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Abstract 

The exergy loss in laminar premixed flames of syngas is investigated by analyzing 

the local entropy generation. Particularly, the effects of the change in the H2 molar 

ratio in H2-CO mixture at two different temperature values (300 and 600 K) and at 

both atmospheric and high pressure (50 atm) conditions are deepened identifying 

both the mainly responsible process for exergy loss and the factors that can positively 

affect the performance of the syngas combustion. It is shown that the chemical 

reactions are not always the main contribution to the total entropy generation (i.e. to 

exergy loss) but the roles of the chemical reactions and heat conduction are strongly 

affected by pressure. Furthermore, it is underlined that the hydrogen content in 

syngas negatively affects the exergy loss while pressure increase has positive effects.  

 

Introduction 

Synthesis gas (syngas), ideally a mixture of hydrogen and carbon monoxide obtained 

by gasifying various feedstocks (such as coal, biomass or waste), is an effective 

alternative fuel that can be used in a wide range of applications [1,2]. However, 

feedstock and gasification process significantly affect the composition of syngas and, 

consequently, the combustion characteristics of this fuel [2]; the variation of 

hydrogen content changes the flame structure and introduces adverse effects on the 

emissions, blow-off and flashback limit, and combustion instability [3]. 

Thus, thorough investigations of the characteristics and efficiency of combustion 

processes of syngas (especially with varying composition) are necessary [2,3].  

The second law (entropy production) analysis is effective in evaluating exergy losses 

and, therefore, in improving the performance of energy conversion systems and 

combustion processes [4,5]. Studies on power generation systems involving 

combustion processes clearly underline that the major part of the exergy loss is due 

to these processes (to deepen see the review of Som and Datta [5]). 

As suggested by Nishida et al. [4], the analysis of the local entropy generation can 

be conducted in order to identify the causes of the large exergy loss in the combustion 

processes. In these processes as well as in multi-component reactive processes the 

entropy generation is due to four irreversible phenomena: viscous dissipation, heat 

conduction, mass diffusion, and chemical reaction [6]. 

This study aims to investigate the exergy loss in laminar premixed flames of syngas. 

Particularly, the effects of the change in the H2 molar ratio in H2-CO mixture at two 
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different temperature values (300 and 600 K) and at both atmospheric and high 

pressure (50 atm) conditions are, here, deepened identifying both the mainly 

responsible process for exergy loss and the factors that can positively affect the 

performance of the syngas combustion. 

 

Methodology  

The laminar premixed planar flame propagation of syngas/air mixtures is computed 

by using the CHEMKIN software package. The detailed mathematical formulation 

of the governing equations and boundary conditions of the freely-propagating 

premixed flame model can be found in [7]. The transport properties are evaluated 

using the mixture averaged transport models (see for details [7]). 

The computational domain is set to 0.12 m (120 mm) from -0.02 to 0.1 m. In order 

to ensure high accuracy, the two adaptive grid controls based on curvature and 

gradient are set to 0.005 and 0.002, respectively (the maximum number of grid points 

allowed is 5000). 

Three H2-CO mixture are considered: 25%H2-75%CO, 50%H2-50%CO, 75%H2-

25%CO (by volume). Moreover, comparisons with pure hydrogen premixed flames 

are made.  

The detailed chemical mechanisms consisting of 14 species and 30 reactions 

(including detailed thermodynamic and transport data) developed by [8] is used to 

model syngas combustion. 

The local entropy generation in irreversible multi-component reactive processes can 

be quantitatively evaluated following the approach proposed by Hirschfelder et al. 

[6]; it can be written as [9] (the contribution due to viscous effect is negligible in 

premixed flames as shown in [4,9]):  

• Heat Conduction 
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• Chemical Reactions 

𝛾𝑟𝑒𝑎𝑐𝑡 = −
1

𝑇
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These quantities are computed in post-processing (from the flame results) by using 

specifically developed Matlab® functions based on Cantera open-source suite [10].  

The appropriate mixture-averaged diffusion coefficient 𝐷𝑘𝑚 is computed as [7]: 

1
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The total exergy loss is obtained by the Gouy-Stodola theorem [11]: 

�̇�𝑙𝑜𝑠𝑠 = 𝑇0𝛾𝑡𝑜𝑡 (5) 
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Here, 𝛾𝑡𝑜𝑡 =  𝛾ℎ𝑐 + 𝛾𝑑𝑖𝑓𝑓 + 𝛾𝑟𝑒𝑎𝑐𝑡  is the total entropy generation and the subscript 0 refers 

to the exergy reference environment that is assumed to be, in accordance with [12], 

the ideal gas mixture modeling Earth’s atmosphere reported in Table 1.  

 

Table 1. Molar Fractions and standard chemical exergy at P0 = 101,325 Pa and T0 

= 298.15 K of constituents of the reference environment. 

Substance Partial Pressure [kPa] Molar Exergy [kJ/mol] 

N2 75.78 0.72 

O2 20.39 3.97 

CO2 0.0335 19.87 

H2O 2.2 9.49 

Ar 0.906 11.69 

Others 2.0155 - 

  

The total exergy loss ratio is calculated as [9]: 

𝐸𝑙𝑜𝑠𝑠 =
𝑇0 ∫ 𝛾 ⅆ𝑥

𝐸𝑓
 (6) 

where 𝐸𝑓 is the initial chemical exergy carried by the fuel-air mixture. It is defined 

as the product between the chemical exergy per unit mass of the unburned mixture, 

the density of the unburned mixture and the laminar flame speed: 

𝐸𝑓 = 𝐸𝑢𝜌𝑢𝑆𝐿 (7) 

 

Results 

Figure 1 shows the entropy generation rates due to heat conduction, mass diffusion, 

and chemical reactions and the temperature profile of premixed laminar flame of 

hydrogen/air and 50%H2-50%CO/air mixtures at stoichiometric conditions, inlet 

mixture temperature of 300 K and atmospheric pressure.  

 
Figure 1. Entropy generation and temperature profile of premixed laminar flame at 

φ = 1, P = 1 atm and at Tu = 300 K: H2 (left), 50%H2-50%CO/air (right). 
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The Fig. 1, in accordance with the result of Nishida et al. [4], shows that temperature 

and the entropy generation contributions sharply rise at the main reaction zone. 

Furthermore, it is evident that the entropy generation due to chemical reactions is the 

most important contributions to the total entropy generation for both the fuels 

considered. Indeed, it more than doubles the contribution due heat conduction for 

the pure hydrogen/air mixture and it is about 50% larger than heat conduction 

entropy generation for 50%H2-50%CO/air mixture. The contribution of mass 

diffusion is significantly smaller than the chemical reaction and heat conduction. 

Figure 2 shows the exergy loss ratio from each source in the premixed flames of 

syngas for different hydrogen content at atmospheric and elevated pressures (P = 50 

atm) and at Tu = 300 K and Tu = 600 K. 

 
Figure 2. Exergy loss from each source in the premixed flames of syngas for 

different hydrogen content at P = 1 atm and P = 50 atm and at Tu = 300 K and Tu = 

600 K. 
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The exergy loss ratio for each case studied is computed by considering the 

numerically predicted burning velocities reported in Table 2. 

 

Table 2. Laminar flame speed [m/s] of the premixed flames analyzed for different 

hydrogen content at P = 1 atm and P = 50 atm and at Tu = 300 K and Tu = 600 K. 
 Pressure 1 atm Pressure 50 atm 

 Tu = 300 K Tu = 600 K Tu = 300 K Tu = 600 K 
100% H2 2.236 7.165 0.448 2.203 

75%H2-25%CO 1.654 5.615 0.338 1.459 

50%H2-50%CO 1.165 4.054 0.271 1.051 

25%H2-75%CO 0.760 2.581 0.214 0.758 

 

The Fig. 2 clearly underlines that the reduction of hydrogen content in syngas 

reduces the total exergy loss ratio. The same effect can be seen increasing the inlet 

mixture temperature. Instead, the increase in pressure has a disadvantageous effect 

on the total exergy loss ratio. It is worth to note that heat conduction contribution to 

the total entropy generation significantly increases with pressure up to become 

greater than the contribution due to chemical reactions at 600 K and 1 atm.  

 

Conclusions 

In this work the entropy generation and exergy loss have been analyzed for syngas 

premixed flames at different pressures and temperatures. Some important 

conclusions can be derived: 

• the exergy loss increases with increased hydrogen content, mostly due to the 

contribution of chemical reactions;  

• at low pressure, the most important contribution to the total exergy loss is 

due to the chemical reactions; the increase of inlet temperature scales down 

all exergy loss contributions with a major effect on exergy loss due to heat 

conduction; 

• at high pressure a completely different pattern arises: exergy loss due to heat 

conduction becomes comparable (at 600 K) or predominant (at 300 K) with 

respect the relative contribution due to the chemical reactions, a result not 

commonly observed; by increasing the inlet temperature, only the 

contribution related to heat conduction significantly decreases. 

 

Nomenclature 
𝛾  Entropy Generation Ns Number of chemical species 
𝜆  Thermal conductivity 𝜇  Chemical potential 

T Temperature 𝜔𝑘  Production rate of k-th species 

x Arbitrary distance normal to 

the flame 

𝐷𝑘,𝑗  Binary diffusion coefficient 

  Density �̇�𝑙𝑜𝑠𝑠  Total exergy loss rate 

𝐷𝑘𝑚  Mixture-averaged diffusion 𝐸𝑙𝑜𝑠𝑠  Total exergy loss ratio 
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coefficient  
𝑅𝑘  Gas specific constant of the k-

th species 
𝐸𝑓  Initial chemical exergy carried by 

the fuel-air mixture 

X Mole Fraction of the k-th 

species 
𝐸𝑢  Standard chemical exergy per unit 

of mass of the unburned mixture 

Y Mass Fraction of the k-th 

species 
𝑆𝐿  Laminar flame speed 
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