen can be considered as an effective additive for 
biogas to improve fuel properties. Using biogas-
hydrogen blend on internal combustion engine of solar-
biogas HRES is thus, a promising solution for energy 
saving and GHG emission reduction [52]-[55].  

Most of the research results on biogas-hydrogen 
engines found in the literature revealing the engine 
characteristics in full load operating condition. In the 
HRES, as it has been mentioned above, biogas-hydrogen 
generators only provide compensating capacity for the 
solar power system. Therefore, in the daytime, the 
engine mainly operates in partial loading mode, but in 
the nighttime, it operates mainly at full loading mode. 
Generally, the loading mode of the engine changes more 
often. This is the main difference of the engine in the 
HRES as compared to the stationary engines. 

Figure 10a shows effects of loading regime on 
combustion characteristics of the engine fueled with 
biogas M7C3 at 3600 rpm with equivalence ratio φ = 1, 
advance ignition angle ϕs = 32°CA. The indicative 
engine cycle work is 172.82, 165.04, 138.28 and 103.72 

J/cyc corresponding to 100%, 75%, 65% and 50% 
engine load, respectively. At low loading regime, the 
combustion takes place not completely, so CO and HC 
emissions increase. Figure 10a shows that at 50% 
loading mode, CO and HC emissions are doubled 
compared to full loading mode. Due to the low engine 
loading mode, the combustion continues to take place in 
the expansion process, therefore the maximum 
temperature decreases leading to a reduction in NOx 
emission. The result shows that the NOx concentration in 
the exhaust gas at 50% engine loading mode is reduced 
by 50% compared to the full loading mode. 

Figure 10b shows effects of loading mode on the 
combustion characteristics of the engine fueled with 
M7C3-20H2 at 3600 rpm with equivalence ratio φ = 1, 
advance ignition angle ϕs = 32°CA. The indicated 
engine cycle work is 195.64, 133.95 and 104.23 J/cyc, 
corresponding to 100%, 65% and 50% load regime, 
respectively. At the 50% loading mode, the CO and HC 
emissions are doubled compared to the full loading 
mode, but the NOx concentration is reduced by 60% 
(Figure 10b). 

 

 
(a) 

 

  
(b) 

Fig. 10. Effects of engine loading regimes on combustion characteristics of the engine fueled with biogas M7C3 (a) 
and with M7C3-20H2 (b) (n = 3600 rpm, φ = 1, ϕs = 32°CA). 
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The above results show that the indicative engine 
cycle work increases with the increase of hydrogen 
content in the mixture with biogas. Figures 10a and 10b 
show that as adding 20% hydrogen into biogas M7C3, 
the indicative engine cycle work increases by 13% at 
full loading mode. With the same addition of hydrogen, 
the indicative engine cycle work increases by 4% and 
2% at 65% loading mode and 50% loading mode, 
respectively as shifting from biogas M7C3 to blend fuel 
M7C3-20H2. Effect of hydrogen on improvement of 
indicative engine cycle work is reduced at partial 
loading mode operation. Like the full loading mode, in 
partial loading mode, the addition of hydrogen to biogas 
results in a decrease in CO and HC emissions, but an 
increase in NOx emissions.  

Figure 11a shows the effect of advance ignition 
angle on in-cylinder pressure variation when the engine 
is fueled with M7C3-20H2, operating at 3600 rpm, 60% 
load. When the engine load decreases, both temperature 
and pressure of the mixture in the cylinder decrease. The 
relationship between the laminar flame speed SL with 
pressure and temperature can be expressed as 
SL=SLoTa/Pb, where a, b are positive coefficients, SLo is 
laminar flame speed at normal condition. When the 
engine load decreases, the pressure decreases, so SL 
increases, but the temperature also decreases, so SL 
decreases. Combining the effects of pressure and 
temperature, the laminar flame speed at partial loading 
mode is practically equivalent to that at full loading 
mode. 

 

 
(a) 

  
(b) 

Fig. 11. Effects of advance ignition angle on in-cylinder pressure (a), and on combustion characteristics (b) of engine 
fueled with M7C3-20H2 (n = 3600 rpm, φ = 1). 

 

Figure 11b shows the influence of advance ignition 
angle on combustion characteristics of the engine 
running at 60% load, 3600 rpm fueled with M7C3-
20H2, and φ  = 1. It can be observed that the increase of 
advance ignition angle results in an increase in NOx 
concentration but a decrease in CO, HC emissions. This 
is due to the reduction of reaction rates with the decrease 
of pressure and temperature resulted from partial load 
operating mode. The variation of Wi according to the 

advance ignition angle in the case of partial load 
operating mode is similar to that of full loading mode. 
The optimal advance ignition angle in this case of 60% 
load is 28°CA, equivalent to that of full loading regime 
when the engine is fueled with the same fuel. 

The research results show that at a given speed and 
engine loading mode, the optimal equivalence ratio and 
the optimal advance ignition angle decrease when CH4 
composition in biogas or/and H2 content in fuel mixture 
increase as shown in Table 2. It can be seen that the 
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advance ignition angle decreases by 4°CA when the CH4 
concentration in biogas increases from 60% to 80% or 

when adding 20% hydrogen to biogas. 

 
Table 2. Effects of CH4 concentration and H2 content on the optimal 
equivalence ratio and the optimal advance ignition angle. 

Biogas M6C4 M7C3 M8C2 
H2 content 0% 20% 0% 20% 0% 2% 

φ 1.05 1.005 1.03 1.003 1.01 1.002 
ϕs 32 28 30 26 28 24 

 
 

 
(a) 

 

 
(b) 

 

   
(c) 

Fig. 12. Comparison of combustion characteristics of the engine fueled with neat biogas M6C4 (a), M7C3 (b), M8C2 (c), 
and with biogas enriched by 20% hydrogen under optimal operating conditions. 

 

Figures 12a, 12b, and 12c compare the combustion 
characteristics and pollutant emissions of the engine 
fueled with neat biogas and with biogas enriched by 
20% hydrogen operating under the optimal conditions 
given in Table 2. It can be observed that with any 
biogas, the presence of hydrogen in the fuel mixture also 
helps to improve combustion efficiency, consequently, 
enhance indicative engine cycle work. The indicative 
engine cycle work increases by 13% with the addition of 
20% hydrogen to biogas. Besides, biogas enriched by 
20% hydrogen can reduce the CO and HC emissions by 
5 times with M8C2 and by 10 times with M6C4 in 
optimal operating conditions. The downside when 
adding hydrogen into biogas is the increase of NOx 
emission. These results show that under optimal 
conditions, NOx emissions increase about 10-15% when 
20% hydrogen is added to biogas. 

4.  CONCLUSION 

Solar-biogas HRES is promising solution for 
electrification of rural area in the developing countries. 

It is particularly suitable for remote regions where the 
extension of power network is not cost-effective. Solar-
biogas HRES can operate in grid connected mode or off-
grid mode. The cost of energy of HRES is lower than 
that of conventional power production plants [36]-[39]. 
Biogas-hydrogen engine is an important component of 
the solar-biogas HRES. Partial load operating mode of 
the engine affects the global performance of the system. 
The following conclusions can be drawn from the above 
research: 

- Solar-biogas HRES with PV panels capacity of 3, 6 
and 7 kWp and biogas-hydrogen engine capacity of 
3, 10 and 5 kW is suitable for households, livestock 
farms and business households, respectively in case 
study of Danang region. The biogas-hydrogen 
engine operates mostly in the nighttime and during 
the last months of the year to supply the additional 
energy. 

- Solar-biogas HRES can be built up with mostly 
available components in the market. The electronic 
controlled biogas-hydrogen engine of the HRES can 

Pmax

Texhaust

CO

Pmax

Texhaust

CO

Pmax

Texhaust

CO

http://www.rericjournal.ait.ac.th/


Bui V.G., et al. / International Energy Journal 21 (December 2021) 467 – 480 159 – 170       

www.rericjournal.ait.ac.th  

477 

be converted from a conventional gasoline engine 
by adapting the injection system of a fuel injection 
gasoline motorcycle. 

- Hydrogen is an effective solution for energy storage 
of the solar-biogas HRES. Hydrogen generated 
from the system can be used as an additive to biogas 
to improve combustion characteristics of the engine. 
Addition of 20% hydrogen into biogas M7C3 leads 
to an increase in indicative engine cycle work by 
13%, 4% and 2% at 100%, 65% and 50% loading 
mode, respectively.  

- Independently loading regime, the addition of 
hydrogen to biogas results in a decrease in CO and 
HC emissions, but an increase in NOx emissions. As 
compared to full loading mode, CO and HC 
emissions of the engine are doubled, but the NOx 
concentration in the exhaust gas drop down 50% in 
the half load operating mode.  

- At a given speed and engine loading mode, the 
optimal equivalence ratio and the optimal advance 
ignition angle decrease when CH4 composition in 
biogas or/and H2 content in fuel mixture increases. 
The optimal advance ignition angle decreases by 
4°CA as CH4 concentration increases from 60% to 
80% or as adding 20% hydrogen to biogas.  

With the optimal equivalence ratio and advance 
ignition angle, as compared to neat biogas, the 
enrichment 20% hydrogen to biogas can reduce the CO 
and HC emissions by 5 times with M8C2 and by 10 
times with M6C4, but an increase in NOx emission 
about 10-15% in average. 
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NOMENCLATURE AND ABBREVIATION 

°CA Degree of crankshaft angle 
CFD Computational Fluid Dynamics 
ECU Electronic Control Unit 
GHG Greenhouse gas 
HRES Hybrid Renewable Energy System 
MxCy Biogas compositions, where 10x is the 

composition of methane and 10y is the 
composition of CO2 (in % volume) 

MxCy-zH2 Blend of biogas MxCy and z% 
hydrogen 

n Engine speed (rpm) 
Pe Brake power (kW) 
Pmax Maximum in-cylinder pressure (Bar) 
PV Photovoltaic 
RES Renewable energy sources 
SI Spark ignition 
T Temperature of the gas mixture in 

cylinder (K) 
TDC Top Dead Center 

Texhaust Temperature of exhaust gas (K) 
Wi Indicative engine cycle work (J/cyc) 
ϕ Crankshaft angle (°CA) 
ϕ Equivalence ratio 
ϕs Advance ignition angle (°CA before 

TDC) 
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