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Abstract 

 

The release of waste oil into the environment will have destructive effects. Gasification is an advanced and 

environmentally friendly process for converting waste oils into clean combustible gas products. Thermochemical 

equilibrium modeling has been used in this method to predict the performance of a downdraft gasifier. This model 

uses the thermodynamic equilibrium of gasification reactions to predict the gases produced in the gas mixture. Having 

the percentage of gas components produced, different characteristics of the produced gas including H2:CO ratio, 

process temperature and calorific value of the produced gas, Cold gas efficiencies and carbon conversion efficiency 

are also obtained. The effect of equivalence ratio, oxygen enrichment and pressure on gasification properties is 

analyzed. The simulation results are compared with the reported experimental measurements through which the 

numerical model is confirmed. The results indicated that the equivalence ratio (mole of air in gasification per mole of 

air in combustion) between 0.4 and 0.42 had the potential to yield the highest calorific value about 10.5 Mj.m-3. The 

temperature of gaseous mixture in this range will be 2000 K that can be used for other processes such as steam 

generation. Using pure oxygen instead of air reduces the efficiency of the gasifier from 78% to 55%. Pressure changes 

from 10 to 65 bar cause gas mixture temperature changes from 1684 to 1690 Kelvin. The H2:CO ratio decreases from 

1.6 to 0.6 with increasing equivalence ratio and increases from 1.2 to 1.6 with changes in oxygen enrichment. 
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1. Introduction 

Internal combustion engines need lubricating oils to 

operate. The increasing use of internal combustion engines 

has led to an increase in the amount of waste oil (WLO) 

worldwide. The production of waste lubricating oil is 

estimated at 24million tons annually worldwide [1]. and 45 

million gallons per year in Florida alone [2]. About 60% of 

the lubricating oil produced is converted into waste oil [3]. 

Lubricating oils are used to reduce friction and wear between 

rotating engine components [4]. Lubricating oil is one of the 

distillation parts of crude oil, but joinery brands are obtained 

in a mixture [5]. This oil is composed of a large number of 

organic compounds and some heavy metals [6, 7]. Viscosity 

is considered as the most important property of lubricating 

oil [8]. Over time, lubricating oils lose their viscosity and 

become unsuitable for use in the engine [9]. The chemical 

composition of used lubricating oil varies widely and 

depends on the original crude oil, the refining processes, the 

efficiency of engine that used the oil and to the original oil, 

and the duration of use of engine oil. Lube oils are designed 

to withstand very high service temperatures in the internal 

combustion engines and resist thermal degradation [2]. 

Elemental analysis of a sample of waste engine oil indicated 

13.28 wt.% hydrogen (See Table 1) content. It is twice the 

hydrogen available in wood biomass and about three weight 

percent heavier than vegetable oils. The high amount of 

hydrogen content in waste engine oil makes it a valuable raw 

material for hydrogen production. Releasing WLO into the 

environment poses a peril to it. The study of recycling and 

reuse techniques is not only an effort to recover energy but 

also a struggle for environmental sustainability. WLOs can 

also be used as raw materials for the thermochemical 

conversion process to produce useful products. Such 

processes include pyrolysis and gasification [10]. The use 

of lubricating oil as a raw material for hydrogen production 

is desirable because it is cheap and available throughout the 

year [2]. Used oil is available all year round without any 

seasonal fluctuations at a relatively low cost for example 

typically 10 cents/gallon delivered in Florida [2]. The 

gasification process is a partial thermal oxidation, Which 

leads to gaseous products (carbon dioxide, hydrogen, carbon 

monoxide, water vapor, methane and other gaseous 

hydrocarbons) and small amounts of coal, ash and 

condensable compounds [11]. The quality of gas produced 
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from gasification varies as a function of the gasifier agent 

(air, oxygen, steam, carbon dioxide or a mixture of them) and 

operating conditions. Installing small, low-cost, and efficient 

gasifier-engine systems can be an attractive alternative to 

direct combustion, taking into account achievable electrical 

efficiency and storage and transportation costs [12]. The 

produced gas, after cleaning and air conditioning, can be 

used as fuel in gas engines and turbines due to its acceptable 

thermochemical combustion properties (flame speed and 

knock  tendency) [13]. Gasification is also considered as a 

cleaner and more efficient technology than combustion, 

because it enables higher electrical functions on a smaller 

scale and due to its very acceptable combustion properties 

combined with a typical Rankin cycle [14], less NOX and 

SOX emissions, And the possibility of CO2 capture [15]. 

However, gasification must overcome a number of obstacles 

to commercialization. Important issues such as the removal 

of particles in the exhaust gas, issues related to the 

production and pre-treatment of biomass raw materials, 

while in the case of waste oil this cost is less. In order to 

optimize the gasification process, a better understanding of 

the effect of inlet fuel properties and parameters of 

gasification operation on the quality of gas produced and 

gasification performance is required [16].  Therefore, it is 

necessary to discover and understand the main mechanisms 

of gasification. As a result, simulation of gasification 

processes is required for scaling, industrial control strategies, 

and performance evaluation after modifying the operating 

conditions [17]. Compared to the direct construction of 

experimental units, mathematical modeling of a gasification 

process is a relatively quick and economical solution. 

Mathematical models, based on theoretical and experimental 

work and practical operations are used for the purpose of 

analyzing thermochemical processes during gasification and 

evaluating the effect of the main input variables on the 

properties of gas products (i.e., gas composition and calorific 

value) [17]. Different kinds of models have been developed 

for gasification systems, including computational fluid 

dynamic (CFD), artificial neural networks (ANN), 

thermodynamic equilibrium and kinetic models [18]. 

The comparison of different mathematical models 

showed that the thermodynamic equilibrium model, is the 

simplest and can be used as an effective primary tool to 

analyses the effect of process parameters and different fuel 

types on a gasification process. Thermodynamic equilibrium 

model, opposing to kinetic, ANN and CFD models, are 

characterized by a higher level of flexibility and 

applicability. Moreover, less computational intensity is 

required in a thermodynamic equilibrium model [19]. These 

models calculate the composition at the highest stability of 

the products of a reaction, a condition defined as 

thermodynamic equilibrium which is met at the level of the 

products minimum chemical potential [20]. In practice, the 

lack of ideal conditions along with design restrictions, e.g. 

retention time, prevent the output products to reach 

thermodynamic equilibrium [21]. In this regard, these 

models usually overestimate the yields of H2 and CO, 

underestimate those of CO2, and predict an outlet stream free 

from CH4, tars, and charcoal. Nonetheless, thermodynamic 

equilibrium calculations, which are also independent of 

gasifier design, may provide useful insights, e.g. the 

influence of the most important process parameters. Further, 

the long residence time needed in fixed bed gasifiers suggest 

that the process propagate at a rather slow rate while the 

producer gas composition in practice ends up not too far from 

equilibrium [22]. For fluidized bed gasifiers, the average bed 

temperature can be used as the process temperature, whereas 

for downdraft gasifiers, the outlet temperature at the throat 

exit should be used [23]. 

Sharma et al. [24] examined how changes in humidity, 

pressure, equivalence ratio, and initial reactor temperature 

affected exhaust gas components, calorific value, 

temperature, and efficiency of gasification. Shen et al. [25] 

used Aspen Plus for biomass gasification modeling and 

investigated the optimal hydrogen production conditions. 

Mountouris et al. [26] focused on modeling Plasma 

gasification using constant equilibrium equations and the 

soot formation in the output products and investigated the 

effect of gasification parameters on solid waste gasification. 

Jarungthammachote et al. [27] used a thermodynamic 

equilibrium model based on the equilibrium constant to 

investigate the gases produced from the downdraft 

gasification process and investigated the effect of biomass 

moisture on the mole fraction of the gaseous components. 

Ashizawa et al. [28] studied experimentally the effect of 

various parameters such as an equivalence ratio, cold gas 

efficiency, calorific value of the produced gas and the 

exhaust gas mixture composition in a pilot downdraft 

gasifier. Beheshti et al. [29]  used thermodynamic modeling 

to evaluate waste lubricating oil’s gasification by minimizing 

the Gibbs free energy and these parameters in the 

gasification process: pressure, inlet vapor and equivalence 

ratio. Beheshti et al. [30] presented a mathematical equations 

for modeling the catalytic steam gasification of heavy oil, 

aiming to investigate the effect of gasification temperature, 

gasification pressure, steam to fuel ratio and the ratio of 

catalyst to fuel on the volume percentage of exhaust gas 

mixture’s components. By using a thermodynamic 

equilibrium model, Khaleghi et al. [31] studied mazut 

gasification a heavy fuel oil with a high percentage of sulfur, 

assessed it’s equivalence ratio and investigated the use of 

steam as a gasification agent. Santiago et al. [32] studied 

thermochemical conversion as an alternative oil sludge 

process and explored various gasifying agent’s effects on 

syngas properties. The downdraft gasifier and gas engine 

with industrial olive oil was studied by Vera et al. [33]. 

Results indicated such system’s ability to ensure power 

efficiency of 14%, the overall efficiency of 36%, and high 

gasification efficiency. Sanchez-Hernandez et al. [34] 

focused on different options to upgrade engine oils by 

gasification using steam and supercritical water. This 

method converts more than 85% of oil into valuable gases. 

Couto et al. [35] performed numerical and experimental 

modeling of municipal solid waste gasification process 

analysis. A two-dimensional multiphase model has been 

integrated with chemical reactions for the gasification 

process. The Computational Fluid Dynamic (CFD) Fluent 

framework has been used to develop the numerical model. 

Ruggiero and Manfrida. [36] presented a simple model for 

biomass gasification considering the Gibbs free energy and 

emphasizing the potential of using the equilibrium model. 

Melgar et al. [37] Modeled biomass gasification and 

investigated the effect of moisture content in biomass and the 

effect of air to fuel ratio on the adiabatic temperature of 

gasification, distribution of production gas components and 

gasification efficiency. 

Prins et al. [23] investigated The gasification process 

with a chemical equilibrium model and showed that the 

equilibrium model indicates the highest gasification 

efficiency that can be achieved for a fuel. Altafini and 
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Mirandola. [38] studied coal gasification based on chemical 

equilibrium using Gibbs free energy minimization method. 

It has also studied the concentration of gases produced and 

the efficiency of gasification and the efficiency of carbon 

conversion. Their studies show that the results of chemical 

modeling are close to the experimental results. 

Lapuerta et al. [39] used a chemical equilibrium model to 

predict the concentration of gases produced in gasification as 

a function of fuel to air ratio. Schuster et al. [40] proposed a 

model for the study of biomass steam gasification in the 

Fluidized bed gasification. Their model includes two zones, 

one zone for gasification by steam and other for combustion, 

so that the concentration of gases produced is estimated by 

an equilibrium model using the Gibbs free energy 

minimization method. This model investigates the effect of 

operational parameters such as moisture in biomass, 

gasification temperature and gasification agent on the 

concentration of gases produced, their calorific value and 

process efficiency. Jayah et al. [41] proposed a model for two 

regions, gasification and pyrolysis for the downstream 

gasification. In the pyrolysis section, the composition of the 

produced gas mixture and its temperature are estimated by 

chemical equilibrium. The output results of the first zone will 

obtain the input information of the second zone. In this area, 

it is assumed that the carbon components do not react to the 

bottom of the gas generator and move vertically. This model 

estimates the temperature changes, the composition of the 

components of the produced gas mixture and carbon 

conversion efficiency. This model is in good agreement with 

the experimental data in the downstream gasifier. In this 

model, sensitivity analysis is performed on different biomass 

sizes, changes in biomass humidity, air inlet temperature, 

and heat loss. The result of this analysis is to obtain the 

optimal length of the gasifier in order to increase the 

efficiency of biomass to gas conversion. Di Blasi. [42] has 

considered a dynamic one-dimensional model in the solid 

phase and the gas phase for the downstream gas generator. 

Such things as water evaporation, pyrolysis, combustion and 

carbonation of carbon in biomass, gas phase combustion and 

heat transfer during gasification also effect of air to fuel ratio 

on efficiency of the gasification process and the 

concentration of exhaust gases and their quality. Rao et al. 

[43] investigated the irreversibility of a downdraft gasifier 

and evaluated it for various biomasses. 

The novelty of the work is to apply a systematic approach 

using thermodynamic concepts to model and simulate the 

gasification process of waste engine oil using mathematical 

equations. The results of the simulation were compared with 

the experimental data with high accuracy. After validation, 

the results used the model to predict the gasifier's behavior 

in the gasification of waste oils. Furthermore, the sensitivity 

analysis of main parameters and operating conditions were 

investigated. 

 

2. Mathematical modeling 

In order to establish the chemical equilibrium, sufficient 

time is taken for the reactions to take place, so the effect of 

the velocity factor on the reactions will not be considered. 

gasification products will be only gaseous components and 

carbon components remain. Exhaust gas mixture includes 

hydrogen, carbon monoxide, carbon dioxide, methane, water 

vapor, and nitrogen. Gaseous components such as nitrogen 

oxides, sulfur oxides have been eliminated due to their very 

small amount in the experimental results. 

 The gasification process operates at constant pressure. 

The heat transfer rate from the gasification reactor is 6% of 

the fuel's high calorific value in the dry state. The produced 

gas mixture and its components are assumed to be ideal gas. 

The general equation of gasification is as follows: 

 

(1) 

 𝐶𝐻𝛼𝑂𝛽𝑁𝑧 + 𝑤𝐻2𝑂 + 𝑠𝐻2𝑂

+ 𝑚(𝑂2 + 3․76𝑁2)

→ 𝑥1𝐻2 + 𝑥2𝐶𝑂 + 𝑥3𝐶𝑂2

+ 𝑥4𝐻2𝑂 + 𝑥5𝐶𝐻4

+ (
𝑧

2
+ 3.76𝑚) 𝑁2 + 𝑥6𝐶  

  

w, s, m, x1 to x5 and x6 are mole of moisture per one mole of 

fuel, mole of steam, mole of air that is needed in gasification, 

mole number of gaseous productions and mole number of 

carbon respectively. Extra equations of gasification 

modeling are in Appendix A. The final equations will have 

six unknowns in the presence of carbon in the output 

products and five unknowns in its absence. To find all of 

them, chemical equilibrium constant equations are needed. 

To model the gasification process, five key reactions have 

been considered, three of which contain the carbon 

component and the other two contain no carbon. The 

equilibrium constant of these reactions and the relevant 

equations for finding equilibrium constants are in Appendix 

A. 
 

𝐶 + 𝐶𝑂2 ↔ 2𝐶𝑂  (2) 

𝐶 + 𝐻2𝑂 ↔ 𝐻2 + 𝐶𝑂  (3) 

𝐶 + 2𝐻2 ↔ 𝐶𝐻4  (4) 

CO + 𝐻2𝑂 ↔ 𝐻2 + 𝐶𝑂2  (5) 

𝐶𝐻4 + 𝐻2𝑂 ↔ CO + 3𝐻2  (6) 

 

Here are two equations of equilibrium constants for 

water-gas reactions and methane reforming: 

  

(7) 

𝐾𝑤𝑎𝑡𝑒𝑟𝑔𝑎𝑠 𝑠ℎ𝑖𝑓𝑡 =  exp (1.86 ln 𝑇 − (5.4 ×

10−4)
𝑇

2
+

116400

2𝑇2 − 18.0173 −
−4.8826×104

𝑅𝑢𝑇
)  

 

(8) 

𝐾𝑠𝑡𝑒𝑎𝑚 𝑟𝑒𝑓𝑜𝑟𝑚𝑖𝑛𝑔 = exp (7.9510 ln 𝑇 −

0.0087
𝑇

2
+

 2.1640×10−6

6
𝑇2 −

9700

2𝑇2 − 24.7515 −

1.8977×105

𝑅𝑢𝑇
)  

 

In real gasification conditions, the reactions do not reach 

chemical equilibrium due to velocity constraints.  

Therefore, the modeling results will deviate slightly from 

the experimental results. By multiplying the equilibrium 

constant by coefficients obtained by comparing experimental 

values and modeling, the amount of this deviation can be 

reduced by this method by other researchers such as 

Jurangtamachut et al. [7]. Has also been used. The energy 

balance equation can be used to find the gasification 

temperature for this purpose, the following equation will be 

established:  
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(9) 
∑ 𝑛𝑖(𝐻𝑓𝑖

0 +∆𝐻𝑇𝑖
0 )𝑖=𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 =

∑ 𝑛𝑗(𝐻𝑓𝑗
0 +∆𝐻𝑇𝑗

0 )𝑗=𝑝𝑟𝑜𝑑𝑢𝑐𝑡                                             

 

Based on the formula, the value of 𝐻𝑓
0 is equal to the 

standard enthalpy of formation for the reactant and the 

product. The value of  ∆𝐻𝑇 
0  refers to the enthalpy difference 

between 298 K and the gasification temperature, and this 

value will be zero for reactant since they are at 298 K. The 

difference in enthalpy of the gaseous components of the 

product is determined by using Eq. (10)  

 

∆h = (∫ Cpd𝑇
T

298
)   (10) 

 

T represents the outlet gasification temperature. A 

standard enthalpy formation of fuel is derived from this 

equation [44]: 

 

ℎ𝑓𝑢𝑒𝑙
0 = 𝐿𝐻𝑉𝑓𝑢𝑒𝑙 +

1

𝑀𝑓𝑢𝑒𝑙
∑ 𝑛𝑘ℎ𝑓.𝑘

0   (11) 

 

In the above Eq. 𝑛𝑘  denotes the mole number of gaseous 

products in the complete combustion of the fuel. ℎ𝑓.𝑘
0  is the 

amount of enthalpy of formation of gaseous components in 

complete combustion. 𝐿𝐻𝑉𝑓𝑢𝑒𝑙  or lower heating value of fuel 

can be calculated using the following equation. [27]: 

 

𝐿𝐻𝑉𝑓𝑢𝑒𝑙 = 𝐻𝐻𝑉𝑓𝑢𝑒𝑙 − 𝑚ℎℎ𝑓𝑔  (12) 

 

𝑚ℎ denotes the mass fraction of hydrogen in the dry 

analysis of the fuel and the value of ℎ𝑓𝑔 denotes the enthalpy 

of water vaporization under standard conditions. An 

experimental equation  has been proposed by Chaniwala et 

al. [44] to estimate the high calorific value of the fuel. This 

equation is applicable for finding higher calorific value of 

liquid fuel and was used by some researchers. [29, 30, 45, 46  

, 47, 48]: 

 

𝐻𝐻𝑉𝑓𝑢𝑒𝑙 = (0.3491)𝐶 + (1.1783)𝐻 + (0.1005)𝑆 −

(0.1034)𝑂 − (0.0151)𝑁 − (0.0211)𝐴  
(13) 

 

The coefficients C, H, S, O, N, A represent the mass 

percentage of carbon, hydrogen, sulfur, oxygen, nitrogen and 

ash in the dry inlet fuel. These equations are a set of nonlinear 

polynomial equations that can be solved using the Newton-

Raphson method.  

This method solves the equations by the process of 

repetition and using the initial guess. For this purpose, the 

initial value for gaseous moles and gasification temperature 

are guessed and by calculating the equilibrium constant, the 

values of gaseous moles are included in the equations and 

new values are obtained by solving them, then these new 

molar values are placed in the energy balance equation For 

finding new temperature, if the temperature obtained is very 

slightly different from the initial guess temperature, the 

solution will be stopped and the answers will be obtained. 

Otherwise, the new temperature obtained will be replaced by 

the initial guess temperature and the solution steps will be 

repeated until The difference between the new temperature 

and the previous temperature be very small. The coding of 

these equations is done in MATLAB software, which is a 

suitable platform for solving mathematical equations. The 

path of the solution method can be seen as a flowchart in 

Figure 1. 

 

3. Results and Discussion 

3.1. Validation 

This study compared simulation results with the 

experimental results provided by Ashizawa et al. [28] to 

validate the simulation. The type of fuel and the operation 

conditions, like the gasifier pressure and inlet temperature, 

will be in accordance with the reference article and after 

validation the type of fuel will be changed into waste engine 

oil. General inlet fuel information and dry fuel analysis can 

be found in Table 1. As the table shows, the percentage of 

carbon, hydrogen, oxygen and nitrogen in the waste oil is 

very close to its corresponding values in Orimulsion, so the 

waste oil fuel can be used in this mathematical modeling [29, 

47]. By adding a new fuel to the model, the effective 

performance parameter such as pressure changes, 

equilibrium ratio and oxygen enrichment will be 

investigated. 

Table 2 shows that the modeling results are very close to 

the experimental results, and this indicates the validity of the 

modeling performed in this paper. The error value is 

measured by the RMS error, which is shown below: 

 

Figure 1. The calculation procedure. 
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𝑅𝑀𝑆 = √(
∑ (𝑟𝑖𝑒𝑥𝑝−𝑟𝑖𝑚𝑜𝑑)

2𝑛
𝑖=1

𝑛
)

2

  (14) 

 

Table 1. Input fuel information used in the gasification 

process. 

 

In the above expression 𝑟𝑖𝑚𝑜𝑑, 𝑟𝑖𝑒𝑥𝑝 and n represents the 

molar value of gaseous components in the model, 

experimental results  and the number of gaseous components 

produced, respectively. According to Jarongtamachut et 

al.[27], the error in the results achieved by comparing the 

numerical modeling to experimental results can range 

between 0.88 to 3.91. Therefore, the mathematical modeling 

of waste oil gasification has an acceptable level of error, as 

presented in Table 2. The waste engine oil is then used as a 

gasifier inlet fuel. In Table 3 gasification conditions and 

modeling results for gasification with waste engine oil are 

investigated. As can be seen, the volume percentage of 

hydrogen, carbon monoxide and methane gases in the 

gasification of waste oil is higher than the gasification of 

orimulsion and the calorific value of the produced gas will 

be higher. 

Table 2. Comparison of modeling and experimental 

gasification results of Orimulsion [28]. 

Operating Condition 

Equivalence ratio  0.38 

Pressure  18.75 atm 

Gasification Agent  Pure Oxygen 

Flue Gas Analysis   

 
Experimental 

Results 
Simulation Results 

H2 39.40 % 38.82 % 

CO 38.70 % 40.94 % 

CO2 8.67 % 7.86 % 

H2O 11.85 % 1.25 % 

CH4 0.08% 10.90 % 

N2 0.38 % 0.16 % 

HHV(MJ.kg-1) 9.5-10.5 10.62 

RMS error  1.1942 

Temperature (K) 1348 1343.6 

Table 3. Results of modeling the gasification of waste engine 

oil. 

Operating Condition  

Equivalence ratio 0.38 

Pressure  18.75 atm 

Gasification Agent Pure Oxygen 

Simulation Results  

H2 42.55 % 

CO 43.42 % 

CO2 4.857 % 

H2O 4.85 % 

CH4 7.713 % 

N2 0.26 % 

HHV(MJ.kg-1) 11.3804 

Temperature (K) 1390 

 

 

To evaluate the performance of gasification, equivalence 

ratio, oxygen enrichment and pressure change of gasification 

are studied. Equivalence ratio is the ratio of oxygen or air 

required for gasification to the ratio of oxygen or air required 

for complete combustion: 

 

 

M= 
Oxygen gasification

Oxygen combustion
 (15) 

 

 

The parameters studied in the gasification process are: 

temperature, percentage of gas mixture components, cold gas 

efficiency, calorific value of the produced gas and carbon 

conversion efficiency. First, the effect of changing the 

equivalence ratio on the parameters of gasification is 

examined. 

 

 

3.2. Equivalence ratio 

In this section, the value of equivalence ratio will change 

from 0.3 to 0.6 and the molar changes and volume percentage 

of the produced gases as well as the amount of temperature 

changes and other gasification characteristics will be 

examined. Figure 2. shows the amount of change in moles of 

gaseous produced. The figure shows that the amount of 

carbon in the gasification process decreases with increasing 

equivalence ratio and this decrease is almost linear. This 

reduction in carbon moles can be explained by the equations 

used to model this process, as the partial combustion rate of 

the carbon in the fuel increases with increasing value and the 

production of carbon dioxide and water vapor increases and 

the temperature of the gas mixture increases and provides 

suitable conditions for the gasification process. With the 

increase of heat due to partial combustion of carbon and the 

endothermic nature of  Eq. (2) and (3), these two reactions 

will take place and the production of carbon monoxide and 

hydrogen will increase. Eq. (4) is also exothermic, so a small 

amount of hydrogen is consumed and converted to methane. 

This describes the small amount of hydrogen reduction and 

the production of small amounts of methane in Figure 2. As 

can be seen from Figure 2. by increasing the equivalence 

ratio, in other words, by increasing the amount of oxygen 

input, the process will be closer to combustion in which case 

Proximate Analysis 
Waste lube 

oil[49]. 
Orimulsion[28]. 

Water content 0.62 % 28.8 % 

Ash 1.46 % 0.18 % 

Residual carbon - 12.84 % 

Total-sulfur - 2.81 % 

HHV 53.716 MJ.kg-1 29.76 MJ.kg-1 

Ultimate analysis 

(Dry) 
  

Ash 1.46 % 0.25 % 

C 81.27 % 84.28 % 

H 13.28 % 10.33 % 

O 1.91 % 0.55 % 

N 1.02 % 0.64 % 

S 0.56 % 3.95 % 

Cl 0.05 % 70 mg.kg-1 
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the molar amount of carbon dioxide and water vapor will be 

increased and the amount of valuable gases carbon monoxide 

and Hydrogen will be reduced. 

Due to the fact that with increasing the equivalence ratio, 

the gasification process will be closer to the combustion 

conditions, so the temperature of the gas mixture should 

increase, which is quite visible in Figure 3. Also, according 

to this figure, it can be seen that the calorific value of the 

exhaust gas first decreases and then increases and decreases 

shortly afterwards This can be explained by the molar 

changes of the gaseous components that with increasing the 

equivalence ratio from 0.3 to 0.39, the mole’s number of 

methane and hydrogen has decreased, which will neutralize 

the effect of increasing carbon monoxide on the calorific 

value and reduce it. But by changing the equivalence ratio 

from 0.39 to 0.415 and by increasing the temperature and 

performing Eq. (2) and (3), the amount of carbon is 

completely consumed and the amount of carbon monoxide 

production increases and will increase the calorific value of 

the gas mixture. 

By increasing the value ratio from 0.415 to 0.6 and 

approaching the combustion state, the molar number of 

valuable gases such as hydrogen, carbon monoxide and 

methane is reduced and the amount of carbon dioxide and 

water vapor is increased and the high calorific value of the 

fuel is reduced. 

 According to Figure 3. the high calorific value of the gas 

mixture will increase from 10.26 MJ.m-3 in the equivalence 

ratio of 0.3 to 7.22 MJ.m-3 in the equivalence ratio of 0.6 and 

it will reach its maximum value of 10.6 MJ.m-3 at the ratio of 

0.415.  

It should also be noted that the calorific value of gas fuel 

required for combustion in a gas turbine is at least 6 MJ.m-3 

[51]. The changes in cold gas efficiency and carbon 

conversion efficiency that are described below can be seen 

in Figure 4. 

 

𝜂𝐶𝐺 = (
𝐸𝑝𝑔

𝐸𝑓𝑒𝑒𝑑
) × 100  (16) 

𝐸𝑓𝑒𝑒𝑑 = 𝐿𝐻𝑉𝑓𝑒𝑒𝑑 × 𝑀𝑓𝑒𝑒𝑑   (17) 

 

𝐸𝑝𝑔 = 𝑛𝐻2
× (ℎ𝐻2

0 − ℎ𝐻2𝑂
0 ) + 𝑛𝐶𝑂 × (ℎ𝐶𝑂

0 − ℎ𝐶𝑂2
0 ) +

𝑛𝐶𝐻4
× (ℎ𝐶𝐻4

0 − ℎ𝐻2𝑂
0 − ℎ𝐶𝑂2

0 )  
(18) 

  

𝜂𝐶𝐶𝐸 =
12×(𝑛𝐶𝑂+𝑛𝐶𝑂2+𝑛𝐶𝐻4)

𝑀𝑓𝑢𝑒𝑙×𝑚𝑐
  (19) 

 

In the above equations, the value of 𝑛𝑖 is equal to the 

molar number of produced gaseous components, 𝑚𝑐 and 

𝑀𝑓𝑢𝑒𝑙  are the mass percentage  of carbon in the dry inlet fuel 

and the molar mass of the fuel, respectively. 

The amount of cold gas efficiency according to Equation 

(16) is directly dependent on the volume percentage of 

hydrogen, carbon monoxide and methane. According to the 

diagram in Figure 4. it is obvious that by changing  

equivalence ratio from 0.3 to 0.39, the value of this 

efficiency increases, although the volume percentage of 

hydrogen is decreasing in this period, but it should be noted 

that increasing the amount of carbon monoxide and presence 

of methane will compensate reduction in hydrogen, so an 

increase in cold gas efficiency is expected during this period.  

Figure 2. Changes in the number of moles of gas 

components produced relative to equivalence ratio (Figure 

is in color in the on-line version of the paper). 

 

Figure 3. Changes in temperature and calorific value of 

the gas mixture relative to changes in equivalence ratio 

(Figure is in color in the on-line version of the paper). 

Figure 4. Changes in cold gas efficiency and carbon 

conversion efficiency relative to equivalence ratio (Figure is 

in color in the on-line version of the paper). 
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In the range of 0.39 to 0.415, due to the increase in the 

intensity of carbon-containing reactions, especially Eq. (2) 

the volume percentage of carbon monoxide will increase 

significantly which will increase the cold gas efficiency to 

77%. It should be noted that with increasing the equivalence 

ratio, the gasification reaction tends towards combustion and 

the volume percentage of low value gases such as carbon 

dioxide and water vapor increases and the amount of carbon 

monoxide, methane and hydrogen gases that have high 

calorific value decreases. Therefore, by increasing the 

equivalence ratio and according to Figure 4. the cold gas 

efficiency will be decreased. 

 

3.3. Oxygen enrichment 

 At this stage of modeling, the presence of oxygen in the 

inlet gasifier will change from its value in normal air (21%) 

to its value in pure oxygen (100%) and will cover a wide 

range of oxygen presence. Next with changes in oxygen 

enrichment, the amount of changes in gaseous production 

moles, changes in carbon conversion efficiency, cold gas 

efficiency changes, volume percentage changes of gas 

components, temperature changes and changes in high 

calorific value of the produced gas are investigated. The 

equivalence ratio is considered to be a constant of 0.35 to 

take into account the presence of carbon in the production 

component. The pressure of the gasifier and the temperature 

of the inlet components to the gasifier are set at a constant 

value of 18.75 atmospheres and 298 K, respectively. Figure 

5. shows that the number of moles of hydrogen and carbon 

monoxide gases will increase with decreasing oxygen 

enrichment and will reach their maximum in the presence of 

atmospheric air. This can be explained by the equilibrium 

equations and the energy balance equation. Thus, as the 

presence of nitrogen gas in the gas mixture increases, the 

total mole presents in the gas chamber, nt will increase and 

in the energy balance equation, due to the presence of 

nitrogen gas and heat consumption to change its temperature, 

a lower temperature will be obtained for the gasifier. Both of 

these factors will individually affect the chemical 

equilibrium constants of Eq. (2) and (3) and the molar value 

of the produced components. 

The effect of each of these factors will be discussed with 

constant consideration of the other factor. In the first stage, 

it will be assumed that the temperature is constant and the 

amount of total gas moles increases with the addition of 

nitrogen gas, in which case the constant amount of chemical 

equilibrium will remain constant due to the dependence on 

temperature. In Eq. (2) and (3) with respect to not changing 

the chemical equilibrium constant and increasing nt, molar 

values of carbon monoxide and hydrogen should be 

increased. In the second stage, the molar amount of nitrogen 

is considered equal to its amount in atmospheric air and as a 

result the total gaseous mole will not change much and the 

chemical equilibrium constant will change as the 

temperature changes. In this case, due to the presence of 

nitrogen on the products side in the energy balance, a lower 

temperature value will be obtained. This decrease in 

temperature will reduce the equilibrium constants of the two 

endothermic Eq. (2) and (3) which will affect and reduce the 

molar number of hydrogen and carbon monoxide gases. By 

looking at Figure 5. and considering the two steps 

simultaneously it can be concluded that as oxygen 

enrichment approaches its presence in atmospheric air, the 

amount of hydrogen and especially carbon monoxide will be 

increased. Equation (19), which makes the carbon 

conversion efficiency dependent on the carbon molecules of 

carbon monoxide, methane and carbon dioxide, this molar 

increase of carbon monoxide in the gas mixture will increase 

the carbon conversion efficiency, which can be seen in 

Figure 6.  

This is incorrectly stated in the research of Vaezi et al. 

[28] in which the increase in carbon conversion efficiency is 

related to the increase in the volume percentage of carbon 

dioxide while it is clear that with the decrease of nitrogen in 

the gas mixture the volume percentage of all components 

will be increased due to the reduction of the total mole 

present in the gas chamber and slight change in amount of 

other gas components. However, according to Figure (5) it is 

quite understandable that increasing the mole number of 

carbon monoxide will increase the carbon conversion 

efficiency and increasing the volume percentage of carbon 

dioxide has no effect on it. In addition to the above, and 

according to Eq. (16) to (18), which relate cold gas efficiency 

to moles of methane, hydrogen and carbon monoxide, it can 

be expected that by decreasing the moles of these gaseous 

components due to the increase of oxygen enrichment, Cold 

gas efficiency will be decreased which can also be clearly 

seen from Figure 6. 

Figure 6. Changes in the number of moles of gaseous 

components produced relative to changes in the oxygen 

enrichment of the input. 

 

Figure 5. Changes in carbon conversion efficiency and cold 

gas efficiency relative to changes in input oxygen 

enrichment (Figure is in color in the on-line version of the 

paper). 
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According to the introduction part, some amount of fuel 

is partially combusted to provide the necessary heat for 

gasification and temperature resulting from combusting with 

pure oxygen will be higher than with air due to the presence 

of nitrogen in the gas mixture which acts like a heat sink. 

Hence in the absence of nitrogen the temperature of gas 

mixture will be higher as it is shown in Figure 7. 

 Increasing the volume percentage of gaseous 

components such as hydrogen and carbon monoxide 

increases the high calorific value of the produced gas which 

according to Figure 7 its value will increase from 5 MJ.m-3 

in air gasification to 9.28 MJ.m-3 in pure oxygen gasification. 

Figure 8 indicates that with increasing oxygen enrichment 

and decreasing nitrogen, the volume percentage of hydrogen 

and carbon monoxide are increased and there is no need to 

spend money for separating nitrogen from gas mixture and 

purify it. 

This gas mixture in the combustion chamber will produce 

less NOx, which will be beneficial to the environment and 

this is another advantage of increasing the presence of 

oxygen in the gasifier agent. 

 

3.4. Pressure change 

Pressure changes in the gasification process have also 

been studied. For this purpose, the parameters of equivalence 

ratio and inlet temperature are 0.4 and 298 K and pure 

oxygen is gasification agent. Due to the small molar changes 

in the gas mixture components compared to the pressure 

changes, these changes are logarithmically shown in Figure 

9. for better observation. According to the diagram, the molar 

amount of hydrogen and carbon monoxide is slightly 

decreasing and the moles of methane, carbon dioxide and 

water vapor are increasing. This phenomenon can be 

expressed according to the Le Chatelier's principle that in 

equilibrium reactions with increasing in pressure, the 

reaction goes to direction that has less moles of gas to 

maintain the equilibrium so the methane reforming reaction 

is shifted to the left and subtracted from the molar amount of 

hydrogen and carbon monoxide and added to the amount of 

water vapor and methane. Also, by adding moles of water 

vapor to the water-gas reaction, this reaction will shift 

towards the consumption of the added moles of gas and the 

moles of carbon monoxide and water vapor will be reduced 

and the moles of carbon dioxide and hydrogen will be 

increased. In total, the effect of these two phenomena and 

according to the diagram, the mole number of carbon 

monoxide and hydrogen will decrease slightly and the mole 

number of carbon dioxide, water vapor and methane will 

increase slightly. 

The amount of changes in the calorific value of the 

produced gas and the cold gas efficiency are plotted in Figure 

10. Due to the reduction of the molar fraction of hydrogen 

and carbon monoxide, the calorific value of the produced gas 

mixture is expected to decrease, but it should be noted that 

increasing the molar fraction of methane will neutralize the 

effect of reducing hydrogen and carbon monoxide. Hence, 

the higher calorific value will increase slightly and changes 

from 10.8803 MJ.m-3 to 10.886 MJ.m-3. The cold gas 

efficiency has very slight change which is due to the small 

changes in the moles of the produced gases. 

As mentioned in pressure change, according to the Le 

Chatelier's principle, chemical reactions to maintain  

equilibrium are moved to a direction that has less gas moles, 

so the methane reforming reaction is shifted to the left and 

will be exothermic reaction, this will increase the 

temperature of the gas mixture, which can be seen in Figure 

11. 

 

The results show that pressure changes will have 

negligible effect on the molar percentages of gases as well as 

on energy efficiency, but it should be noted that this increase 

Figure 7. Changes in temperature and high calorific value of the 

gas mixture relative to changes in oxygen enrichment. 

 

Figure 8. Changes in the volume fraction of the gas 

components produced relative to changes in oxygen 

enrichment. 

 

Figure 9. Changes in the volume percentage of the 

components of the produced gas mixture compared to the 

changes in pressure in the logarithmic state. 
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in pressure can have good economic benefits. As the exhaust 

gas pressure increases there will be no need for a compressor 

to increase the pressure. It should be noted that the gas 

mixture must be pressurized for use in subsequent processes 

such as burning in a gas turbine or participating in a chemical 

process and for chemical processes  a minimum pressure of 

10 atmospheres is required. 

 

3.5. The ratio of hydrogen to carbon monoxide 

In this section, changes in the ratio of hydrogen to carbon 

monoxide with respect to changes in the equivalence ratio, 

pressure and oxygen enrichment are investigated. Figure 12 

shows that with changes in the equivalence ratio, the amount 

of H2:CO decreases, this can be clear because by increasing 

the equivalence ratio, the gasification process approaches 

combustion and the amount of hydrogen production 

decreases sharply, according to Figure 2, this reduction will 

be much greater than the reduction of carbon monoxide 

therefore it is expected that the H2:CO ratio will also 

decrease. By changing the oxygen enrichment the amount 

of carbon monoxide in the gas mixture decreases and the 

H2:CO ratio will also increase. It can also be seen that with 

changes in pressure, the ratio of hydrogen to carbon 

monoxide will not change much because with increasing 

pressure, the volume percentage of the components of the 

exhaust gas mixture change slightly. The quality of the 

exhaust gas mixture is usually measured by the H2:CO ratio, 

and high quality gas can be used in chemical processes such 

as methanol production. 

Also, by separating hydrogen from the gas mixture, it can 

be used as fuel in fuel cells. The higher the quality of the gas 

mixture, the easier this separation will be. According to 

Figure 12. it can be concluded that waste engine oil 

gasification will have a high potential for use in downstream 

chemical processes or in fuel cells. For this purpose, the 

value of equivalence ratio of 0.3 and 100% oxygen 

enrichment and arbitrary pressure will be the best values for 

high H2:CO ratio. 

 

4. Conclusion 

A numerical algorithm based on the thermochemical 

equilibrium approach was developed to simulate the waste 

oil gasification process. This model can predict the 

distribution of synthetic gas species produced in real 

gasification operating conditions. This model was confirmed 

by comparing numerical results with experimental results. 

 Through a parametric study it was shown that the 

gasification of waste oil with an equivalence ratio of 0.4 to 

0.42 makes it possible to produce a synthesis gas with a 

significant calorific value of about 10 MJ.m-3. Gas mixture 

with such a calorific value are suitable for applications such 

as gas turbines that consume high calorific value gases. The 

use of pure oxygen as a gasification agent leads to the 

production of a high calorific value and a hydrogen-rich gas 

mixture with a hydrogen content of 43% by volume and 

H2:CO ratio of about 1.6. Gas mixture with such a high 

H2:CO ratio can be used in the methanol synthesis process 

and in the production of pure hydrogen for fuel cell 

applications. The parametric study also showed that the 

gasification pressure does not have a significant effect on the 

gasification properties. Simulations performed during this 

study show that gasification of waste oil is a possible process 

that can be used to produce synthetic gas for various 

industrial applications. The developed numerical model can 

be used to design and optimize such gasifiers. 

 

Figure 10. Changes in cold gas efficiency and calorific value of 

produced gas relative to pressure changes. 

 

Figure 11. Changes in gas mixture temperature relative to 

changes in gasification pressure. 

 

Figure 12. Changes in the ratio of H2: CO for changes in 

the equivalence ratio and gasification pressure. 
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Appendix A. Gasification modeling equations 

The following equations can be used to determine the 

fuel's chemical formula based on the mass fraction of its 

constituent components. α, β, z represents molar ratio of 

hydrogen, oxygen and nitrogen to carbon in the fuel in dry 

state. 

𝛼 =
(𝑚ℎ× 𝑀𝑐)

( 𝑚𝑐×𝑀ℎ)
                                                                    (1)       

𝛽 =
(𝑚𝑜× 𝑀𝑐)

( 𝑚𝑐×𝑀𝑜)
                                                                    (2) 

𝑧 =
(𝑚𝑁× 𝑀𝑐)

( 𝑚𝑐×𝑀𝑁)
                                                                    (3) 

 

Mi and mi are the molar mass and dry mass fraction of  

each element  respectively. The ratio of moles of moisture to 

each moles of fuel is obtained by the following equation: 

 

w=(Mfuel×wc)/(Mwater×(1-wc))                                (4) 

 

wc is the mass fraction of moisture in the fuel. Mwater and 

Mfuel are the molecular masses of water and fuel, 

respectively. The amount of air required for complete 

combustion of a fuel with the chemical formula 𝐶𝐻𝛼𝑂𝛽𝑁𝑧 is 

obtained from the following equation, which is also called 

stoichiometric air: 

 

Sto = 1 + (0.25 𝛼) − (0.5 𝛽)                                          (5) 

  

In gasification, the amount of air required is less than the 

amount of air needed for incomplete combustion and equal 

to a factor of the stoichiometric air demand (Sto). This 

coefficient varies between 0.3 and 0.6, which is the 

equivalence ratio. 

 

𝑚 = 𝑒𝑞𝑟 × 𝑆𝑡𝑜  (6) 

 

According to the mass conservation law for the three 

elements carbon, hydrogen and oxygen, three equations are 

obtained from the equations needed to find the unknown 

gaseous moles. 

 
1 = 𝑥2 + 𝑥3 + 𝑥5 + 𝑥6                                                      (7) 

𝛼 + 2𝑤 + 2𝑠 = 2𝑥1 + 2𝑥4 + 4𝑥5                                    (8) 

𝛽 + 𝑤 + 𝑠 + 2𝑚 = 𝑥2 + 2𝑥3 + 𝑥4                                   (9) 

 

The equilibrium constant equation is defined by the 

following formula [13]: 

 

𝐾 = ∏ (𝑥𝑖
𝑣𝑖)𝑖 × (

𝑃

𝑛𝑡
)

∑ 𝑣𝑖𝑖
                                                 (10) 

 

xi is gas mole in the reaction, vi stoichiometric 

coefficients, P total pressure  gasification and nt is total gas 

moles. The equilibrium constant for each reactions in this 

paper will be obtained as follows: 

 

𝐾1 =
𝑥2

2

𝑥3
(

𝑃

𝑛𝑡
)

1

                                                                  (11) 

𝐾2 =
𝑥2𝑥1

𝑥4
(

𝑃

𝑛𝑡
)

1

                                                                (12)  

𝐾3 =
𝑥5

𝑥1
2 (

𝑃

𝑛𝑡
)

−1

                                                              (13) 

𝐾4 =
𝑥3𝑥1

𝑥2𝑥4
(

𝑃

𝑛𝑡
)

0

                                                               (14)  

𝐾5 =
𝑥2𝑥1

3

𝑥5𝑥4
(

𝑃

𝑛𝑡𝑜𝑡
)

2

                                                           (15) 

 

The chemical equilibrium constant of each reaction will 

have the following correlation with the  free standard Gibbs 

energy: 

 

ln 𝐾 = −
∆𝐺0

𝑅𝑢𝑇
                                                                    (16) 

 

Nomenclature   

α, β, z 
numbers of atoms of hydrogen, oxygen, and nitrogen 

per one atom of carbon in the feedstock; respectively 
C, H, O, N, S 

carbon, hydrogen, oxygen, nitrogen, sulfur, 

contents of feedstock, respectively 

w, m, s 
the amounts of water, air, and steam per one kmole of 

feedstock, respectively 
ℎ𝑓̣𝑖

0  the enthalpy/heat of formation for species i 

mh the mass fraction of hydrogen in dry fuel analyses ℎ𝑓𝑢𝑒𝑙
0  the enthalpy formation of fuel 

xi the mole number of species i ∆ℎ𝑓
0 

the change of formation's enthalpy for a 

reaction 

Mfuel the molar mass of the heavy fuel oil HHV higher heating value 

Mwater the molar mass of water 𝐻𝐻𝑉𝑓𝑢𝑒𝑙  higher heating value of fuel 

wc the mass-based water content of the feedstock 𝐿𝐻𝑉𝑓𝑢𝑒𝑙  lower heating value of fuel 

nt the total number of moles of produced gas ∆𝐺0
 the standard Gibbs function of formation 

K equilibrium constant J the constant of integration 

Ru the universal gas constant I a constant 

𝜂𝐶𝐺 cold gas efficiency A, B, C, and D 
the coefficients for determining the specific 

heat 

𝜂𝐶𝐶𝐸 the carbon conversion efficiency T temperature 

P the  pressure of gas mixture (bar) M equivalence ratio 

ℎ𝑓𝑔 the enthalpy of vaporization of water Sto 
stoichiometric air for complete combustion 

of the fossil            fuel 

𝐶𝑝 the specific heat at constant pressure 𝐸𝑝𝑔 the energy of produced gas 

∆ℎ 
the enthalpy difference between any given state and 

the reference state 
𝐸𝑓𝑒𝑒𝑑  the energy of inlet fuel 

𝑚𝑐 the mass fraction of carbon in the dry fuel analyses 

  



 
Int. J. of Thermodynamics (IJoT)  Vol. 25 (No. 1) / 075 

The parameter T and Ru are the outlet temperature of the 

gasification reactor and the universal constant of gases 

respectively. The dependence of Gibbs free energy on 

temperature is given in the following equation: 

 

𝑑(
∆𝐺0

𝑅𝑢𝑇
)

𝑑𝑡
= −

∆ℎ𝑓
0

𝑅𝑢𝑇2                                                               (17) 

 

𝑑(ln𝐾)

𝑑𝑡
=

∆ℎ𝑓
0

𝑅𝑢𝑇2                                                                    (18) 

 

Since ∆ℎ𝑓 is a function of temperature, it can be 

integrated as follows: 

 

ln𝐾 = (∫
∆ℎ𝑓

0

𝑅𝑢𝑇2 𝑑𝑇) + I                                                    (19) 

 

"I" in the above formula is the constant of integration. 

The amount of enthalpy and heat capacity will be linked by 

the following formula:  

 

h = (∫ 𝐶𝑝𝑑𝑇)                                                                 (20) 

 

Heat capacity is obtained by having the temperature by 

the following equation [14]: 

 

𝐶𝑝 = 𝑅𝑢(𝐴 + 𝐵𝑇 + 𝐶𝑇2 − 𝐷𝑇−2)                                (21) 

 

The coefficients A, B, C, D are in Table A1 and the 

enthalpy is: 

 

ℎ = 𝑅𝑢 (𝐴𝑇 +
𝐵

2
𝑇2 +

𝐶

3
𝑇3 −

𝐷

𝑇
)  + 𝑗                           (22) 

 

Table A1. Constants A, B, C, D for calculating heat capacity 

[14]. 

Chemical 

Formula 
T(Kelvins) A 103B 106C 10−5D 

H2 
298.15 to 

3000 
3.249 0.422 - 0.083 

CO 
298.15 to 

2500 
3.376 0.557 - -0.031 

CO2 
298.15 to 

2000 
5.457 1.045 - -1.157 

H2O 
298.15 to 

2000 
3.470 1.450 - 0.121 

CH4 
298.15 to 

1500 
1.702 9.081 -2.164 - 

C 
298.15 to 

2000 
1.771 0.771 - -0.867 

 

  The difference in enthalpies of a particular reaction is 

obtained as follows: 

 

∆ℎ =  𝑅𝑢 (∆𝐴𝑇 +
∆𝐵

2
𝑇2 +

∆𝐶

3
𝑇3 −

∆𝐷

𝑇
)  + 𝐽                 (23) 

lnK = ∆A ln T + ∆B
T

2
+

∆C

6
T2 −

∆D

2T2 + I −
J

RuT
             (24) 

K = exp (∆𝐴 ln 𝑇 + ∆𝐵
𝑇

2
+

∆𝐶

6
𝑇2 −

∆𝐷

2𝑇2 + 𝐼 −
𝐽

𝑅𝑢𝑇
)    (25) 

∆𝐺0 = −𝑅𝑢𝑇 (∆𝐴 ln 𝑇 + ∆𝐵
𝑇

2
+

∆𝐶

6
𝑇2 −

∆𝐷

2𝑇2 + 𝐼 −
𝐽

𝑅𝑢𝑇
)       

(26) 

 Table A2. Gibbs free energy and the enthalpy of formation 

of each reaction at 298 K. 

Chemical 

Formula 

Standard Enthalpy of 

Formation (kJ.kmol-1) 

Gibbs Free Energy of 

Formation (kJ.kmol-1) 

𝐇𝟐 0 0 

CO -110525 -137169 

𝐂𝐎𝟐 -393509 -394359 

𝐇𝟐𝐎 -241818 -228572 

𝐂𝐇𝟒 -74520 -50460 

C 0 0 

 

I and J constants are determined by identifying the Gibbs 

free energy and enthalpy of formation for each reactions at 

298K (Table A2). 
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