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Biogas-fuelled internal combustion engines for micro-scale energy generation: 

a review of technologies and configurations for systems below 50 kW 
 

ARTICLE INFORMATION  The growing demand for sustainable and decentralised energy solutions drives the development of micro-scale 

biogas power generation systems using internal combustion engines (ICEs) as prime movers. This paper reviews 
the technological advances and structural configurations of ICEs designed to burn biogas in generator systems 

with power outputs of up to 50 kW. The study investigates the adaptation of spark-ignition and dual-fuel engines, 

optimisation of compression ratios, fuel delivery systems, and ignition strategies to increase efficiency and 

reliability. Furthermore, the impact of biogas composition on engine performance and emissions is investigated, 

addressing the challenges of changes in methane and pollutant content. The review provides information on 

recent innovations, including engine modifications to run lean and integration of advanced control systems to 
increase efficiency and durability. By synthesising current research and practical applications, this paper aims 

to guide the selection and development of optimised ICE solutions for distributed microgas power generation. 
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1. Introduction 
The growing power of decarbonisation, securing access 

to energy in rural areas, and strengthening the energy sup-

ply, through decentralised systems of renewable energy 

sources. One of the main leads is micro biogas installations 

(< 50 kW), used in cogeneration and island systems [7, 67]. 

Biogas, produced by anaerobic digestion of organic 

waste, produces net GHG emissions and waste from pro-

duction and storage, which uses electricity [25, 57]. The 

drive of these installations consists of internal combustion 

engines (ICE) – scalable systems and economic units. 

Operational challenges result from the heterogeneous 

composition of biogas, corresponding to CH₄ (40–70%), 

which is responsible for the calorific value, while CO₂, H₂S, 

and water vapour reduce the occurrence and acceleration of 

material degradation [12, 70, 71]. This requires, among 

others, CR modification, ignition calibration, modernisation 

of the intake/exhaust applications, and the use of pilot fuel 

dosing in DF engines [16]. 

With the advancement of gas cleaning and control tech-

nologies (e.g., ECU), it is possible to achieve unavailability 

levels of 35–46% and control above 80% [33, 42]. Lean-

burn variants and H₂ enrichment further reduce NOₓ, CO, 

and CH₄ emissions [51, 53]. 

Biogas-fuelled ICE systems are increasingly vulnerable 

to combustion and off-grid impacts, increasing their im-

portance in low-emission and waste management strategies 

[35, 55]. 

The article presents an overview of biogas micro-

installations' technology, properties, and operating parame-

ters ≤ 50 kW. Component types (SI, DF), design adapta-

tions, the impact of fuel composition on performance and 

emissions, and key challenges and research perspectives are 

analysed for the benefit of the engineering community and 

decision-makers in implementing biogas energy systems. 

The scientific literature was searched in Scopus, Web of 

Science, ScienceDirect, and Google Scholar databases to 

conduct the study. Publications from 2010–2024, reviewed 

peer-reviewed articles, conference papers, and thematic 

reviews on biogas engines with a power of ≤ 50 kW were 

reported. Extreme emphasis on complexity in works on: 

 adaptation of SI and DF to biogas 

 the impact of biogas composition on operating and 

emission parameters 

 micro-CHP efficiency systems 

 micro-installation implementation studies. 

There are over 120 literature items, resulting in the final 

version including over 100 publications that meet the crite-

ria for additional and up-to-date information. Legal acts and 

technical standards (e.g., EU MCPD, Stage V, Tier 4) were 

also checked, as well as data from manufacturers of utility 

and prototype devices. 

2. Characteristics of biogas and its impact  

on engine operation 

2.1. Characteristics of engine fuels 

Biogas is a renewable fuel of growing importance in the 

context of energy sources. Produced in the process of an-

aerobic fermentation of organic waste, it consists mainly of 

methane (CH₄) and supplied carbon (CO₂), usually auto-

matically in 50–70% and 30–50% [46, 47, 72, 73]. The 

additive may contain hydrogen sulphide (H₂S), water va-

pour, nitrogen, oxygen, and trace amounts of silicon, e.g., 

siloxanes [18, 44]. The composition of biogas is essential 

for its calorific value and directly affects the emissions and 

durability of the propulsion system. To illustrate the electri-

cal disconnect between biogas and other gaseous fuels, 

Table 1 provides the source calorific value of selected ener-

gy sources in small-scale engine installations. 
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Table 1. Comparison of the calorific value of selected gas fuels [2, 9, 22, 42] 

Fuel Main compo-
sition 

Calorific 
value 

[MJ/m³] 

Comments 

Biogas 
(raw) 

CH₄ (50–
70%), CO₂ 

18–25 Variable value 
depending on com-

position 

Biomethane CH₄ > 96% 35–39 After purification, it 

is comparable to 
natural gas 

Natural gas 

(CNG) 

CH₄ ~95–98% 35–39 Stable properties, 

high-pressure 

LPG (pro-
pane-

butane) 

C₃H₈/C₄H₁₀ 
(mixture) 

46–50 Liquefied, very high 
energy density 

Hydrogen 
(H₂) 

100% H₂ 10–13 Low calorific value 
but high gravimetric 

energy density 

 

As can be seen from the table, raw biogas has a higher 

calorific value than other natural gases, LPG, or purified 

biomethane, which directly impacts lower engine power, 

the need for additional use, or the use of dual fuel. Addi-

tionally, biogas composition indicates that the calorific 

value can be activated over time, making it difficult to op-

erate the drive units stably without advanced control sys-

tems. 

2.2. The influence of biogas composition on the engine  

operation 

The calorific value of biogas, typically in the range of 

18–25 MJ/m
3
 (Table 1), depends on the leading share of 

methane, which determines the power contained in the fuel. 

The share of CH4 promotes efficient and fuel-efficient 

combustion [31], while CO2 acts as a dissolved agent, re-

ducing combustion temperature, flame propagation veloci-

ty, and cylinder pressure [2, 43]. The results of the research 

by Kovacs et al. [45] show that higher CO2 content in bio-

gas leads to lower combustion temperature and longer igni-

tion time, which can affect combustion knock and engine 

starting, but at the cost of reducing usable power 

 
Table 2. The influence of selected biogas components on engine operation 

 and emissions [10, 11, 16, 19, 22, 29, 30, 35, 41, 49, 58, 61] 

Component Impact on engine  

operation 

Impact on emissions 

CH4 enrich-
ment 

Increased power, ignition 
triggering. Higher relia-

bility and power 

Loss of CO and HC 

High CO₂ 

content 

Lower combustion 

pressure and tempera-

ture. Lower power, larger 

ignition sizes 

NOx reduction, CO, and 

HC coefficient 

Water en-
richment 

Improved failure stabil-
ity, increased efficiency. 

Better performance, 

ignition result 

Decrease in CO, HC, 
(sometimes NOx in-

crease) 

H2S Corrosion, oil degrada-
tion 

SO2 emission 

Siloxane SiO2 deposits, abrasive 

wear 

No agreement 

For water Intake system erosion No data 

Lowering the 

intake tem-

perature 

Better fuel efficiency 

with available CH₄ 

Lower CO, more stable 

mileage 

Injection 
optimisation 

Reduced knock, more 
power 

Lower NOₓ, more stable 
combustion 

 

H2S and siloxanes are as follows: H2S causes engine oil 

corrosion and degradation [11], and siloxanes lead to the 

formation of SiO2 deposits on engine mechanical compo-

nents [44]. Water vapour can be erosive to the intake sys-

tem [34]. The detailed impact of CH₄ enrichment, CO₂ 

dilution, H₂S content, siloxanes, and water vapour on both 

combustion dynamics and emissions is summarised in Ta-

ble 2. 

Table 2 summarises the effects of key biogas compo-

nents – such as methane, carbon dioxide, hydrogen sul-

phide, and siloxanes – on engine performance and exhaust 

emissions. These properties influence combustion quality, 

ignition behaviour, engine wear, and the emission profile of 

biogas-fuelled systems. 

2.3. Impact on secondary emissions 

Biogas as a fuel, discharged to NOx emissions and used 

(PM), and its use in cogeneration systems allows for 

achieving thermal efficiency (Brake Thermal Efficiency, 

BTE – defined as (1) at the level of 17–30% [10]. However, 

the CO2 content can increase CO and HC emissions [32, 

66]. 

 BTE =
P∙103

mf∙LHVf∙10
3  (1) 

where: P – brake output power [W], LHVf – Fuel calorific 

value [MJ/kg], mf – fuel mass flow (kg/s). 

Adding H2 improves combustion efficiency, ignition ac-

celeration, and CO, HC, and NOx emissions [16, 17, 22, 

23]. However, too much H2 can increase NOx [41]. 

Table 3 shows the emission intensity of biogas com-

pared to other fuels. 

 
Table 3. Functional and emission intensity energy of biogas from other 

fuels [6, 16, 21, 21, 36, 43, 76] 

Fuel BTE 

[%] 

NOₓ CO slip 

CH₄ 

Comments 

Biogas 

(raw) 

17–22 ↓ 30–90% ↑ 1.5–

3% 

High CO with 

lean mixtures 

Biome-

me-

thane 

22–28 ~ natural 

gas 

~ 

natural 

gas 

<1% Comparable 

to natural gas 

Biogas 
+ H₂ 

25–30 ↑ (at 
>20% H₂) 

↓ ↓ NOₓ boosted 
but improves 

performance 
and load 

Diesel 

oil 

27–33 Tall Short Lack High NOₓ and 

PM emissions 

Lique-
fied 

petrole-

um gas 

25–30 Moderate Short Lack Lower emis-
sions than 

diesel oil, 

higher than 
biomethane 

Legend: ↓ – lower than diesel oil; ↑ – higher than reference; ~ – compa-

rable value 

 

The emission value in Table 3 is qualitative and is 

marked with symbols: ↓ – use than the reference value (e.g., 

diesel oil), ↑ – higher, ~ – comparable. The data comes 

from many literary sources and is adapted. The individual 

numerical values are presented in Table 7. 

Requirements (e.g., EU Stage V, MCPD) often do not 

consider the specification of units < 50 kW and fuel or 

variable composition. In practice, this means difficulties 

meeting the NOₓ standard (e.g., < 100 mg/Nm
3
 in MCPD) 

https://www.sciencedirect.com/topics/engineering/mass-flowrate
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and CH₄ emission limits, especially without using catalytic 

technologies or fuel refilling systems. 

2.4. Biogas purification and standardisation 

Efficient removal of H2S (e.g., by adsorption on carbon 

monoxide or activated carbon), siloxanes (zeolites, phase-

related), and moisture (condensation) is essential for engine 

protection [18, 68]. 

Dynamic gas composition [69] and biogas enrichment 

with hydrogen (up to 20%) support stable engine operation 

even with variable fuel composition [53]. Increasing atten-

tion should also be paid to optimising energy consumption 

in fermentation processes, including control algorithms and 

time series analysis [65], which can control the electricity 

of the entire biogas system. 

Effective application methods and fuel quality control 

are essential to achieve long-term efficiency and perfor-

mance fuelled by biogas. Raw biogas contains content, 

primarily hydrogen sulphide (H₂S), water vapour, and si-

loxanes, which occur due to engine operation, catalytic 

converters, and exhaust gas start-up systems. 

2.5. Technical modifications and operating parameters 

Effective use of biogas in combustion engines requires 

design adaptations and optimisation of operating parame-

ters. Precise compression ratio application, high-energy 

ignition application, biogas, and pilot fuel dosage (in dual-

fuel mode), and control of ignition occurrence and compo-

sition of the assembly [10]. Bieniek et al. [13] conducted an 

experimental adaptation of a high-load Diesel engine to 

biogas fuelling, determining efficiency and extreme CO and 

NOₓ emissions reductions – the first with a pilot ignition 

switch.  

Electrical time control, necessary for data from the 

drives and solutions such as ECU, ANN, or fuzzy logic, 

allows the unit operations to be adjusted to fluctuations in 

fuel composition and environmental conditions. A compre-

hensive overview of how selected technical interventions 

influence both operational and environmental performance 

is provided in Table 4. 

 
Table 4. The influence of selected technical parameters on operating and 

emission parameters [2, 15, 20, 26, 37, 60, 69, 77] 

Modification Technical effect Emission effect 

CR optimisation 

(12–18) 

Increased peak 

pressure and tem-

perature, risk of 
knock 

Decrease in CO/HC, 

possible increase in NOx 

High energy 

ignition 

Stability of the 

debris 

The fall of HC 

Injection optimisa-
tion (DF) 

Increase in power, 
decrease in knock-

ing noise 

NOx reduction 

Monitoring the 

composition of 
biogas 

Real-time parameter 

adjustments 

Stability, fuel residue 

 

Table 4 provides a summary of how selected technical 

modifications, such as compression ratio adjustment, high-

energy ignition systems, and biogas composition monitor-

ing, affect engine performance and emissions. These inter-

ventions play a key role in maintaining combustion stability 

and minimising pollutants in variable-fuel micro-biogas 

engines. 

3. Types and configurations that include  

micro-installations 

3.1. Spark ignition (SI) engines 

In biogas micro-installations (< 50 kW), the most com-

monly used are spark-ignition (SI) piston engines, dual-fuel 

systems of compression-ignition engines, and micro-gas 

turbines. The choice of technology depends on the expected 

efficiency, quality of available biogas, and availability. 

SI engines are the most commonly used energy sources 

in micro biogas plants due to their effects and good perfor-

mance when working with a fuel source. They operate on 

the principle of releasing a biogas solution from the air 

initiated by spark ignition. 

Thermal efficiency is 22–28%, with modern designs us-

ing two-spark ignition and an output frequency pre-

chamber [38, 64]. The disadvantage is their sensitivity to 

changes in biogas composition, including the first CH₄ 

content. 

3.2. Dual-fuel compression ignition engines 

In a dual-fuel compression ignition engine, diesel (pilot 

fuel) and biogas are used simultaneously. There is a higher 

thermal efficiency (25–32%) and the possibility of operat-

ing with biogas quality [6]. This system works well in rural 

and industrial environments where substrate availability 

may change. 

The disadvantage is the highest NOₓ emissions and its 

use for ignition and fuel proportioning control [28]. 

3.3. Micro gas turbines 

Microturbines are compact, emitting, and quiet, making 

them ideal for municipal devices and installations with 

environmental requirements. They are characterised by 25–

30% thermal efficiency and reveal NOₓ [50]. 

Their main disadvantage is the high investment cost and 

limited availability of services, especially in developing 

countries. 

The drive unit selection in biogas micro-installations 

should include operation, emissions, fuel quality, substrate, 

service, and integration possibilities. 

Spark ignition (SI) engines and dual fuel (DF) systems 

are used due to their simplicity, availability, and opening up 

of the biogas packaging. However, low-emission and com-

pact microturbines are characterised by high costs and lim-

ited availability. 

The engine selection should be correlated with the sys-

tem operation profile and its connection to cogeneration 

and energy storage. 

4. Performance, emissions, and adaptation  

challenges of biogas-powered engines 
Using biogas as a fuel in high-power combustion en-

gines requires several construction units and supporting 

technologies. The results are side effects of calorific value, 

occurrence (H₂S, CO₂, siloxanes), and the presence of com-

position over time. Effective adaptation of the engine to 

start biogas allows its operation and emission, and extends 

the durability of the drive unit and the entire system. 

Biogas is an alternative to diesel oil, LPG, and natural 

gas in micro-scale applications. Once appropriately adapted 

through dedicated engine configurations, it can offer func-
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tional performance (expressed by brake thermal efficiency, 

BTE) and reduced emissions of pollutants such as NOₓ, 

CO, CH₄, and PM. 

Compared to traditional fuels, biogas-powered engines 

operate under different thermodynamic conditions due to 

their lower calorific value and the presence of non-

combustible CO₂. These factors generally result in lower 

engine power and BTE values. However, the addition of 

hydrogen, syngas, or water injection has increased BTE by 

2–4%, depending on the combustion strategy and engine 

type [22, 23, 59]. 

Regarding biogas emissions, the following are decreas-

ing: lower NOx and PM levels compared to diesel oil, but 

CO and CH4 emissions, especially in spark-ignition engines 

(Table 5). 

 
Table 5. Thermal efficiency and emissions of selected service functions 

Configu-

rable 

BTE 

[%] 

NOx 

[g/kWh] 

CO2 

[g/kWh] 

CH4 

[g/kWh] 

Comments 

Diesel oil 
(on) 

30–40 6–10 0.5–1.0 < 0.1 High 
efficiency, 

high NOx 
emissions 

Dual fuel 

(biogas) 

25–32 3–6 2–5 1.5–3.5 High DF 

substitu-

tion, but 
CH₄ emis-

sions 

SI on 
biogas 

22–28 1–3 3–6 4–10 Low NOx, 
high me-

thane loss 

SI + H₂ 

(20%) 

24–30 2–4 1-3 2-6 Higher 

efficiency 
requires 

ignition 

control 

Liquefied 

petroleum 

gas 

28–35 2–5 0.3–0.6 <0.1 Low emis-

sions, good 

combustion 
parameters 

Natural 

gas 

32–38 2–4 0.5–1.0 0.5–2.0 Better 

emission 

control than 
biogas 

 

Emission values (in g/kWh) refer to steady-state engine 

operation, as reported in the cited literature. Specific test 

conditions (engine load, speed, and fuel quality) may vary 

between sources. 

While biogas engines offer environmental benefits in 

terms of lower particulate emissions and potential CO₂ 

neutrality, their performance must still comply with nation-

al and international emission standards, which are often 

designed for larger or continuously operating systems. 

In the micro-generation (< 50 kW) context, meeting the 

requirements of EU Stage V, MCPD, or EPA Tier 4 regula-

tions is particularly challenging. These standards rarely 

account for small-scale, intermittently operating units with 

variable fuel quality. As a result, biogas micro-installations 

often face difficulties in meeting stringent limits on CH₄ 

and NOₓ emissions. Table 5 summarises reported emission 

levels for biogas-fuelled engines and highlights the variabil-

ity between system configurations. 

 

Table 6. Example emission limits for engines <50 kW (EU/MCPD) 

Sources: EU Regulation 2016/1628; EU Directive 2015/2193 (MCPD); US 

Environmental Protection Agency (EPA) Tier 4; WHO Guidelines (2021) 

Standard Engine 

power 

NOₓ 

[mg/Nm³] 

CO2 

[mg/Nm³] 

CH₄ 

[mg/Nm³] 

Comments 

EU Stage 

V 

(NRMM) 

19–37 

kW 

400 500 – No CH₄ limit 

applies to 

mobile app 

EU MCPD 1–50 
MW 

(for 

gas) 

100 100 20–50 Applies to 
stationary, 

biogas is 

subject to 
exceptions 

Level 4 

Final 
(USA) 

< 56 

kW 

400–600 500–600 – Brake ad-

justment CH₄; 
only NOₓ and 

CO 

UNDP/W

HO (rec-

ommenda-

tions) 

– < 200 < 500 < 30 For off-grid 

installations 

in developing 

countries 

 

As Table 6 shows, setting emission limits for biogas-

fired micro-installations can be problematic, especially for 

methane (CH₄), which is not always regulated but has  

a high greenhouse gas potential (GWP = 28–34). Additional 

problems arise with intermittent operation and variable 

biogas composition, which affects combustion and uncon-

trolled emissions. 

In the application, compensatory measures are used: 

 local emission compensation through cogeneration 

 units with cleaning agents (oxidation catalysts, SCR) 

 adaptive control systems depending on the biogas com-

position. 

The emission-related limitations in micro-biogas sys-

tems highlight the need for targeted technological strategies 

and regulatory adjustments. In most cases, achieving com-

pliance requires a combination of combustion control tech-

niques, fuel quality optimisation, and selective aftertreat-

ment methods – all of which increase system complexity 

and cost. 

Furthermore, current emission regulations often lack 

dedicated testing procedures for systems operating under 

variable loads or hybrid fuel conditions (e.g., dual-fuel with 

pilot ignition). This creates uncertainty in design and certi-

fication, making it difficult for small-scale producers to 

introduce innovative systems into the market without costly 

homologation procedures. 

To ensure the successful deployment of biogas micro-

installations, especially in off-grid and rural areas, it is 

necessary to promote standardised protocols for low-power 

systems and offer regulatory flexibility for modular and 

hybridised units. Support mechanisms, both technical and 

legal, should reflect the unique operating conditions and 

environmental benefits of decentralised biogas utilisation. 

Numerous technological adaptations have been pro-

posed and tested in micro-biogas systems in response to 

these challenges. These include advanced ignition control 

(e.g., high-energy ignition systems, variable ignition tim-

ing), hydrogen or water enrichment, and real-time gas com-

position monitoring. Some setups employ dual-fuel strate-

gies with diesel pilot injection to improve cold-start per-

formance and combustion stability. 
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Table 7 presents selected examples of such modifica-

tions and their effects on thermal efficiency, pollutant emis-

sions, and engine stability. Although most of these solu-

tions improve operational parameters, they also increase 

system complexity and cost, which must be considered in 

small-scale applications. 

 
Table 7. Overview of technical biogas adaptations [1, 15, 27, 37, 48, 54, 

60, 62, 77] 

Adaptation 

area 

Solution description Technical effects 

Compression 
ratio 

CR = 12–13 (SI), CR = 
16–18 (DF) 

Enhanced regulation, 
CO/HC reduction, NOx 

emission increase 

Ignition 

systems 

Twin spark plug, digital, 

high-energy ignition 

Improved ignition per-

formance 

Injection 

system (DF) 

Optimisation of injection 

angle and pressure (250 

bar, 26–30° BTDC) 

Greater efficiency and 

cleaner combustion 

Biogas purifi-
cation 

Membranes (MMMs), 
ILs, biomethanation with 

H₂ 

Higher purity CH₄, 
elimination of corrosion 

Cogeneration 
and integra-

tion 

Micro-CHP, PV hybrid, 
H₂ production 

Overall efficiency  
> 75%; large-scale 

system 

 
Design and electrical adaptations are key to the efficient 

use of biogas in microgeneration. Limited importance: 

appropriate compression ratio, injection and ignition opti-

misation, and application of biogas regulation. Integration 

with cogeneration systems and production of AC for waste, 

decarbonised, and flexible electricity. An overview of the 

procedure is in Table 7. 

5. Supply and emissions of residues 
The use of biogas in micro-scale combustion engines is 

an alternative to fossil fuels due to its renewable nature, the 

possibility of starting production, and its relatively low 

carbon footprint. However, the effectiveness of such an 

operation is strongly dependent on several factors, includ-

ing the quality of the biogas, the type of leakage from the 

engines, and fuel economy and emission control systems. 

The high content of methane (CH₄) affects the engine's 

efficiency. It is then supplied from coal (CO₂) as a compo-

nent to reduce the pressure and flame propagation rate, 

affecting efficiency [43, 72]. Typical thermal functionality 

(BTE) in such systems ranges from 17% to 24% [8, 14]. 

However, in the case of dual fuel, a BTE of 25–28% is 

possible with diesel oil substitution of up to 90% [6]. Addi-

tional biogas supplementation with hydrogen enables fur-

ther efficiency increases to about 30% while reducing fossil 

fuel consumption by more than 70% [16, 40, 41]. To fully 

exploit the potential of biogas as a low-emission fuel, it is 

necessary to implement alternative adaptive technologies 

such as control systems, advanced technologies, and ad-

vanced gas composition strategies. 

Performance values and emissions reported in the literature 

(Table 5) may vary depending on fuel quality, system type, 

and operational failures. 

All emission values in units of [g/kWh], as a typical 

range for everyday use. In case of divergence of literature 

data, average or representative values are used. Available 

tables (e.g., Table 3) may include qualitative notations (↑/↓) 

to illustrate trends in terms of the reference design (e.g. 

Diesel oil). 

The presented list allows for determining the available 

practical applications, thermal, emitted, and fuel type, 

which is a key element in selecting the optimal configura-

tion of a biogas micro-installation, both under the condition 

of use and when used. 

6. Examples of applications in studies 

6.1. Introduction 

Biogas micro-installations are important as decentral-

ised energy sources on farms and municipal installations. 

They come in many forms – from simplified power reactors 

of spark-ignition engines to connected CHP systems coop-

erating with PV and energy storage. 

Another interesting development direction is the use of 

biogas in hybrid drive systems. Kovacs et al. [45] (2023) 

discussed the reasons for the use of a combustion engine 

powered by biogas in a series set: the power supply was 

started, and the operational appearance occurred, which 

caused it to be connected to microgrids and off-grid appli-

cations.  

The study identified occurrence, key importance, and 

implementation barriers, including substrate, power sources 

from other energy sources, and operational and economic 

system power supply. 

Biogas micro-installations are becoming increasingly 

common as independent energy sources in farms, homes, 

and municipal installations. Their operation depends on the 

substrate's quality, the system's scale, the connection with 

other energy sources, and storage possibilities. Selected 

practical implementations from various countries and con-

texts are presented in Table 9, illustrating the diversity of 

scale, substrates, and integration strategies. 

 
Table 9. Examples of micro-scale biogas installations in various utility 

contexts [24, 27, 52, 75] 

Location/Context System Type Effects/Observations 

Slovenia – life CHP, ICE Profitability depends on 

scale and substrate addi-
tives 

Poland – farm 8.1 kW combus-

tion engine 

Self-sufficiency, surplus 

commercial energy to the 
grid 

Vietnam – home 

life 

Bioreactor < 2 m³ Stable, gas quality, spare 

parts demand 

India – Local 
Installation 

DF + substrate 
zoo 

Good performance, prob-
lems with substrate quality, 

and service 

Argentina – Micro-

CHP with PV 

CHP + PV + 

energy 

Highly available energy, 

low net CO2 emissions 

 

Based on the analysed case studies presented in Table 9, 

several patterns can be identified: 

First, both the scale and substrate quality have a direct 

impact on the profitability of micro-scale biogas systems. 

Installations using high-quality feedstocks in appropriately 

scaled configurations demonstrate better energy and eco-

nomic performance. 

Second, while integration with PV panels or storage 

units may increase system autonomy, it also introduces 

complexity and a higher risk of operational failures, par-

ticularly in low-resource settings. 
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Moreover, simple systems, such as domestic bioreac-

tors, are commonly employed where electricity demand is 

modest and grid access is limited. 

Finally, key operational challenges such as automation, 

component wear, and maintenance remain manageable, 

provided that appropriate control mechanisms and user 

training are in place. 

6.2. Commercial unit and research prototypes 

To illustrate the differences between commercially im-

plemented units and research-prototype solutions, selected 

examples of biogas micro-installations are presented in 

characteristic tables. Available systems on the market and 

experimental systems are studied through research stud-

ies—comparison of additional types of systems, their costs, 

and technological status. 

 
Table 10. Examples of commercial and experimental micro-scale biogas 

systems [3, 27, 52] 

Producer/Design Type/Scale Status Comments 

Sistema.bio 
(Mexico) 

Bioreactor < 
10 m³ 

Commercial Solution for the 
household 

HomepageBiogas 

(Israel) 

Installation 

1–2 m³ 

Commercial Easy to use, low 

heat output 

ECN (Nether-

lands) 

Cogeneration 

1–10 kW 

Prototype Integrated with 

PV and battery 

IIT Delhi (India) DF, 5–7 kW Prototype Configured on an 

animal substrate 

PV-BIOGEN 

(Argentina) 

Cogeneration 

+ PV + H₂ 

Prototype Hybrid, low net 

emissions 

 

Table 10 presents an overview of selected micro-scale 

biogas systems, classifying them as commercial or proto-

type. Commercial systems (e.g., Sistema.bio, HomeBiogas) 

are characterised by simplicity of operation and investment 

costs but generally provide limited power and functionality. 

In contrast, prototype solutions often integrate advanced 

technologies (CHP, PV, H₂), increasing their efficiency and 

reliability but also increasing implementation costs and 

complexity. 

Table 11 summarises the technical and economic pa-

rameters for three typical configurations of biogas micro-

installations. Home systems have the shortest payback time 

but no electricity supply. CHP units achieve higher effi-

ciency but require biogas and automation – hybrid systems 

(CHP+PV) discharge energy at the cost of capital and out-

put costs. 

These data indicate that electrical decisions in biogas 

micro-installations require technical parameters, local eco-

nomic conditions, access to batteries, and the potential for 

connection to other energy sources. The future of this ser-

vice lies in solutions that can be applied to specific end-user 

needs. 

The presented data shows that the system selection 

should be available each time for applications, energy pur-

poses, resources, and institutional support. There is no 

universal solution – micro-installation success depends on 

considering the technological and economic configuration. 

Research prototypes with higher scope and accessibility, 

but often at the cost of investment and technical expenses. 

Commercial solutions with the frequency of risk, but at the 

cost of efficiency and scalability. 

 

Table 11. Efficiency and profitability of selected micro-installations 

System 
Type 

BTE 
[%] 

Investment cost 
[EUR/kW] 

Insurance 
period 

[years] 

Comments 

Homemade 
bioreactor 

– 300–800 1.5–3 No genera-
tion 

Cogenera-

tion 3–10 

kW 

25–32 1200–2000 4–7 Automation 

requirement 

and burden 

CHP+PV 

hybrid 

28–35 1800–3000 6–10 High 

remaining 

independ-
ence 

 

Analysis of case studies from different regions of the 

world confirms that biogas micro-installations are a real, 

technological solution and a solution for decentralised re-

newable energy. Their key advantages: 

 providing power in rural and off-grid conditions 

 possibility of use with renewable energy sources (e.g., 

PV, storage) 

 waste utilisation and exhaust gas disposal 

 competitive investment profitability, especially in public 

services. 

However, the success of these systems depends on the 

conscious operation of technology, scale, and parameters 

defined by the user. Key measures determining and main-

taining installations in: 

 appropriate selection of technology (SI, DF engines, 

microturbines) 

 optimisation of the substrate and use of the user profile 

 possibility of integration with the power grid or energy 

storage facilities 

 access to technical and financial support (e.g., subsidies, 

green savings). 

Conclusions from the general analysis are as follows: 

biogas micro-installations – general in the case of CHP and 

DF applications – are technologically developed, are  

a solution, and are economically feasible. Alternative solu-

tion – there is no one universal model of success. 

7. Prospects and directions of development 
Micro-scale biogas technologies are the result of exper-

iments to be applied. Their nearest future is: 

 Standardisation and simplification of installation – 

through prefabricated CHP modules, plug-and-play 

turnkey systems, and gas-integrated units. This solution 

creates cost risk and eases implementation, especially in 

rural regions [4, 5, 39]. 

 Integration with RES microgrids – biogas acts as a dis-

patchable source, unstable PV-wind + storage systems. 

The effects of such applications have been confirmed, 

among others, in Bolivia, India, and Cameroon [74, 78]. 

 AI and predictive systems – machine learning (ANN, 

LSTM, fuzzy logic) allow for predicting biogas quality, 

automating combustion, and reducing emissions [56, 

69]. 

 Link to the circular economy – digestate as fertiliser, 

heat recovery for heating, use of residues as algal sub-

strates, and biogas as a precursor for H₂ production [27, 

63]. 
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Micro-scale biogas installations have the potential to 

become decentralised energy links. Their development 

depends on eliminating technological and financial barriers, 

providing support, and using automation and prediction 

tools. This is not the future – it is already a built foundation 

for the energy of the 21st century. 

In the years, however, the synergy of biogas use with 

hydrogen technology, photovoltaics, and artificial intelli-

gence may cause the risk of a classic breakthrough. Such 

hybrid, intelligent micro-installations will become electrici-

ty and an active, adaptive participant in micro-networks – 

algorithmically controlled, functional in terms of losses, 

and related to variable operating conditions. 

8. Conclusions 
Biogas, a renewable and locally available energy 

source, is a real alternative to fossil fuels in micro-energy 

installations using devices with a capacity of up to 50 kW. 

The conducted review of literature and studies allows for 

the following conclusions: 

1. Spark ignition (SI) engines and dual-fuel systems are 

most commonly used in biogas applications. Controlled 

modifications (compression ratio, ignition system, dos-

ing) can achieve 22–30% thermal efficiencies with lim-

ited NOₓ and CO emissions. 

2. The composition of biogas, which contains methane and 

CO₂, significantly impacts the combustion process, 

emission residues, and engine operation residues: poor 

control and ignition control. 

3. Pollutants such as H₂S and siloxanes are used in the 

engine; therefore, effective methods are used, e.g., ad-

sorption on activated carbon or membrane techniques. 

4. Modern control strategies, available on AI and adaptive 

(ANN, fuzzy logic), enable adjustment of engine operat-

ing parameters to the variable biogas composition re-

quired and reduce CH₄ and CO emissions. 

5. Research shows that micro biogas installations can be 

available and economically viable, especially in CHP 

systems and when integrated with energy storage sys-

tems and fertiliser management, in the open with other 

biofuels, labels such as biodiesel, bioethanol or pellets, 

biogas distinguished by electrical waste production from 

waste, characteristic for applications (heat, electricity, 

motor fuel) and net carbon footprint. Its calorific value 

is lower, and in terms of environmental and functional 

balance, biogas presents itself as one of the most univer-

sal and sustainable energy sources. 

6. The challenge includes high operating costs, the need 

for durability, and the lack of fuel standardisation. Re-

sponsibilities may include developing materials resistant 

to, taking on the role of prosumers, and complying with 

energy policy. 

From an application perspective, the most likely appli-

cations for the development directions include: 

 the miniaturisation of the CHP switch, biogas switch, 

 enrichment of biogas with water. 

Moreover, integrating large-scale generators with 

broadband-connected microgrids and the Internet of Things 

(IoT) supports energy optimisation. 

 

Nomenclature 

ANN  artificial neural network 

BTE  brake thermal efficiency 

CH₄  methane 

CHP  combined heat and power 

CI  compression ignition 

CNG  compressed natural gas 

CO  carbon monoxide 

CO₂  carbon dioxide 

CR  compression ratio 

DF  dual fuel 

ECU  electronic control unit 

GHG  greenhouse gases 

H₂  hydrogen 

H₂S  hydrogen sulphide 

ICE  internal combustion engine 

IL  ionic liquid 

LPG  liquefied petroleum gas 

LSTM  long short-term memory 

MCPD  Medium Combustion Plant Directive 

MMMs  mixed matrix membranes 

NOₓ  nitrogen oxides 

PCA  principal component analysis 

PM  particulate matter 

RES  renewable energy sources 

SCR  selective catalytic reduction 

SI  spark ignition 

 

Bibliography 

[1] Ahmad A, Singh A. Predictive modeling and optimization of 

engine characteristics with biogas–biodiesel-powered dual-

fuel mode: a neural network-coupled box–Behnken design. 

Arab J Sci Eng. 2024;49(2):2661-2680.  

https://doi.org/10.1007/s13369-023-08375-7 

[2] Ahmed SA, Zhou S, Zhu Y, Tsegay AS, Feng Y, Ahmad N 

et al. Effects of pig manure and corn straw generated biogas 

and methane enriched biogas on performance and emission 

characteristics of dual fuel diesel engines. Energies. 2020; 

13(4):889. https://doi.org/10.3390/en13040889 

[3] Akkouche N, Loubar K, Nepveu F, Kadi MEA, Tazerout M. 

Micro-combined heat and power using dual fuel engine and 

biogas from discontinuous anaerobic digestion. Energ Con-

vers Manage. 2020;205:112407.  

https://doi.org/10.1016/j.enconman.2019.112407 

[4] Ali S, Yan Q, Irfan M, Chen Z. Evaluating barriers on bio-

gas technology adoption in China: the moderating role of 

awareness and technology understanding. Front Environ Sci. 

2022;10:887084. https://doi.org/10.3389/fenvs.2022.887084 

[5] Ali S, Yan Q, Razzaq A, Khan I, Irfan M. Modeling factors 

of biogas technology adoption: a roadmap towards environ-

mental sustainability and green revolution. Environ Sci Pol-

lut Res. 2022;30(5):11838-11860.  

https://doi.org/10.1007/s11356-022-22894-0 



 

Biogas-fuelled internal combustion engines for micro-scale energy generation… 

10 COMBUSTION ENGINES, 0000;XXX(X) 

[6] Alrbai M, Ahmad AD, Al-Dahidi S, Abubaker AM, Al-

Ghussain L, Alahmer A et al. Performance and sensitivity 

analysis of raw biogas combustion under homogenous 

charge compression ignition conditions. Energy. 2023;283: 

128486. https://doi.org/10.1016/j.energy.2023.128486 

[7] Alstone P, Gershenson D, Kammen DM. Decentralized 

energy systems for clean electricity access. Nature Clim 

Change. 2015;5(4):305-314.  

https://doi.org/10.1038/nclimate2512 

[8] Ambarita H. Performance and emission characteristics of a 

small diesel engine run in dual-fuel (diesel-biogas) mode. 

Case Studies in Thermal Engineering. 2017;10:179-191.  

https://doi.org/10.1016/j.csite.2017.06.003 

[9] Angelidaki I, Treu L, Tsapekos P, Luo G, Campanaro S, 

Wenzel H et al. Biogas upgrading and utilization: current 

status and perspectives. Biotechnol Adv. 2018;36(2):452-

466. https://doi.org/10.1016/j.biotechadv.2018.01.011 

[10] Barik D, Murugan S. Investigation on combustion perfor-

mance and emission characteristics of a DI (direct injection) 

diesel engine fueled with biogas–diesel in dual fuel mode. 

Energy. 2014;72:760-771.  

https://doi.org/10.1016/j.energy.2014.05.106 

[11] Bertinatto R, Friedrich L, Bariccatti RA, Souza SNMD, 

Gurgacz F, Pazuch FA. Analysis of lubricant oil contamina-

tion and degradation and wear of a biogas-fed Otto cycle 

engine. Acta Sci Technol. 2017;39(4):409.  

https://doi.org/10.4025/actascitechnol.v39i4.29458 

[12] Bezerra FEC. Biogas as an energy source for internal com-

bustion engines: a review. Holos. 2020;7:1-14.  

https://doi.org/10.15628/holos.2020.10129 

[13] Bieniek A, Mamala J, Graba M, Prażnowski K, Śmieja M, 

Wereszczyński D. Application of biogas to supply the high 

compression ratio engine. Combustion Engines. 2019; 

179(4):40-46. https://doi.org/10.19206/CE-2019-406 

[14] Bora BJ, Saha UK. Optimisation of injection timing and 

compression ratio of a raw biogas powered dual fuel diesel 

engine. Appl Therm Eng. 2016;92:111-121.  

https://doi.org/10.1016/j.applthermaleng.2015.08.111 

[15] Bora BJ, Saha UK, Chatterjee S, Veer V. Effect of compres-

sion ratio on performance, combustion and emission charac-

teristics of a dual fuel diesel engine run on raw biogas. En-

erg Convers Manage. 2014;87:1000-1009.  

https://doi.org/10.1016/j.enconman.2014.07.080 

[16] Bouguessa R, Tarabet L, Loubar K, Belmrabet T, Tazerout 

M. Experimental investigation on biogas enrichment with 

hydrogen for improving the combustion in diesel engine op-

erating under dual fuel mode. Int J Hydrogen Energ. 2020; 

45(15):9052-9063.  

https://doi.org/10.1016/j.ijhydene.2020.01.003 

[17] Boussetla S, Mameri A, Hadef A. NO emission from non-

premixed MILD combustion of biogas-syngas mixtures in 

opposed jet configuration. Int J Hydrogen Energ. 2021; 

46(75):37641-37655.  

https://doi.org/10.1016/j.ijhydene.2021.01.074 

[18] Bragança I, Sánchez-Soberón F, Pantuzza GF, Alves A, 

Ratola N. Impurities in biogas: analytical strategies, occur-

rence, effects and removal technologies. Biomass Bioenerg. 

2020;143:105878.  

https://doi.org/10.1016/j.biombioe.2020.105878 

[19] Bui VG, Bui TMT, Tran VN, Huang Z, Hoang AT, Tarelko 

W et al. Flexible syngas-biogas-hydrogen fueling spark-

ignition engine behaviors with optimized fuel compositions 

and control parameters. Int J Hydrogen Energ. 2023;48(18): 

6722-6737. https://doi.org/10.1016/j.ijhydene.2022.09.133 

[20] Bui VG, Tu Bui TM, Ong HC, Nižetić S, Bui VH, Xuan 

Nguyen TT et al. Optimizing operation parameters of a 

spark-ignition engine fueled with biogas-hydrogen blend in-

tegrated into biomass-solar hybrid renewable energy system. 

Energy. 2022;252:124052.  

https://doi.org/10.1016/j.energy.2022.124052 

[21] Buivydas E, Navickas K, Venslauskas K. A life cycle as-

sessment of methane slip in biogas upgrading based on per-

meable membrane technology with variable methane con-

centration in raw biogas. Sustainability. 2024;16(8):3323.  

https://doi.org/10.3390/su16083323 

[22] Bundele H, Kurien C, Varma PS, Mittal M. Experimental 

and computational study on the enhancement of engine 

characteristics by hydrogen enrichment in a biogas fuelled 

spark ignition engine. Int J Hydrogen Energ. 2022;47(71): 

30671-30686.  

https://doi.org/10.1016/j.ijhydene.2022.07.029 

[23] Bundele H, Varma PS, Kurien C, Mittal M. Enhancement of 

low operating load limit and engine characteristics by hy-

drogen addition in a biogas-fueled spark-ignition engine. J 

Eng Gas Turb Power. 2023;145(2):021006.  

https://doi.org/10.1115/1.4056101 

[24] Czekała W, Gawrych K, Smurzyńska A, Mazurkiewicz J, 

Pawlisiak A, Chełkowski D et al. The possibility of func-

tioning micro-scale biogas plant in selected farm. Journal of 

Water and Land Development. 2017;35(1):19-25.  

https://doi.org/10.1515/jwld-2017-0064 

[25] Czubaszek R, Wysocka-Czubaszek A, Banaszuk P. Im-

portance of feedstock in a small-scale agricultural biogas 

plant. Energies. 2022;15(20):7749.  

https://doi.org/10.3390/en15207749 

[26] Das AK, Padhi MR, Behera DD, Das SS. Evaluation of a 

diesel engine performance and emission using biogas in dual 

fuel mode. Mech Eng for Soc and Ind. 2024;4(2):167-176.  

https://doi.org/10.31603/mesi.11407 

[27] Del Pópolo Grzona MV, Izurieta EM, Adrover ME, Borio 

DO, López E, Pedernera MN. Design studies of a pure hy-

drogen production plant from biogas. Int J Hydrogen Energ. 

2024;52:1-10.  

https://doi.org/10.1016/j.ijhydene.2023.07.202 

[28] Dev S, Stevenson D, Yousefi A, Guo H, Butler J. An exper-

imental study on a dual-fuel generator fueled with diesel and 

simulated biogas. ASME 2021 Internal Combustion Engine 

Division Fall Technical Conference. American Society of 

Mechanical Engineers 2021. V001T04A004  

https://doi.org/10.1115/ICEF2021-67429 

[29] Feroskhan M, Ismail S. A review on the purification and use 

of biogas in compression ignition engines. Int J Automot 

Mech Eng. 2022;14(3):4383-4400.  

https://doi.org/10.15282/ijame.14.3.2017.1.0348 

[30] Feroskhan M, Ismail S, Natarajan G, Manavalla S, Khan 

TMY, Khadar SDA et al. A comprehensive study of the ef-

fects of various operating parameters on a biogas-diesel dual 

fuel engine. Sustainability. 2023;15(2):1232.  

https://doi.org/10.3390/su15021232 

[31] Feroskhan M, Ismail S, Panchal SH. Study of methane 

enrichment in a biogas fuelled HCCI engine. Int J Hydrogen 

Energ. 2022;47(5):3504-3514.  

https://doi.org/10.1016/j.ijhydene.2021.02.216 

[32] Feroskhan M, Thangavel V, Subramanian B, Sankaralingam 

RK, Ismail S, Chaudhary A. Effects of operating parameters 

on the performance, emission and combustion indices of a 

biogas fuelled HCCI engine. Fuel. 2021;298:120799.  

https://doi.org/10.1016/j.fuel.2021.120799 

[33] Gholamian E, Mehr AS, Yari M, Carton JG. Dynamic simu-

lation and techno-economic assessment of hydrogen utiliza-

tion in dual fuel (hydrogen/biogas) micro gas turbine sys-

tems for a wastewater treatment plant. Process Saf Environ. 

2023;169:220-237.  

https://doi.org/10.1016/j.psep.2022.10.045 



 

Biogas-fuelled internal combustion engines for micro-scale energy generation… 

COMBUSTION ENGINES, 0000;XXX(X)  11 

[34] Gupta P, Kurien C, Mittal M. Biogas (a promising bioenergy 

source): a critical review on the potential of biogas as a sus-

tainable energy source for gaseous fuelled spark ignition en-

gines. Int J Hydrogen Energ. 2023;48(21):7747-7769.  

https://doi.org/10.1016/j.ijhydene.2022.11.195 

[35] Ha Y-H, Kumar SS. Investigating decentralized renewable 

energy systems under different governance approaches in 

Nepal and Indonesia: how does governance fail? Energy Re-

search & Social Science. 2021;80:102214.  

https://doi.org/10.1016/j.erss.2021.102214 

[36] Hoda A, Rahman TMR, Asrar W, Khan SA. A comparative 

study of natural gas and biogas combustion in a swirling 

flow gas turbine combustor. Combust Sci Technol. 2022; 

194(13):2613-2640.  

https://doi.org/10.1080/00102202.2021.1882441 

[37] Hotta SK, Sahoo N, Mohanty K, Kulkarni V. Ignition timing 

and compression ratio as effective means for the improve-

ment in the operating characteristics of a biogas fueled spark 

ignition engine. Renew Energ. 2020;150:854-867.  

https://doi.org/10.1016/j.renene.2019.12.145 

[38] Jatana GS, Himabindu M, Thakur HS, Ravikrishna RV. 

Strategies for high efficiency and stability in biogas-fuelled 

small engines. Exp Therm Fluid Sci. 2014;54:189-195.  

https://doi.org/10.1016/j.expthermflusci.2013.12.008 

[39] Kapoor R, Ghosh P, Kumar M, Vijay VK. Evaluation of 

biogas upgrading technologies and future perspectives: a re-

view. Environ Sci Pollut Res. 2019;26(12):11631-11661.  

https://doi.org/10.1007/s11356-019-04767-1 

[40] Khan O, Alsaduni I, Equbal A, Parvez M, Yadav AK. Per-

formance and emission analysis of biodiesel blends enriched 

with biohydrogen and biogas in internal combustion en-

gines. Process Saf Environ. 2024;183:1013-1037.  

https://doi.org/10.1016/j.psep.2024.01.049 

[41] Khatri N, Khatri KK. Hydrogen enrichment on diesel engine 

with biogas in dual fuel mode. Int J Hydrogen Energ. 2020; 

45(11):7128-7140.  

https://doi.org/10.1016/j.ijhydene.2019.12.167 

[42] Kim S, Sung T, Kim K. Thermodynamic performance anal-

ysis of a biogas-fuelled micro-gas turbine with a bottoming 

organic rankine cycle for sewage sludge and food waste 

treatment plants. Energies. 2017;10(3):275.  

https://doi.org/10.3390/en10030275 

[43] Kim Y, Kawahara N, Tsuboi K, Tomita E. Combustion 

characteristics and NOx emissions of biogas fuels with vari-

ous CO2 contents in a micro co-generation spark-ignition 

engine. Appl Energ. 2016;182:539-547.  

https://doi.org/10.1016/j.apenergy.2016.08.152 

[44] Konkol I, Cebula J, Bohdziewicz J, Piotrowski K, Sakiewicz 

P, Piechaczek-Wereszczyńska M et al. Mineral deposit for-

mation in gas engines during combustion of biogas from 

landfills and municipal WWTP. Ecol Chem Eng S. 2020; 

27(3):347-356. https://doi.org/10.2478/eces-2020-0022 

[45] Kovacs VB, Torok A, Bereczky A, Szwaja S. Biogas utiliza-

tion in an internal combustion engine working in a serial hy-

brid propulsion system. Combustion Engines. 2012;148(1): 

17-24. https://doi.org/10.19206/CE-117047 

[46] Kriaučiūnas D, Pukalskas S, Rimkus A, Barta D. Analysis 

of the influence of CO2 concentration on a spark ignition 

engine fueled with biogas. Appl Sci. 2021;11(14):6379.  

https://doi.org/10.3390/app11146379 

[47] Kriaučiūnas D, Žvirblis T, Kilikevičienė K, Kilikevičius A, 

Matijošius J, Rimkus A et al. Impact of simulated biogas 

compositions (CH4 and CO2) on vibration, sound pressure 

and performance of a spark ignition engine. Energies. 2021; 

14(21):7037. https://doi.org/10.3390/en14217037 

[48] Legrottaglie F, Mattarelli E, Rinaldini CA, Scrignoli F. 

Application to micro-cogeneration of an innovative dual fuel 

compression ignition engine running on biogas. Internation-

al Journal of Thermofluids. 2021;10:100093.  

https://doi.org/10.1016/j.ijft.2021.100093 

[49] Leonov E, Trubaev P. The effect of biogas composition on 

the characteristics of the combustion process. DJES. 2022;1-

9. https://doi.org/10.24237/djes.2022.15201 

[50] Liu A, Fan R, Liu Q, Xi L, Zeng W. Numerical and experi-

mental study on combustion characteristics of micro-gas 

turbine biogas combustor. Energies. 2022;15(21):8302.  

https://doi.org/10.3390/en15218302 

[51] Mahmoodi R, Yari M, Ghafouri J, Poorghasemi K. Effect of 

reformed biogas as a low reactivity fuel on performance and 

emissions of a RCCI engine with reformed biogas/diesel du-

al-fuel combustion. Int J Hydrogen Energ. 2021;46(30): 

16494-16512.  

https://doi.org/10.1016/j.ijhydene.2020.09.183 

[52] Mandal A, Cho H, Chauhan BS. ANN Prediction of perfor-

mance and emissions of CI engine using biogas flow varia-

tion. Energies. 2021;14(10):2910.  

https://doi.org/10.3390/en14102910 

[53] Mariani A, Minale M, Unich A. Use of biogas containing 

CH4, H2 and CO2 in controlled auto-ignition engines to re-

duce NOx emissions. Fuel. 2021;301:120925.  

https://doi.org/10.1016/j.fuel.2021.120925 

[54] Moya C, Santiago R, Hospital-Benito D, Lemus J, Palomar 

J. Design of biogas upgrading processes based on ionic liq-

uids. Chem Eng J. 2022;428:132103.  

https://doi.org/10.1016/j.cej.2021.132103 

[55] Mperejekumana P, Shen L, Zhong S, Gaballah MS, Muhir-

wa F. Exploring the potential of decentralized renewable en-

ergy conversion systems on water, energy, and food security 

in Africa. Energ Convers Manage. 2024;315:118757.  

https://doi.org/10.1016/j.enconman.2024.118757 

[56] Mukasine A, Sibomana L, Jayavel K, Nkurikiyeyezu K, 

Hitimana E. Maximizing biogas yield using an optimized 

stacking ensemble machine learning approach. Energies. 

2024;17(2):364. https://doi.org/10.3390/en17020364 

[57] Nindhia TGT, McDonald M, Styles D. Greenhouse gas 

mitigation and rural electricity generation by a novel two-

stroke biogas engine. J Clean Prod. 2021;280:124473.  

https://doi.org/10.1016/j.jclepro.2020.124473 

[58] Nyamukamba P, Mukumba P, Chikukwa ES, Makaka G. 

Biogas upgrading approaches with special focus on siloxane 

removal – a review. Energies. 2020;13(22):6088.  

https://doi.org/10.3390/en13226088 

[59] Porpatham E, Ramesh A, Nagalingam B. Effect of hydrogen 

addition on the performance of a biogas fuelled spark igni-

tion engine. Int J Hydrogen Energ. 2007;32(12):2057-2065.  

https://doi.org/10.1016/j.ijhydene.2006.09.001 

[60] Porpatham E, Ramesh A, Nagalingam B. Effect of compres-

sion ratio on the performance and combustion of a biogas 

fuelled spark ignition engine. Fuel. 2012;95:247-256.  

https://doi.org/10.1016/j.fuel.2011.10.059 

[61] Rahman KA, Ramesh A. Studies on the effects of methane 

fraction and injection strategies in a biogas diesel common 

rail dual fuel engine. Fuel. 2019;236:147-165.  

https://doi.org/10.1016/j.fuel.2018.08.091 

[62] Rodero MDR, Muñoz R, González-Sánchez A, Ruiz HA, 

Quijano G. Membrane materials for biogas purification and 

upgrading: fundamentals, recent advances and challenges. 

Journal of Environmental Chemical Engineering. 2024; 

12(5):114106. https://doi.org/10.1016/j.jece.2024.114106 

[63] Romagnoli F, Spaccini F, Boggia A, Paoli R, Feofilovs M, 

Ieviņa B et al. Microalgae cultivation in a biogas plant: envi-

ronmental and economic assessment through a life cycle ap-

proach. Biomass a Bioenerg. 2024;182:107116.  

https://doi.org/10.1016/j.biombioe.2024.107116 



 

Biogas-fuelled internal combustion engines for micro-scale energy generation… 

12 COMBUSTION ENGINES, 0000;XXX(X) 

[64] Roubaud A, Favrat D. Improving performances of a lean 

burn cogeneration biogas engine equipped with combustion 

prechambers. Fuel. 2005;84(16):2001-2007.  

https://doi.org/10.1016/j.fuel.2004.02.023 

[65] Rybak G, Kozłowski E, Król K, Rymarczyk T, Sulimierska 

A, Dmowski A et al. Algorithms for optimizing energy con-

sumption for fermentation processes in biogas production. 

Energies. 2023;16(24):7972.  

https://doi.org/10.3390/en16247972 

[66] Salhi M, Berrich E, Romdhane M, Aloui F. Experimental 

investigation of performance and exhaust emissions of pyro-

lytic olive pomaces biofuels blends without and with addi-

tives fueled internal combustion engine. Handbook of 

Thermal Management Systems. Elsevier 2023:785-800.  

 https://doi.org/10.1016/B978-0-443-19017-9.00031-3 

[67] Schnidrig J, Chuat A, Terrier C, Maréchal F, Margni M. 

Power to the people: on the role of districts in decentralized 

energy systems. Energies. 2024;17(7):1718.  

https://doi.org/10.3390/en17071718 

[68] Secco C, Fuziki MEK, Tusset AM, Lenzi GG. Reactive 

processes for H2S removal. Energies. 2023;16(4):1759.  

https://doi.org/10.3390/en16041759 

[69] Soehartanto T, Fitriyanah DN, Aisyah PY. Design of ECU 

(electronic control unit) as biogas pressure control to micro 

genset. IJOE. 2021;6(3):73.  

https://doi.org/10.12962/j23378557.v6i3.a7264 

[70] Valipour Berenjestanaki A, Kawahara N, Tsuboi K, Tomita 

E. Performance, emissions and end-gas autoignition charac-

teristics of PREMIER combustion in a pilot fuel-ignited du-

al-fuel biogas engine with various CO2 ratios. Fuel. 2021; 

286:119330. https://doi.org/10.1016/j.fuel.2020.119330 

[71] Vasan V, Sridharan NV, Feroskhan M, Vaithiyanathan S, 

Subramanian B, Tsai P-C et al. Biogas production and its 

utilization in internal combustion engines – a review. Pro-

cess Saf Environ. 2024;186:518-539.  

https://doi.org/10.1016/j.psep.2024.04.014 

[72] Verma S, Das LM, Kaushik SC. Effects of varying composi-

tion of biogas on performance and emission characteristics 

of compression ignition engine using exergy analysis. Energ 

Convers Manage. 2017;138:346-359.  

https://doi.org/10.1016/j.enconman.2017.01.066 

[73] Verma S, Das LM, Kaushik SC, Tyagi SK. An experimental 

investigation of exergetic performance and emission charac-

teristics of hydrogen supplemented biogas-diesel dual fuel 

engine. Int J Hydrogen Energ. 2018;43(4):2452-2468.  

https://doi.org/10.1016/j.ijhydene.2017.12.032 

[74] Villarroel-Schneider J, Mainali B, Martí-Herrero J, 

Malmquist A, Martin A, Alejo L. Biogas based polygenera-

tion plant options utilizing dairy farms waste: a Bolivian 

case. Sustainable Energy Technologies and Assessments. 

2020;37:100571. https://doi.org/10.1016/j.seta.2019.100571 

[75] Vindiš P, Pažek K, Prišenk J, Rozman Č. The economic 

efficiency of micro biogas plants: a sustainable energy solu-

tion in Slovenia – case study. Energies. 2024;17(20):5066.  

https://doi.org/10.3390/en17205066 

[76] Xue J, Li Y, Peppers J, Wan C, Kado NY, Green PG et al. 

Ultrafine particle emissions from natural gas, biogas, and 

biomethane combustion. Environ Sci Technol. 2018;52(22): 

13619-13628. https://doi.org/10.1021/acs.est.8b04170 

[77] Yamasaki Y, Kanno M, Suzuki Y, Kaneko S. Development 

of an engine control system using city gas and biogas fuel 

mixture. Appl Energ. 2013;101:465-474.  

https://doi.org/10.1016/j.apenergy.2012.06.013 

[78] Yimen N, Hamandjoda O, Meva’a L, Ndzana B, Nganhou J. 

Analyzing of a photovoltaic/wind/biogas/pumped-hydro off-

grid hybrid system for rural electrification in Sub-Saharan 

Africa – case study of Djoundé in Northern Cameroon. En-

ergies. 2018;11(10):2644.  

https://doi.org/10.3390/en11102644 

 

 

 

Piotr Laskowski, DEng. – Faculty of Automotive 

and Construction Machinery Engineering, Warsaw 
University of Technology, Poland. 

e-mail: piotr.laskowski@pw.edu.pl 

 

  

Marcin Wojs, DEng. – Faculty of Automotive and 
Construction Machinery Engineering, Warsaw 

University of Technology, Poland. 

e-mail: marcin.wojs@pw.edu.pl 

 

  

Piotr Wiśniowski, DEng. – Environment Protection 

Centre, Motor Transport Institute, Warsaw, Poland. 

e-mail: piotr.wisniowski@its.waw.pl 

 

Magdalena Zimakowska-Laskowska, DEng. – 

Environment Protection Centre, Motor Transport 
Institute, Poland. 

e-mail:  
magdalena.zimakowska-laskowska@its.waw.pl 

 

  

Edward Kozłowski, DSc., prof. LUT – Faculty of 
Management, Lublin University of Technology, 

Poland. 

e-mail: e.kozlovski@pollub.pl 

 

  

 

 

 

 

 


