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Abstract: A novel methodology is proposed to estimate the 

exergy of liquid and gaseous fuels for spark ignition (SI) engines, 

based on the thermodynamics laws and two scientific methodologies, 

one for measurements of fuels methane number (MN), and other for 

estimation of gaseous fuels energy quality. Two engines were used 1) 

A CFR engine to measure fuel's critical compression ratio (CCR) 

and MN. 2) A hybrid diesel engine with a high compression ratio (CR) 

converted to SI using custom pistons for high turbulence intensity 

designed by CFD simulations, for biogas SI (BSI) combustion. In 

both engines, fuels with MNs ranging from 37 to 140 were used, 

biogases, methane, propane, and blends of biogas with 

methane/propane and hydrogen. The BSI engine combines diesel 

engines characteristics (high airflow inlet, and high combustion 

pressures) with SI engines characteristics (premixed combustion 

using SI for combustion phasing at the knocking threshold (KT)). 

The BSI engine was used to measure the fuel´s maximum electrical 

energy generation and thermal efficiency at the KT. Correlations 

between MN and research octane number (RON) were used to 

develop the methodology. Fuel´s exergy efficiency is estimated with 

fuel´s γ, hydrogen/carbon (H/C) ratio, and limited by fuel´s MN/RON. 

The methodology proposed correlates fuel´s exergy, fuel´s entropy, 

adiabatic flame temperature (Tad), and fuel´s exergy efficiency for 

Otto cycles limited by the knocking. 
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I. INTRODUCTION 

The maximum thermal efficiency of Otto cycles (ƞOtto) for SI 

engines can be estimated using the principles proposed by 

Nicolaus Otto (1876), derived from the first and the second laws 

of thermodynamics applied to the Otto cycles process, which 

are: 1. Intake stroke is an isobaric process. 2. Compression 

stroke is an adiabatic and reversible (isentropic) process. 3. 

Heat release as a fast combustion, is an isochoric process at the 

top dead center. 4. Power stroke is an isentropic expansion. 5. 

Exhaust stroke consists of an isochoric process, and an isobaric 

process. ƞOtto is determined using both the engine’s CR and 

fuel’s γ according to equation 1 [1]. A complete guide for 

calculating ƞOtto is presented on the referred website [2]. ƞOtto 

depends only on the temperatures and pressures at the 

beginning (TA, PA) and at the end (TB, PB) of the compression 

stroke, and not on how much heat is produced [2]. The actual 

cycles in SI engines differ from ideal Otto cycles, mainly 

because the combustion is not instantaneous and there is a 

formation of a flame front. Fuels like biogas and methane with 

high MN have high knocking resistance, allowing higher 

compression with higher TB, and PB, compared with fuels like 

gasoline or propane [3-5]. Equation 1 predicts that reducing TA 

using air conditioning or increasing TB using higher 

compression will increase ƞOtto. Also, reducing PA using 

partially throttle or increasing PB using high CR and fuels with 

high MN will increase ƞOtto. Then, fuels that get the highest 

temperature and pressure at the end of the compression stroke 

without knocking will have the highest theoretical ƞOtto. 

Therefore, ƞOtto and the knocking phenomenon hide the true 

operating limit for SI engines' performance. 

ƞOtto = 𝟏 −
𝟏

𝑪𝑹(𝜸−𝟏) = 𝟏 −
𝑻𝑨

𝑻𝑩
= 𝟏 − [

𝑷𝑨

𝑷𝑩
]

𝜸−𝟏

𝜸
          Eqn. 1. 

Technological development of internal combustion engines 

(ICE) has been based mainly on liquid fuels such as gasoline, 

kerosene, and diesel. Modern diesel engines employ a high CR 

(15-23:1) and are usually equipped with advanced 

turbocharging, exhaust after-treatment, exhaust gas 

recirculation (EGR), and common rail fuel injection systems 

[1,6,7]. SI engines employ a low CR (8-13:1) to avoid knocking 

when combusting highly reactive fuels with high laminar flame 

speeds (SL), resulting in medium combustion pressure with high 

turbulent flame speed [1,8,9]. SI engines achieved the best 

results with liquid fuels with high RON because of the higher 

energy quality and knocking resistance [10].  

Both SI and diesel engines achieve better performance using 

technologies that force greater charges of air and fuel into the 

engine, such as turbocharging, common rail, or turbo-

compressors, and using intercooling systems for reducing air 

intake temperature [7,11-16]. From the thermodynamics point 

of view, diesel engines have better characteristics than SI 

engines because these achieve higher compression (higher TB 

and PB) by the higher CR and get higher combustion pressures. 

Modern SI engines are not designed according to Otto cycle 

principles to achieve maximum thermal efficiency because the 

knocking phenomenon is avoided using medium CR [17-23]. 

Commercial medium capacity (>200 kW) biogas engines could 

achieve the best thermal efficiencies close to 40% as reported 

by the manufacturers. But, for low capacity (<50 kW) efficient 

biogas engines are not commercially available at present, but 

these have been the subject of research in the last two decades, 

investigating strategies and configurations to optimize the 

performance of engines for biogas [24-35].  

The objective of the present work proposes a methodology to 

estimate fuels exergy of liquid and gaseous fuels in SI engines 

according to the thermodynamics laws applied to the Otto 

cycles but using the knocking phenomenon as the engine limit. 

The novelty of the methodology is based on the combination of 

two scientific methodologies including data from various fuels 

tested in CFR engines. Also, own data from two engines are 

used to develop the methodology, a CFR engine to measure 

fuels MN and CCR, and a hybrid diesel engine for biogas (BSI 

engine), in both cases using the same fuels with MN between 

37-140. The methodology presents a novel correlation between 

the fuel’s octane, exergy, entropy, and flame temperature.  
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II. METHODOLOGY TO ESTIMATE EXERGY OF 

LIQUID AND GASEOUS FUELS IN SI ENGINES. 

It is presented a unified methodology to estimate the exergy 

efficiency (ƞqT)  of liquid and gaseous fuels in SI engines. 

Before, was established a correlation to estimate the fuel’s 

energy quality (𝑋𝑓 𝑀𝑁
̅̅ ̅̅ ̅̅ ̅̅ )  relative to methane by correlating 

certain physicochemical properties. Based on equations 9 and 

15 of [36] provided the following correlations: 

𝑋𝑓𝑀𝑁
̅̅ ̅̅ ̅̅ ̅ = 𝐸𝐷𝑟  𝑆𝐿𝑟

0.262𝑇𝑎𝑑𝑟
0.368𝐻/𝐶𝑟

0.001𝛾𝑟
0.001        Eqn. 2. 

 𝑋𝑓𝑀𝑁
̅̅ ̅̅ ̅̅ ̅ =

𝐸𝐷𝐶𝐻4

𝐸𝐷𝑓

(
𝑆𝐿𝐶𝐻4

𝑆𝐿𝑓

)0.262(
𝑇𝑎𝑑𝐶𝐻4

𝑇𝑎𝑑𝑓

)0.368(
𝐻/𝐶𝐶𝐻4

𝐻/𝐶𝑓

)0.001(
𝛾𝐶𝐻4

𝛾𝑓

)0.001 

In equation 3, is presented the maximum thermal efficiency in 

the function of fuel´s γ and MN (ƞqMN) [37], it was derived 

from the classical ƞOtto, replacing the engine CR with fuel’s 

CCR, and fuel’s CCR with fuel´s MN. More than 60 gaseous 

fuel blends were tested at the KT in the same CFR engine 

[17,20,38-44], according to Figure 11 in the appendix. ƞqMN was 

found to be similar than ƞOtto, ƞqMN was estimated using the 

fuel’s properties as engine limit, ƞOtto only uses the CR of the 

engine and fuel’s 𝛾. Thus, ƞOtto obscures information regarding 

the real engine limit of SI engines. ƞqMN was defined as [37]: 

ƞ𝐨𝐭𝐭𝐨 ≈ ƞ𝐪 𝐌𝐍 = 𝟏 −
𝟏

[𝟕.𝟏𝟔𝟑𝟓∗𝒆𝟎.𝟎𝟎𝟔𝟗𝟎∗𝑴𝑵]
(𝜸−𝟏)        Eqn. 3. 

Previously was presented the estimated values of ƞqMN  and 

ƞOtto versus fuel’s MN for the fuel blends of the research [37]. 

ƞqMN  and ƞOtto  of each fuel were found to be similar, 

confirming the hypothesis that ƞOtto can be assessed with ƞqMN 

for gaseous fuels. In general, both ƞqMN and ƞOtto are increased 

using fuel blends with high 𝛾 and CCR. The intention of 

substituting CR with MN is to attain insight into the best fuel’s 

operating conditions, informing engine design according to the 

ideal Otto cycles process, to get the highest thermal efficiency 

possible based on the fuel’s physicochemical properties, with 

engine output power limited by fuel’s knocking resistance. SI 

engines could be designed by considering the fuel’s exergy at 

the KT, derived from the Otto cycles principles, and the fuel’s 

physicochemical properties given by the chemical composition, 

and limited by its knocking resistance. A new approach to 

engine design is proposed: first, the fuel must be studied, 

identifying its physicochemical properties energy density (ED), 

SL, Tad, H/C ratio, 𝛾, and MN/RON, then, this information is 

used to estimate ƞqMN or ƞqRON , ƞqH/C, and ƞqT. Finally, the 

engine geometry and operating conditions are selected, such as 

CR, piston head design, combustion turbulence intensity, 

equivalence ratio, ST, and engine speed. 

Fuel´s exergy (𝑋𝑓)̅̅̅̅̅ is defined as the maximum portion of the 

chemical availability that could be converted into useful work. 

For SI engines applying the thermodynamics laws for the ideal 

Otto cycles results that the maximum thermal efficiency is 

ƞ𝐎𝐭𝐭𝐨. Also, the fuel´s exergy (ƞqT) could be estimated with the 

thermal efficiency averaged between ƞqMN  and 

ƞqH/C, calculated at the engine limit measuring the knocking 

threshold (KT) and fuel´s CCR, as follows [37],  

𝑋𝑓
̅̅ ̅ =  𝐴𝑐−𝑓 ∗ ƞOtto    ≈  𝐴𝑐−𝑓 ∗ ƞq T                      Eqn. 4. 

Then, the new methodology to estimate the exergy of liquid and 

gaseous fuels in SI engines proposes the calculation of a total 

exergy efficiency (ƞqT ). It considers two effects: the fuel’s 

chemical availability to produce work based on the fuel`s 

chemical composition, limited by the fuel´s combustion 

instabilities by the knocking phenomenon (quantified with MN 

or RON). ƞqT is defined for gaseous and liquid fuels as, 

 ƞ𝐪𝐓 =
ƞ

𝒒
𝑯
𝑪+ƞ𝐪 𝐌𝐍

𝟐
, ƞ𝐪𝐓 =

ƞ
𝒒

𝑯
𝑪+ƞ𝐪 𝐑𝐎𝐍

𝟐
                Eqn. 5. 

Fuel´s exergy for SI engines is proposed to be estimated as the 

chemical availability converted into useful work according to 

the thermodynamics laws applied to ideal Otto cycles, and 

limited by engine performance at the KT (Eqn.4). It is proposed 

that 𝑋𝑓
̅̅ ̅  can be estimated using ƞqT or ƞOtto for SI engines. 

Kubesh and King developed two correlations between the 

motor octane number (MON), the reactive fuel’s H/C ratio, and 

between MON and MN [45]. These correlations provide 

practical methods for determining equivalent MON for gaseous 

fuels, and provides a significant insight into the effects of heavy 

hydrocarbons on the fuel´s MON. The MON and MN were 

measured for twelve fuel blends to determine the correlations 

between MN, MON, and H/C ratio,   

MN = 1.445 ∗ MON − 103.42               Eqn. 6. 

MON = −406.1 + 508.0 ∗
H

C
− 173.5 ∗ (

H

C
)

2
+ 20.2 ∗ (

H

C
)

3
  Eqn. 7. 

This equation can be expressed in exponential terms as,  

     𝑀𝑂𝑁 = 𝟓𝟎. 𝟎𝟐𝟐 ∗ 𝒆𝟎.𝟐𝟑𝟖𝟏∗𝑯/𝑪                      Eqn. 8.  

Replacing Eqn. 6 in Eqn. 3 gives the maximum thermal 

efficiency as a function of MON (ƞqMON),  

ƞ𝐪𝐌𝐎𝐍 = 𝟏 −
𝟏

[𝟕.𝟏𝟔𝟑𝟓∗𝒆(𝟎.𝟎𝟎𝟗𝟗𝟕𝟏∗𝑴𝑶𝑵−𝟎.𝟕𝟏𝟑𝟓𝟗𝟖)]
(𝜸−𝟏)      Eqn. 9. 

Other previous research [46-48] tested twelve liquid fuels in 

CFR engines, giving the following relationship: 

       MON = 0.894 ∗ RON                 Eqn.10. 

Substituting Eqn. 10 in Eqn. 9 gives the maximum thermal 

efficiency as a function of RON (ƞqRON) 

  ƞ𝐪𝐑𝐎𝐍 = 𝟏 −
𝟏

[𝟕.𝟏𝟔𝟑𝟓∗𝒆(𝟎.𝟎𝟎𝟖𝟗𝟏𝟒∗𝑹𝑶𝑵−𝟎.𝟕𝟏𝟑𝟓𝟗𝟖)]
(𝜸−𝟏)      Eqn.11. 

Substituting Eqn. 8 in Eqn. 9 gives maximum thermal 

efficiency as a function of the fuel’s H/C ratio (ƞqH/C), 

ƞ𝐪𝐇/𝐂 = 𝟏 −
𝟏

[𝟕.𝟏𝟔𝟑𝟓∗𝒆(𝟎.𝟒𝟗𝟖𝟕𝟒𝟒∗𝒆𝟎.𝟐𝟑𝟖𝟏∗𝑯/𝑪 −𝟎.𝟕𝟏𝟑𝟓𝟗𝟖)]
(𝜸−𝟏)    Eqn. 12. 

The double exponential in Eqn. 12 allows a quantum analysis of 

the correlation between fuel´s chemical composition and exergy 

efficiency, according to the Otto cycles principles.  

Specifically, in the BSI engine the fuel´s exergy estimation is 

used to measure the correlation between EEmax and its thermal 

efficiency (ƞq) for electrical energy (EE) generation at the KT 

(exergy definition by the BSI engine), according to the fuel´s 

exergy efficiency definition (𝜺) [49]: 

𝜀 =
𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦_𝑜𝑢𝑡

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦_𝑖𝑛
=

𝐸𝑥𝑒𝑟𝑔𝑦

𝐴𝑐−𝑓
=

𝑂𝑢𝑡𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟 𝑜𝑟 𝐸𝐸 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤
 

𝜀 ≈ ƞq =
𝐸𝑥𝑒𝑟𝑔𝑦 𝑜𝑢𝑡 (𝐸𝐸∩𝐾𝑇)

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑖𝑛
=

𝐸𝐸 𝑚𝑎𝑥

𝐴𝑐−𝑓
 @60𝐻𝑧 ∩ 𝐾𝑇              Eqn. 13. 
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Using the general definition of fuel´s entropy (Sf) for SI engines, 

the heat release (Qin) is the fuel´s chemical availability (𝑨𝒄−𝒇) 

for a complete combustion process with a temperature source 

(Tf). Then, for the BSI engine, to generate EEmax operating at the 

KT with ƞ𝒒, and for the minimum entropy is used the maximum 

fuel´s temperature for the combustion process, using the fuel´s 

adiabatic flame temperature (Tad), and including Eqn. 13,  

𝑺𝒇 =
𝑸𝒊𝒏

𝑻𝒇
=

𝑨𝒄−𝒇

𝑻𝒂𝒅
=

𝑬𝑬𝒎𝒂𝒙

𝑻𝒂𝒅∗ƞ𝒒
@𝟔𝟎𝑯𝒛 ∩ 𝑲𝑻            Eqn. 14. 

Combining equations 14 and 4 gives the fuel´s exergy for SI 

engines, written in terms of fuel´s entropy, Tad, ƞOtto, or ƞqT.  

 𝑿𝒇 𝑺𝑰
̅̅ ̅̅ ̅̅ = ƞ𝐎𝐭𝐭𝐨 ∗ 𝑺𝒇 ∗ 𝑻𝒇 ≈ ƞ𝐪𝐓 ∗ 𝑺𝒇 ∗ 𝑻𝒂𝒅         Eqn. 15. 

Besides replacing the last part of Eqn. 15 with Eqn. 14 could 

permit finding a relation between fuel´s exergy, and EEmax 

operating the BSI engine at 60Hz and at the KT, which is 

proportional to the ratio between the exergy efficiency and 

generating efficiency for EE generation. 

𝑿𝒇
̅̅̅̅ =

ƞ𝐪𝐓

ƞq
∗ 𝐸𝐸 𝑚𝑎𝑥@𝟔𝟎𝑯𝒛 ∩ 𝑲𝑻      Eqn. 16. 

Equation 15 includes the experimental findings found in the 

global research, that are in accordance with the laws of 

thermodynamics and the engine performance: 

- Higher octane fuels get higher output power or EEmax. 

- Gaseous fuels with higher entropy than liquid fuels achieve 

higher CCR and higher thermal efficiency. 

- Higher combustion temperature increases availability but is 

limited by the knocking tendency. 

- Higher entropy conditions (high pressure and turbulence) 

allow higher exergy using high octane fuels like biogases. 

- This is a new expression that allows the design of SI engines 

according to the laws of thermodynamics, to select the 

operating conditions according to the fuel´s chemical 

composition and its knocking resistance. 

The main fuel properties, BSI and CFR engine experimental 

setup, analysis of errors, uncertainty, and repeatability have 

been fully presented previously in the paper series [36-43].  

There are some recent studies that present exergy analysis for 

SI engines. Research presents an energy-exergy analysis and 

sustainability assessments of ketone-gasoline blends and were 

compared with gasoline; the 10% blended ketones fuels have 

comparable energy-exergy and sustainability assessment to that 

of commercial gasoline [50]. An energy and exergy analysis 

was done utilizing combinations of gasoline, natural gas, and 

methanol; with an increase in torque values, all fuel types' first 

and second-law efficiencies increased [51]. In other research, 

are presented the effects of two different modes on the energy 

and exergy balance of a SI engine working under lean-burn 

conditions; the results show that the cooling water takes 39.40% 

of the fuel energy; the exergy destruction occupies 56.12% of 

the fuel exergy [52]. An energy and exergy analysis of a 

hydrogen-fueled four-stroke SI engine is presented varying the 

CR; the increase in CR yields a decrease in exergy destruction 

[53]. Research presents a model extended to include exergy 

terms complementing the first-law analysis for a variable CR 

gasoline engine; it is presented an estimate of the generation of 

entropy during this process. History diagrams of the exergy and 

entropy including the turbulent entrained mass, reveal the 

influence of the entrained mixture mass exergy as the cylinder-

content related exergy shifts too in the same direction as 

identified also by considering the temperature and chemical 

species histories in the burned zone [54]. A research paper on 

energy and exergy characteristics contributes to a deeper 

understanding of the performance of an ethanol-fueled SI 

engine. The engine’s thermal efficiency and combustion 

phasing are evaluated for knock-limited operation; entropy 

generated through combustion is discussed to identify the 

relationship between exergy destruction. The exergy 

destruction by the in-cylinder process can decrease the exhaust 

exergy [55]. According to these papers, there is a research gap 

to correlate octane, exergy, and entropy for fuels in SI engines. 

III EXPERIMENTAL RESULTS OF THE METHODOLOGY 

Figure 1 presents the values of the measured EEmax in the BSI 

engine, and the estimated energy quality (𝑋𝑓 𝑀𝑁)̅̅ ̅̅ ̅̅ ̅̅  versus the 

fuel’s MN. 𝑋𝑓 𝑀𝑁
̅̅ ̅̅ ̅̅ ̅  is defined as the ratio of certain 

physicochemical properties of the tested fuel relative to 

methane according to equation 2. EEmax increases with the rise 

of both MN and 𝑋𝑓𝑀𝑁
̅̅ ̅̅ ̅̅ ̅.  

 
Figure 1 BSI engine data: EEmax and XfMN vs. fuel’s MN. 

Methane is established with 𝑋𝑓 𝑀𝑁
̅̅ ̅̅ ̅̅ ̅ = 1 as the reference fuel. 

Fuels with  𝑋𝑓 𝑀𝑁
̅̅ ̅̅ ̅̅ ̅ > 1 are biogases with MN>105 with low ED, 

low SL, low Tad, low H/C ratio, and high 𝛾. Biogases have high 

exergy because of the good balance of physicochemical 

properties and high knocking resistance, but biogases require 

both high combustion pressure and high turbulence intensity 

during combustion. Increased biogas CO2 content resulted in 

exponential growth of knocking resistance [44], and higher 

𝑋𝑓 𝑀𝑁
̅̅ ̅̅ ̅̅ ̅ . 𝑋𝑓 𝑀𝑁

̅̅ ̅̅ ̅̅ ̅ > 1  represents higher fuel energy quality for 

electrical energy generation relative to methane operating at the 

KT. Biogas MN140 with 𝑋𝑓 𝑀𝑁
̅̅ ̅̅ ̅̅ ̅ = 1.107  had a high EEmax 

(8.60 kW) operating at high pressure with high turbulence 

intensity, while biogas MN120 with 𝑋𝑓 𝑀𝑁
̅̅ ̅̅ ̅̅ ̅ = 1.102 had a high 

EEmax (8.66 kW) but operating with medium turbulence 

intensity. Fuels with  𝑋𝑓 𝑀𝑁
̅̅ ̅̅ ̅̅ ̅ < 1 have low MN, high ED, high 

SL, high Tad, low H/C, and low 𝛾. Fuels with 𝑋𝑓 𝑀𝑁
̅̅ ̅̅ ̅̅ ̅ < 1 have 
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medium fuel energy quality for electrical energy generation at 

the KT relative to methane, requiring medium or low turbulence 

intensity and low compression pressures during combustion. 

Figure 2 presents EEmax and ƞqMN versus the fuel’s MN in the 

BSI engine. There is a correlation between EEmax concerning 

ƞqMN at the KT, which is the base of the methodology for 

estimating exergy efficiency. ƞqMN is proposed to estimate the 

maximum thermal efficiency in conformity with Otto cycles 

principles while considering the KT as the engine limit. 

Propane MN37 exhibited the lowest ƞqMN and the lowest EEmax 

due to its high knocking tendency given by its high SL, high Tad, 

and high ED. Conversely, biogas MN140 exhibited the highest 

estimated ƞqMN, due to its high knocking resistance given by its 

low SL, low Tad, and low ED. Biogas MN140 achieved an EEmax 

(8.60 kW) using high turbulence, close to the highest output 

power (8.66 kW@60Hz) of the BSI engine for EE generation. 

Methane MN100 is the reference fuel for measuring the energy 

quality of gaseous fuels due to it has the highest H/C ratio (4/1), 

it got EEmax (8.60 kW) close to the highest EE due to its good 

balance between 𝛾, SL, Tad, ED, and MN. Besides, methane has 

no CO2 content in its chemical composition and had lower 

exhaust mass flow with lower heat losses, which allows it to 

achieve the best ƞq (30.2%) in the BSI engine to EE generation. 

Fuels with MN>97 have ƞqMN >55.8%, indicating that fuels with 

high knocking resistance have high exergy efficiency, as these 

fuels can operate at high combustion pressures obtainable in 

high CR SI engines. In contrast, fuels with MN <66 have ƞqMN 

<46%, indicating that fuels with a high knocking tendency have 

low exergy efficiency, and must be used with medium 

combustion pressure and CR in SI engines with low turbulence 

intensity. Propane MN37 with ƞqMN (24.6%) has a high 

knocking tendency and must be used in medium CR (9-11) SI 

engines, due to propane having a high SL, low turbulence 

intensity is enough to reach high turbulent flame speeds.  

 
Figure 2 BSI engine data: EEmax and ƞ𝐪 𝐌𝐍 vs. fuel’s MN. 

Figure 3 presents EEmax and ƞq H/C  versus the fuel’s MN. 

Methane has the highest ƞqH/C  due to the highest H/C ratio, 

allowing it to get the highest ƞq in the BSI engine to EEmax by 

chemical composition. Fuels with MNs <97 have a high 

knocking tendency, with lower H/C ratios, leading to reduced 

CCR, MN, and EEmax. Fuels with MNs >97 have high knocking 

resistance due to their CO2 content, with lower H/C ratios 

leading to greater CCR, MN, and EEmax. Fuels with MNs >100 

usually contain CO2, increasing their MN and CCR but 

increasing exhaust gases and heat losses, leading to reduced 

thermal efficiency. For biogas MN120, medium turbulence 

intensity was enough to reach the limit of 8.66 kW, while biogas 

MN140 required greater turbulence intensity to release the 

maximum energy to reach the highest output power at the KT. 

Biogases with MN>140 would require even greater turbulence 

intensities as well as CR to release the fuel’s energy to attain 

the best engine operation at the KT. The methodology presented 

proposes that the combustion chamber geometry of the piston 

heads must be selected according to the fuel’s chemical 

composition, MN, and SL. Also, Fuels with MN>97 operate 

best with lean equivalence ratios (near stoichiometric 0.90-

0.95) due to their high CO2 content, which reduces the ED of the 

mixture, the low ED of the biogas is enough to reach low Tad 

with low NOx emissions, as a strategy to achieve clean 

combustion. While fuels with MN<97 operate best with leaner 

equivalences ratios (0.80-0.90) and is required both low CR and 

turbulence intensities for reducing knocking tendency, and 

advanced ST for improving the combustion phasing. Fuels with 

MN<97 have a high Tad, which is reduced by leaner 

combustion, decreasing Tad to reduce NOx emissions. 

 
Figure 3 BSI engine data: EEmax and ƞq H/C vs. fuel’s MN. 

Figure 4 presents EEmax and ƞqT versus the fuel’s MN in the BSI 

engine. ƞqT is used in the methodology proposed to estimate the 

exergy efficiency of gaseous and liquid fuels in SI engines. 

ƞqH/C measures the fuel’s availability to produce work by the 

fuel’s chemical composition limited by ƞqMN which measures 

the thermal efficiency according to the Otto cycles principles 

limited by the knocking resistance (fuel’s MN). ƞqMN  was 

shown to have similar values to ƞOtto. However, ƞqT exhibits a 

better fit to EEmax estimation as was compared with ƞqMN  or 

ƞqH/C, presented in Figs. 2 and 3, which is according to the 

methodology presented and the hypothesis for evaluating the 

exergy efficiency of gaseous fuels. Methane exhibited the best 

ƞqT =54.1% serving as the reference fuel due to its highest H/C 

ratio and the good balance between knocking resistance and 

physicochemical properties. Fuels with MN>97 have similar 
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values of ƞqT (53.3% - 54.1%) indicating a comparable exergy 

efficiency but requiring the correct turbulence intensity and 

pressure for the combustion process to get optimal performance 

and exergy release. Medium turbulence intensity is required for 

fuels with a MN between 97 and 120; for biogas, MN140 is 

required a high turbulence intensity to increase the turbulent 

flame speed due to its low SL. Fuels MN64-66 had lower ƞqT 

values (43% - 44.5%) due to their high knocking tendencies. 

Propane MN37 had the lowest ƞqT (24.5%) due to its low H/C 

ratio and knocking resistance. Fuels with MN<66 require low 

turbulence intensity to achieve high turbulent flame speed due 

to their high SL, and require low CR (9-11).  

 
Figure 4 BSI engine data: EEmax and ƞq T vs. fuel’s MN. 

Figure 5 presents ƞqH/C, ƞqMN, and ƞqT versus the fuel’s MN. 

The methodology proposes that ƞqT is defined as the average of 

ƞqMN  and ƞqH/C  for estimating exergy efficiency as fuel’s 

availability to produce work and limited by the knocking 

phenomenon, besides, fuel´s chemical composition is an 

indicator of energy quality for gaseous fuels, comparing certain 

physicochemical properties relative to methane. For propane 

and methane, ƞqH/C, ƞqMN, and ƞqT are very close to each other 

in values, due to being pure substances. Conversely, fuels 

MN97, MN105, MN120, and MN140 exhibit more varied 

values of ƞqH/C and ƞqMN. The maximum thermal efficiency to 

EEmax is better represented and estimated by the proposed 

exergy efficiency ƞqT . In general, ƞqMN was like ƞOtto , even 

with similar values, increasing with CCR, but both estimated 

higher thermal efficiency than those given by ƞqH/C 𝑎𝑛𝑑 ƞqH/C. 

Finally, ƞqT allows a close estimation of the maximum thermal 

efficiency for EEmax at the KT in the BSI engine, as was 

presented in Fig. 4, it can better predict the engine performance 

relating to pressure, temperature, turbulence, and knocking, 

also taking into account the fuels chemical composition (H/C). 

Fuels with MN>97 had similar ƞqT (53.3%-54.1%), and similar 

EEmax (8.60 kW-8.66 kW), then fuels with MN>97 have similar 

exergy, but fuels with MN>120 require high turbulence 

intensities to achieve the maximum EEmax at the KT. 

Figure 6 presents EEmax measured at the KT and the estimated 

ƞOtto versus the fuel’s MN. ƞOtto was estimated using fuel’s 𝛾 

and fuel´s CCR measured in the CFR engine. EEmax was 

measured using the knocking threshold as engine limit to 

understand the physics and chemistry of gaseous fuel 

combustion in SI engines. The highest ƞOtto was for biogas 

MN140 as it has the highest CCR (18:1), while it has a low H/C 

ratio and low ƞqH/C. Biogas and methane have similar ƞqT 

(53.3% and 54.1%) with comparable values of EEmax (8.6 kW). 

Fuels with MN>97 had comparable ƞOtto (55.5%-58.3%) while 

MN64, MN65, and MN66 had similarly lower ƞOtto (44.6%-

45.7%) due to their low CCR. Propane MN37 had the lowest 

ƞOtto (24.6%) due to its low knocking resistance and CCR. 

 
Figure 5 BSI engine data ƞ𝐪𝐇/𝐂, ƞ𝐪𝐌𝐍, ƞ𝐪𝐓, vs. fuel’s MN. 

 
Figure 6 BSI engine data: EEmax and ƞOtto vs. fuel’s MN. 

Data in figures 4 and 6 are used for the validation of the 

proposed methodology, which has the hypothesis that ƞ𝐎𝐭𝐭𝐨 ≈
ƞ𝐪𝐓 , which correctly estimates the tendency and correlation 

between EEmax and fuel`s MN. But ƞ𝐪𝐓  predicts lower 

efficiencies than ƞ𝐎𝐭𝐭𝐨 due to the knocking phenomenon limit 

and fuel`s chemical composition (H/C ratio), on average 2.3% 

less for the fuels analyzed. 

Figure 7 presents the measured thermal efficiency ƞq in the BSI 

engine for EEmax generation at the KT, and the estimated ƞqT and 

ƞOtto versus the fuel’s MN. Methane got the highest ƞq due to 

the highest H/C ratio. Biogases have lower ƞq than methane 

because of the high CO2 content and greater mass flow, which 

increased heat losses and reduced thermal efficiency, it also 
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increased knocking resistance but reduces the H/C ratio and 

ƞqH/C. Methane has better ƞq  than propane because of the higher 

knocking resistance which permits to get higher EEmax with 

better ƞq at higher compression pressures. Fuel blends of biogas 

with propane have on average a low ƞq of 27.6% because of the 

power derating (0.6 kW) for these blends due to the high 

knocking tendency of the propane.  

 
Figure 7 nq, nqT, and nOtto vs. fuel’s MN. 

Figure 8 presents the estimated minimum fuel entropy in the 

BSI engine at the KT for EE generation, and ƞOtto vs. fuel´s 

MN. Biogas MN140 has greater entropy than methane MN100 

because to reach a similar EEmax of 8.6 kW at the KT, biogas 

required a higher mass flow, and turbulence intensity for 

combustion, also biogas has lower Tad and ƞq. Additionally, the 

heat losses are higher for biogas because of the greater exhaust 

gases mass. In general fuels with both high knocking resistance 

and high H/C ratio have high exergy efficiency and high values 

of ƞOtto. Propane MN37 had lower entropy to EE generation in 

the BSI engine because of the low EEmax of 7.0 kW at the KT, 

and the high Tad; also, propane has lower entropy than methane 

because the C3H8 molecules are larger than the CH4 molecules, 

then the hydrogen and carbon atoms could be located 

probabilistically more easily. According to the methodology 

presented, fuels like biogases with high entropy in their 

chemical composition have high exergy at the KT because of 

the high 𝛾 , low Tad, low SL, low ED, and high knocking 

resistance despite the low H/C ratios. It agrees with Otto cycles 

principles and the thermodynamics laws because biogases can 

be higher compressed (with higher TA and PA) for combustion. 

Figure 9 presents the fuel´s entropy in the BSI engine at the KT 

for EE generation, and the fuel´s exergy efficiency vs. the fuel´s 

MN, which presents a similar shape and tendency as Figure 8. 

Fuels with high MN have high entropy due to these fuels have 

greater availability to produce work because of their chemical 

composition related to the fuel´s 𝛾, H/C ratio and MN because 

of the high knocking resistance, which permits a combustion 

process with high turbulence intensity, and compression 

pressure. For the system inside the cylinder of the engine, at 

high compression pressures and turbulence intensity for 

combustion, the fuel´s exergy and the fuel´s entropy are also 

high. In general, according to equation 15, fuels that get the 

highest entropy at the KT have the highest exergy in SI engines. 

For similar reasons, gases have greater entropy than liquids, 

resulting that, gaseous fuels have greater exergy than liquid 

fuels, and greater exergy efficiency according to Otto cycles 

principles. 

 
Figure 8 Fuel´s entropy and ƞ𝐎𝐭𝐭𝐨 vs. fuel´s MN. 

 
Figure 9 Fuel´s entropy and ƞ𝐪𝐓 vs fuel´s MN. 

Results of the methodology to estimate exergy efficiency of 

liquid and gaseous fuel in SI engines. 

Table 1 in the appendix presents the data used for estimating 

the exergy efficiency of some liquid and gaseous fuels. The 

present research tested gaseous fuels with MNs between 37-

140, also, using Eqns. 6 and 10 are estimated the equivalent 

RON and MON. Besides, test data from other research in the 

same type of CFR engines were used for eight liquid fuels 

(gasoline) with RONs between 0-109, also their equivalent 

MON and MN~ were calculated using these equations. Then, 

the maximum thermal efficiency limited by knocking resistance 

could be estimated in terms of 𝛾, and MN or RON, using ƞqMN 

or ƞqRON  depending on the kind of fuel. Also, maximum 

thermal efficiency by chemical composition could be estimated 

in terms of ƞqH/C, relating to the availability to produce work 

of liquid and gaseous fuels.  

The methodology proposed defines that exergy and entropy of 

fuels are correlated for EE generation at the KT with fuel´s Tad, 

and ƞqT or ƞOtto. Besides, the exergy efficiency for Otto cycles 
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in SI engines for gaseous, and liquid fuels is based on ƞqT , 

estimating the availability to produce work by the fuel´s energy 

quality (by the fuel´s physicochemical properties relative to 

methane), and limited by the fuel´s knocking resistance (MN). 

Figure 10 presents exergy efficiency for liquid and gaseous 

fuels for Otto cycles. Liquid and gaseous fuels are ordered from 

left to right increasing RON or equivalent (RON~) beginning 

with n-heptane (RON0) and finishing with biogas 

(MN140/RON~171). According to the methodology for 

estimating exergy efficiency in SI engines, methane 

(RON~143) has the highest exergy efficiency (ƞqT=54.1%) of 

all the fuels because it has the highest H/C ratio (4/1) combined 

with a high knocking resistance (MN100/RON~143). Fuel 

RON~141 has the second place with ƞqT=53.7%, this fuel is a 

kind of biogas blend with 36% methane and 10% hydrogen (see 

table 3 in the appendix for fuel composition and main 

properties), and it exhibited high exergy efficiency due to its 

high MN97, and the increased H/C ratio due to the hydrogen 

addition, which improves fuel´s SL, turbulent flame speed, and 

reduces heat losses to rise thermal efficiency and engine 

performance. Biogas B (RON~157) was 3rd with ƞqT=53.6% 

because it has a good balance between chemical composition 

(80%CH4/20%CO2), H/C ratio, 𝛾 , and its high knocking 

resistance (MN120). RON147~ was 4th  with ƞqT=53.4%, this 

fuel is a biogas blend with 38% methane and 5% hydrogen, 

which exhibited high exergy efficiency due to its high MN105, 

and the increased H/C ratio due to the addition of hydrogen.  

Biogas A (RON~171) is 5th with a typical chemical composition 

(60%CH4/40%CO2) with high ƞqT  (53.3%) due to it has the 

highest ƞqMN =58.9% related with the highest knocking 

resistance (CCR=18:1 and MN140) of all the fuels, due to its 

high CO2 concentration, but the CO2 decreases the H/C ratio 

and reduces ƞqH/C=47.7% which diminishes the averaged ƞqT, 

also, this fuel requires high turbulence and pressure for 

combustion due to its low SL and ED. 

 
Figure 10 Fuel´s exergy efficiency (nqT), nqMN/ nqRON vs. 

fuel’s RON. 

Premium gasoline is 6th with a high RON98, it has a good 

balance between H/C ratio and 𝛾 . Midgrade and regular 

gasoline are 7th and 8th, with RON93 and RON91, respectively, 

exhibiting lower knocking resistance than premium gasoline. 

Gaseous fuels (MN64/RON~117) and (MN65/RON~118), are 

blends of biogas with propane and hydrogen, are 9th and 10th 

respectively, due to their low 𝛾 , and medium knocking 

resistance due to the propane concentration and the hydrogen 

addition. A liquid renewable fuel as ethanol is 11th with the 

highest RON109 of liquid fuels, with a high H/C ratio but a 

lower 𝛾 (1.25). MN66/RON~119 is a fuel blend of biogas with 

propane, it is 12th with a low 𝛾 and a low H/C ratio. Kerosene 

A and B are 13th and 14th, both have a low RON50 and RON40 

respectively, and low H/C ratios. Propane (MN37 RON~99) is 

15th due to its low 𝛾 and the lowest MN of the gaseous fuels 

tested; in some countries, this fuel is used as fuel for engine cars 

to substitute gasoline (~RON) using engines with CR close to 

9:1 with similar output power but with lower thermal 

efficiencies. n-hexane and n-heptane are the last 16th and 17th, 

with the lowest RONs of 24 and 0, as well as the lowest 𝛾.  

The methodology for the estimation of exergy efficiency allows 

the comparison of liquid and gaseous fuels. Gaseous fuels like 

biogases (MN120-MN140), and fuel blends of biogas with 

hydrogen (MN97 and MN105) are known as alternative fuels. 

These fuels have high equivalent RONs>135, resulting in 

higher exergy efficiency than the most common liquid fuels, 

such as gasoline (RONs between 91 and 98), ethanol 

(RON109), and kerosene (RON50 and RON40. Methane and 

alternative fuels exhibited to have higher octane, (~RON), and 

exergy efficiency than gasoline in SI engines. These fuels could 

be more powerful than oil-derived fuels because of their high 

knocking resistance and combustion properties. Also, methane 

and alternative fuels produce lower pollutant emissions due to 

their light chemical composition and low flame temperature. 

Methane and alternative fuels require lower air quantity for the 

combustion process as the ED is lower than that of liquid fuels. 

Tad for alternative fuels is lower than one of the oil-derived 

fuels, guaranteeing lower NOx emissions. Gases have greater 

entropy than liquids, resulting that gaseous fuels have greater 

entropy than liquid fuels, and according to equation 15, gaseous 

fuels have greater exergy than liquid fuels in SI engines because 

they can be burnt at higher pressures and turbulence. The 

proposed methodology for SI engines concludes that the fuels 

that get combustion at the highest entropy (conditions of high 

pressure, temperature, and turbulence) without knocking are the 

fuels that have the highest exergy. The environmental and 

social impact of this study is that it positions biogases 

(renewable fuels) as the greatest potential exergy fuels 

operating in SI engines with high CR, seeking a paradigm shift. 

New proposals for future research are, presenting a theoretical-

experimental model for the octane, entropy, and exergy of fuels 

in SI engines, and scaling the results for the design and 

conversion of a 50 kW diesel engine for biogas SI engine. 

IV. CONCLUSIONS 

It is proposed a novel methodology for estimating fuel`s exergy, 

and exergy efficiency in SI engines for liquid and gaseous fuels 

according to Otto cycles principles. ƞqT for gaseous and liquid 
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fuels was defined, estimating the fuel’s exergy efficiency based 

on the fuel´s chemical composition, but limited by the knocking 

resistance. The novelty of the methodology is based on the 

combination of two scientific methodologies, one to measure 

the fuel`s MN, and the other to estimate fuel`s energy quality. 

Also, it is included data from various fuels tested in CFR 

engines. The main conclusions of the research are as follows: 

- According to the methodology presented, gaseous fuels have 

greater entropy and exergy than liquid fuels. To estimate exergy 

for Otto cycles in SI engines, the equation 𝑿𝒇
̅̅̅̅ = ƞ𝐪𝐓 ∗ 𝑺𝒇 ∗ 𝑻𝒂𝒅 

is proposed to correlate octane, entropy and exergy. Fuels with 

the highest ƞqT  have the highest exergy due to their energy 

quality (high 𝛾, H/C ratio, and low SL, Tad, ED), also due to the 

highest knocking resistance (MN/RON), with the lowest 

pollutant emissions by the low Tad, and lower consumption of 

oxygen from the atmosphere because of the low ED. 

- The unified methodology for estimating the exergy efficiency 

of liquid and gaseous fuel is a complete analysis of engine 

performance, considering the maximum thermal efficiency 

according to thermodynamics laws applied to the Otto cycles, 

and using the fuel´s knocking resistance as the engine 

performance limit.  

- Fuels like biogases with high entropy in their chemical 

composition (due to the complex process of its production) have 

high exergy at the KT because of the high 𝛾, low Tad, low SL, 

low ED, and high knocking resistance (MN), despite the low 

H/C ratios; it agree with thermodynamics laws applied for the 

Otto cycles principles because biogases can be burnt at the 

highest CCR and turbulence intensities with high TA and PA. 

- The combustion process at high compression pressures and 

high turbulence intensities results in high entropy of the system 

in-cylinder for high exergy release. Alternative fuels with high 

equivalent RONs (>135) have higher exergy efficiency than 

types of gasoline. Alternative fuels are cleaner with lower 

pollutant emissions and require less air for combustion due to 

the lower fuel´s ED. Methane (MN100/RON~143) and biogases 

(RON~157-171) have higher exergy efficiency than gasoline 

(RON91-98), ethanol (RON109), and kerosene (RON50 and 

RON40). For liquid and gaseous fuels, higher octane represents 

higher exergy. 

- ƞqT is proposed for estimating the exergy efficiency of liquid 

and gaseous fuels, considering the fuel´s energy quality, 

evaluating two effects to determine the engine performance 

limit: fuel’s chemical availability to produce work based on its 

physicochemical properties, H/C ratio, and limited by its 

knocking resistance measured with MN/RON. 

- ƞOtto and ƞqMN are similar in values but were demonstrated that 

ƞqT  estimates better engine performance tendency for EE 

generation in the BSI engine at the KT. ƞqT could predict the 

engine limit, it could help to improve engine design because of 

combustion conditions and the best physicochemical properties 

could be selected for the mixture of air and fuel,  concluding 

that strategies of knocking suppression are the key to increase 

SI engine performance and reduce emissions.  
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V. APPENDIX  

Table 1 Fuel´s MN/RON, composition, and properties. 

 

 
Figure 11 Correlation between fuel´s MN and CCR tested in 

CFR engine for gaseous fuels. 

Table 2 List of acronyms. 

 
 

Table 3 Fuel composition and main properties. 

 
 


