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Abstract

:

Conventional methods used to determine pyrolysis gas composition are based on chemical kinetics. The mechanism of those reactions is often unknown, which makes the calculations more difficult. Solving complex chemical reactions’ kinetics involving a nonlinear set of equations is CPU time demanding. An alternative approach is based on the Gibbs free energy minimization method. It requires only the initial composition and operation parameters as the input data, for example, temperature and pressure. In this paper, the method for calculating the pyrolytic gas composition from biogenic fuels has been presented, and the thermogravimetric experimental results have been adopted to determine the total gas yield. The studied problem has been reduced to the optimization method with the use of the Lagrange multipliers. This solution procedure is advantageous since it does not require knowledge of the reaction mechanism. The obtained results are in good agreement with experimental data, demonstrating the usefulness of the proposed method.
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1. Introduction


The current situation in the world related to the war in Ukraine, including the fuel crisis, has caused an increase in interest in renewable energy sources. First, EU countries must meet the requirements of climate policy; second, and more importantly, solutions are being sought that will lead to independence from any external energy supplies as soon as possible. The simplest method seems to be the use of locally available biomass and all kinds of waste, both for heating purposes and for the production of alternative fuels [1,2]. The basic method of converting the chemical energy of biomass and waste is direct combustion, but processes such as pyrolysis or gasification can be a source of alternative fuels—gaseous, liquid, and solid [3]. Strong diversity (type, composition, structure) of biomass and waste, both municipal and agricultural, may cause difficulties in maintaining uniform and stable operating conditions of energy conversion devices (boilers, gasifiers, reactors, engines). This, in turn, results in the unpredictability of the products obtained and the emergence of additional problems with the further use of alternative fuels. Therefore, fast methods supporting the design and optimization of thermal conversion devices for solid fuels are still being sought.



Thermal processing of solid fuels leads to obtaining, depending on the operational conditions, gas, solid, or liquid products [4]. Pyrolysis gas is a mixture of  CO ,   H 2  ,   CH 4  ,   CO 2  , i   N 2  , and other higher hydrocarbons. In general, the final composition of gaseous products of pyrolysis, gasification, or combustion depends on the initial chemical composition of the raw material, temperature, pressure, and time in which the process takes place. Conventional methods for determining the composition of a gas mixture are based on the kinetics of chemical reactions [5,6,7,8]. However, the mechanism of these reactions is usually not known, which makes the calculation more difficult. When dealing with a much smaller number of components of a mixture in comparison with the number of chemical equations, the situation becomes even more complicated because the issue turns into an ambiguous problem. Moreover, in order to determine the equilibrium composition of the mixture, a non-linear system of equations should be solved. This, however, may provide multiple solutions dependent on the initial conditions. An alternative method in this case is to determine the composition of the gas mixture based on the second law of thermodynamics. In a closed system under constant pressure and temperature, the Gibbs function (chemical potential) reaches a minimum. Thus, the final composition is no longer dependent on the mechanism of chemical reactions, but only on the composition of the initial system and the operation conditions [9]. The method based on minimizing chemical potential therefore has significant advantages. First of all, it does not require knowledge of the reaction mechanism, and secondly, from the numerical point of view, as a minimization-iterative method, it is more stable than the method of solving complex, non-linear algebraic equations. This method is well-known for the determination of the equilibrium content for gas combustion products, but in the literature, there are also works that use this method for the calculation of gas composition from coal pyrolysis [10].



In this study, the Lagrangian multiplier method was adopted for the minimization of the Gibbs function. Implementing the approximation of solid fuels’ thermogravimetric data made it possible to apply the Gibbs method also for solid fuels. The in-house program for computing the equilibrium gas composition after the thermal treatment of biomass and waste was developed in the FORTRAN90 code.




2. Methodology


2.1. Equilibrium State and Gibbs Function Minimization


The conventional method for determining the equilibrium chemical composition of a mixture is based on the chemical reaction equation:


   ∑ substrates   ν i   A i   →  equilibrium  state    ∑ products   ν j   A j  ,  



(1)




where   ν i   are the stoichiometric coefficients and   A i   are the chemical components. The above can also be rewritten in the form:


  a A + b B + c C + …  → equilibrium  d D + e E + f F + …  



(2)




The method based on reaction equations leads to the solution of a system of non-linear equations, which usually have many solutions, both real and complex. This, in turn, entails numerical instabilities, which makes the solving procedure much more difficult [11,12]. An alternative is undoubtedly the use of the Gibbs function minimization approach.



The equilibrium of a closed multi-component system under constant pressure and temperature, according to the second law of thermodynamics, brings down the problem to minimization of the Gibbs function:


  G = U + p V − T S +  ∑  j = 1   n s    μ j   n j  ,  



(3)




where   n s   is the number of mixture components, n is the number of moles, and  μ  is the chemical potential. Differentiating the above, it can be written as:


  d G = d U + p d V + V d p − T d S − S d T +  ∑  j = 1   n s    μ j  d  n j  .  



(4)




The heat supplied to the system can be defined according to the definition of entropy, which, for the thermodynamic equilibrium of the system, implies the fundamental equation:


  d U = T d S − p d V .  



(5)




Combining Equations (4) and (5) leads to:


  d G = V d p − S d T +  ∑  j = 1   n s    μ j  d  n j  .  



(6)




The chemical potential   μ j   of the j-th component is an individual function of the characteristic variables (pressure, temperature) and composition (molar fraction) for each component:


   μ j   ( T )  =  μ j 0   ( T )  + R T ln    p j   p 0    ,  



(7)




where   p j   is the partial pressure of the gas component,    μ j 0   ( T )    is the standard chemical potential (standard free enthalpy) of the j-th component, determined under standard conditions (   p 0  = 1013   hPa and   T = 298   K). Considering the above and taking into account simple mathematical operations:


  ln    p j   p 0    = ln    p j  p   p  p 0    = ln    n j   n  t o t a l     + ln   p  p 0    = ln  (  n j  )  − ln  (  n  t o t a l   )  + ln   p  p 0    ,  








the chemical potential of the j-th component expressed by the Equation (7), is given by:


   μ j   ( T )  =  μ j 0   ( T )  + R T ln  (  n j  )  − R T ln  (  n  t o t a l   )  + R T ln   p  p 0    ,  



(8)




where   n  t o t a l    is the total number of moles in the mixture in an equilibrium state:


   n  t o t a l   =  ∑  j = 1   n s    n j  .  



(9)




For solids or liquids the chemical potential is only a function of temperature.



The method of minimizing the Gibbs function does not require knowledge of the reaction mechanism, only the assumption of what components are involved in it. Considering the processes of solid fuel thermal treatment as isobaric and isothermal, Equation (6) can be written in the form:


  d G =  ∑  j = 1   n s    μ j  d  n j  =  ∑  j = 1   n s     μ j 0   ( T )  + R T ln  (  n j  )  − R T ln  (  n  t o t a l   )  + R T ln   p  p 0     d  n j  .  



(10)




The number of moles of each individual component depends on the initial elemental composition:


   ∑  j = 1   n s    a  i j    n j  =  b i  ,  i = 1 , 2 , … , n p ,  



(11)




where   b i   denotes the number of moles of the i–th element in the system prior to chemical reactions,   a  i , j    is the number of moles of the i-th element in the j-th substance,   n p   is the number of chemical elements considered. Equation (11) yields the following limitation:


   φ i  =  ∑  j = 1   n s    a  i j    n j  −  b i  = 0 .  



(12)




Additional limitation results from the equation of mass conservation in the system, e.g., for oxidation or partial oxidation, the total mass of the system will be:


   m  t o t a l   =  m  f u e l   +  m  o x y g e n   .  



(13)




For pyrolysis, a process that takes place without access to oxygen, the mass of the oxidizer equals zero. The above equation can be represented by the sum of the masses of the specific components, thus:


   ∑  i = 1   n s    n i   M i  =  m  t o t a l   ,  



(14)




where   M i   is the molar mass of a given component expressed in [g/mol]. Additionally, the upper limit for the total number of moles in the system (  n  t o t a l   ) should follow the relationship:


   ∑  j = 1   n s    n j  =  n  t o t a l    →   ∑  j = 1   n s    n j  −  n  t o t a l   = 0 .  



(15)








2.2. Lagrange Multipliers Method


The problem of determining the equilibrium composition of the mixture results in searching for the minimum of the Gibbs function, under the conditions defined by Equations (12) and (15). This issue can in turn be reduced to the optimization procedure using the Lagrange multipliers method, enriched with the number of unknowns corresponding to the number of variables. The Lagrange function in the considered case takes the form:


  L = G +  ∑  i = 1   n p + 1    λ i   φ i  ,  



(16)




where   λ i   is the so-called Lagrange multiplier, the number of which, as aforementioned, results from the set limitations. The search for the function minimum leads to zeroing its partial derivatives, which in turn entails solving the following system of equations:


            ∂ L   ∂  n j    = 0 ,              ∂ L   ∂  λ i    = 0       



(17)







Taking into account the form of the Gibbs function, given by Equation (10), the following system of equations should be solved:


            ∂ L   ∂  n j    =  μ j   ( T )  +  ∑  i = 1   n p    λ i   φ i  = 0 ,   j = 1 , … , n s ,              ∂ L   ∂  λ i    =  φ i  = 0 ,  i = 1 , … , n p + 1 ,       



(18)




where   n s   is the number of components of the mixture,   n p + 1   is the number of the system variables. The detailed form of the limitations set on the system is presented in the previous work [13].



The Lagrangian function with defined limitations takes the following form [13]:


  L =  ∑  i = 1   n s −  n  C H      μ i   n i  +  ∑  i = 1   n  C H     μ   C  p i    H  q i      n   C  p i    H  q i     +  ∑  i = 1   n p + 1    λ i   φ i  .  



(19)







The transition from the minimization of the Gibbs function to the search for the minimum of the Lagrange function increases the number of unknowns, according to the system of Equation (18). In the analyzed case, a system of   n s + n p + 1   equations with   n s + n p + 1   unknowns should be solved, of which   n s   equations are non-linear. The number of unknowns takes into account not only the molar amounts of the components but also the values of the Lagrange coefficients and the total number of moles in the mixture. It is convenient to use Newton’s numerical method to determine these unknowns [14]. Non-linear system of equations in the form:


  F  ( X )  = 0 ,    X  T  =  [  x 1  ,  x 2  ,  x 3  , … ,  x n  ]  ,  



(20)




can be solved iteratively:


    X   ( n + 1 )   =   X   ( n )   + δ X .  



(21)




Using the Taylor series expansion of   F ( X )  :


  F  (   X   ( n + 1 )   )  = F  (   X   ( n )   + δ X )  = F  (   X   ( n )   )  +  ∑  i = 1  n    ∂ F (   X   ( n )   )   ∂  x i    δ  x i  + O  ( δ   X  2  )  = 0 ,  



(22)




and neglecting terms of the second order, one derives at:


  F  (   X   ( n + 1 )   )  ≈ F  (   X   ( n )   )  +  ∑  i = 1  n    ∂ F (   X   ( n )   )   ∂  x i    δ  x i  .  



(23)




Taking into account the relationship (22), a system of linear equations is obtained due to corrections of the  X  vector, i.e., due to   δ X  . This allows for the simplification of the initial non-linear problem to the system of linear equations with unknown solution corrections:


   ∑  i = 1  n    ∂ F (   X   ( n )   )   ∂  x i    δ  x i  = − F  (   X   ( n )   )  .  



(24)




In order to simplify the calculations, new variables are substituted in the system of equations:


   ξ i  = ln  n i   →   n i  δ  ξ i  = δ  n i  ,  



(25)




for


  i = 1 , … , n s =   CH 4  , CO ,  CO 2  ,   H 2  O  ,  H 2  ,  O 2  ,  N 2  ,  ∑  i = 1   n CH     C  p i    H  q i     ,  








and


  ξ = ln  n  t o t a l    →   n  t o t a l   δ ξ = δ  n  t o t a l   ,  



(26)






   π j  = −   λ j   R T    →  − R T δ  π j  = δ   λ j  ,  j = 1 , … , n p + 1 .  



(27)




After simple transformations, the final system of linear equations takes the form:


  A Y = B ,  



(28)




where the vector of unknowns is defined as:


    Y  T  =  [ δ ξ , δ  π 1  , δ  π 2  , δ  π 3  , δ  π 4  , δ  π 5  , δ  π 6  ]  ,  



(29)




and the coefficient matrix A and the free terms matrix B are functions of the number of moles of each component. The detailed forms of   F (   X   ( n )   )  , A, and B are given in [13].



The system (28) is therefore a system of linear equations due to the unknown corrections for the number of moles of the mixture   δ ξ  , and due to the corrections for the Lagrangian multipliers   δ  π j   . By calculating these values, it is possible to iteratively determine the corrections for the number of moles of individual components, and thereby the solution sought:


  ln  n j  ( n + 1 )   = ln  n j  ( n )   + ϵ δ  ξ j   →   n j  ( n + 1 )   =  n j  ( n )    e  ϵ δ  ξ j    ,  










  ln  n  t o t a l   ( n + 1 )   = ln  n  t o t a l   ( n )   + ϵ δ ξ  →   n  t o t a l   ( n + 1 )   =  n  t o t a l   ( n )    e  ϵ δ ξ   ,  










  −   λ i  ( n + 1 )    R T   = −   λ i  ( n )    R T   + ϵ δ  π i   →   λ i  ( n + 1 )   =  λ i  ( n )   − R T  ϵ δ  π i   ,  








where   ϵ ∈  0 , 1    is the so-called correction parameter determined empirically [9] used to obtain convergence. To further save computational time, the number of moles of each component is calculated only for specific values of the mole fraction of a given component, i.e., only for those   X i   values that are greater than a specified value [9], according to the equation:


  ln    n j   n  t o t a l     = − 18.420681 = − SIZE  →  SIZE = 18.420681  



(30)




The value of  ϵ  is calculated according to the following scheme:


  ϵ = min ( 1 ,  λ 1  ,  λ 2  ) ,  



(31)




where parameters   λ 1   and   λ 2   are defined as:


   λ 1  =  2  max  5  δ ξ  ,  ∑  j = 1   n s    δ  ξ j      ,  for  ln    n j   n  t o t a l     > − SIZE ,  



(32)






   λ 2  = min    − ln   n j   n  t o t a l    − 9.2103404   δ  ξ j  − δ ξ     for  ln    n j   n  t o t a l     ≤ − SIZE  and  δ  ξ j  ≥ 0 .  



(33)







It is also worth emphasizing that the method of Lagrange multipliers based on the Gibbs function is a universal method for determining the equilibrium composition of gases. Information on the composition of multi-component mixtures is one of the basic problems arising in the analysis of oxidation processes. As long as the composition of the fuel mixture is known, it is easy to predict the fractions and types of individual gaseous products of stoichiometric reactions. A problem may arise when there is no information about detailed reaction schemes, global or indirect.




2.3. Computation Procedure


To calculate the composition of the gas mixture under equilibrium conditions, the in-house numerical code was developed in the FORTRAN 90 programming language. A block diagram of this program is shown in Figure 1. The starting point is to load data such as fuel mass   m  f u e l   , oxidizer mass   m  a i r   , temperature T and process pressure p, calculation error  ϵ  and initial solution   x 0  , which is the number of moles of components relative to the total number of moles;   x 0   is a one-dimensional array whose individual elements represent mole fractions. The sum of these elements gives a value equal to unity. In the first stage of calculations, the initial value is assigned as the searched solution, for which the correction is determined. In subsequent iterative steps, this solution is taken from the previous step. Then, new variables  ξ  are determined which are the basis for computing the values of the matrix coefficients of the linear Equation (28), whose unknowns are the sought corrections (29). These unknowns are obtained by solving a system of linear equations by decomposing the A matrix into a lower and an upper matrix (Lower Upper Decomposition). Knowing the appropriate corrections, a new solution is derived. Further, through appropriate transformations, the values of the moles of individual components are obtained. The iterative process is performed until the assumed calculation error is reached or the set number of iterations is exceeded.



The values of standard chemical potentials, necessary to perform the minimization procedure, are computed using the formula:


   μ i 0   ( T )  =  h i 0   ( T )  − T  s i 0   ( T )  ,  



(34)




the specific heats required for the determination of enthalpies of individual components are defined as [15]:


      c  p x , i    T     =     a i  +  b i  T +  c i   T 2  +   d i   T 2   ,        c  p , i    T     =     c  p x , i   /  M i  ,     



(35)




In the above equations   c  p x   ,   c p  , and M stand for specific heat, molar specific heat, and molar mass, respectively. Individual coefficients in Equation (35) come from works [15,16,17] and they are listed in Table 1.



The temperature-dependent values of chemical potentials and molar specific heats are graphically presented in Figure 2 and Figure 3. Both molar specific heats and chemical potentials strongly depend on temperature. With the increase of this parameter, the molar specific heat values increase (except for benzene, for which a slight decrease in this value occurs at higher temperatures), whereas the values of chemical potentials decrease. It is also worth noting that heavier hydrocarbons have values of   c  p x    2 to 5 times higher than other considered chemical species (see Figure 2 and Figure 3).





3. Results


Calculations and analyses were carried out for three types of biomass: pine, olive residues, and wood chips, as well as for coal. The physical properties of these fuels are presented in Table 2 [18,19].



Comparing the above data, it can be seen that the analyzed types of biomass contain more volatiles, about 3 times higher than coal. Thus, the biomass fixed carbon content is more than 2 to 5 times lower than that of coal. In addition, coal contains much more ash, from about 2 times more than olive residues to more than 40 times more than wood chips. The moisture content for the two types of considered biomass is approximately 10% and as much as approximately 35% (wood chips), while for coal this value is much lower and amounts to approximately 1%. As a result, biomass has a lower content of carbon (C) and a much higher content of oxygen (O), compared to coal.



A key input parameter is the amount of released gases at a given temperature, which is determined based on the fuel mass loss curve as a function of temperature. Mass loss functions were obtained by approximating the thermogravimetric data [18,20] by the error function [21]. The TGA experiments were performed in atmospheric pressure conditions with nitrogen as a carrier gas with a mass flow of 100 mL/min and with a heating rate of raw samples of 10 K/min.



Percentage mass loss of biomass samples referred to as the mass loss progress function, and defined as a ratio of instantaneous to initial mass of a sample, is described in the temperature range   400 ÷ 1300   K by the function:


  Z = 100 −   D  T  − A  2   1 + e r f    T − B    2  C     .  



(36)







In the case of coal, this function is approximated in two ranges of temperature as follows:


   Z  T 1   = 100 −   a 1  2   1 + e r f    T −  b 1     2   c 1      ,   T ∈  273 , 573  K ,  



(37)






   Z  T 2   = 100 −   d  T  −  a 2   2   1 + e r f    T −  b 2     2   c 2      −  a 1  ,   T ∈  573 , 1173  K .  



(38)







Values of all coefficients for considered fuel samples are given in Table 3.



Approximation of the TGA experimental results for mass loss of the analyzed samples is presented in Figure 4.



As can be seen, all lines have a similar character, i.e., with an increase in the temperature of the raw material, the mass of the sample decreases. Figure 4 shows the curves for the devolatilization process of the different types of fuels. Materials such as pine and wood chips behave similarly. The most intensive devolatilization process for those fuels takes place at a temperature of about 600 K. These curves are slightly shifted from each other but both of them reach the limit value of about 20% at 1200 K. This value results from the content of volatiles, which for these materials is approximately 80%. Olive residues behave a little differently demonstrating much slower dynamics of mass loss. Despite this, the most intensive pyrolysis process of this material falls within the same temperature range as in the case of other types of biomass, but the release of gases is distributed over almost the entire analyzed temperature range. In addition, olive residues contain fewer volatiles, which amount to about 67% of the total weight, and this value is reached at 1200 K.



Generally, for biomass, the temperature of the most intensive gas release is much lower than in the case of coal, which is seen in Figure 4. The ratio of biomass volatile content to fixed carbon content exceeds 4, while for coal the same ratio is below 1. The impact of this ratio on the devolatilization process can be seen in the presented thermogravimetric graphs. For biomass, the release of volatile substances mainly occurs immediately after the sample drying. The latter takes place in the temperature range from about 323 to 373 K, while pyrolysis occurs between 460 and 700 K. The most intensive mass loss observed for coal takes place at a temperature around 800 K (Figure 4, red curve). Moreover, the red curve decreases down to a limit value of 22%, which is the value of coal’s volatile content.



Comparing the thermogravimetric curves of biomass and coal, it can therefore be concluded that the mass loss of biomass is greater than for coal due to the higher volatile content in comparison to coal. The high ratio of volatiles to fixed carbon also proves the dominant form of combustion, which in the case of biomass is gas oxidation, not solid-phase oxidation. The coal’s thermogram indicates a less intense release of volatiles than in the case of biomass and, thereby, highly heterogeneous gas–solid oxidation reactions due to the much lower content of volatiles and higher content of fixed carbon. Comparing the behavior of biomass and coal during the heating process, it can be clearly stated not only that biomass losses its mass much faster but also that the change in its mass is greater.



The graphs in Figure 5 and Figure 6 show numerical results of the composition of pyrolitic gas from the thermal treatment of the analyzed solid fuels. Figure 5 shows the distribution of the mole fractions of individual components released during the heating of pine (left) and olive residues (right). The same is illustrated for wood chips in Figure 6 on the left and for coal on the right. The obtained results show that for all analyzed types of biomass the mole fractions of   CH 4   reach their maximum values. Depending on the type of biomass these values range from approximately 10% to approximately 30%. They are reached at a temperature of approximately 700 K, and then they decrease to zero at about 1000 K. On the other hand, the mole fraction of   H 2   released from biomass increases with increasing temperature to about 50%. As expected, due to the high content of moisture and oxygen in biomass, the content of    H 2  O   in the pyrolysis gas is high and varies from values close to 100% (which is related to moisture evaporation) to values ranging between 10% and 30%. In addition, the  CO  level increases with rising temperature to the value of approximately 20–30%. In the case of coal, a much higher content of methane is obtained compared to biomass. Its maximum value is shifted to the region of higher temperatures to about 950 K. The  CO  content, similarly as for biomass, increases to about 10%. The share of   CO 2   compared to biomass is smaller (about 20% for biomass and about 5% for coal). The water content in the pyrolysis gas from coal results from moisture evaporation, and its share at higher temperatures is much smaller than in the case of biomass. Gas from coal is also characterized by a lower content of   H 2  , its maximum appears at higher temperatures and is about 40%. This lower level of hydrogen in gas from coal may come from the fact that the H content in coal, in comparison to biomass, is smaller (see Table 2). Additionally, at higher temperatures H combines with C and produces higher hydrocarbons (   C 6   H 6   ), which does not take place in the case of biomass. This can also affect lower   H 2   content in gas from coal in comparison to gas from biomass.




4. Model Verification


In order to check the correctness of the equilibrium model, the predicted pyrolysis gas compositions were compared with the numerical results obtained by other authors and with the available experimental results. Due to the lack of relevant data on the composition of considered raw materials, substances of similar composition were used for comparison (sawdust [22] and palm fibers [23]). The properties of those materials are presented in Table 4. The juxtaposition of these results with the literature results indicates the same, in terms of quality, nature of the biomass pyrolysis process (Table 5). The mole fractions of   CH 4  ,   CO 2  , and    H 2  O   in the pyrolysis gas from biomass decrease, while those of  CO  and   H 2   increase.



Table 5 presents the results of this and other authors’ computations for syngas composition from the biomass gasification process. For the comparative study, the air-to-fuel ratio of 2 was assumed (the stoichiometric air-to-fuel ratio for the given composition is 5.77), so that the level of volumetric amount of   N 2   in the syngas is similar in both analyzed cases (this is not clear from the information provided in the article [22]). The trends are the same as for pyrolysis, namely the molar fractions of   CH 4   and   CO 2   decrease, whereas  CO  and   H 2   increase. The observed differences, especially in the amount of    H 2  O  , result from the lack of appropriate data in the cited work, which were needed for complete computation (sawdust, see Table 4). The proposed numerical software treats only special elemental and technical analyses as input, that is a technical analysis of raw material (as received) and chemical elemental analysis of dry material (dry basis). To fill this data it was assumed that sawdust fuel has the same physical properties as cited palm fibers.



A data comparison shows that the content of    H 2  O   obtained in the present study is higher. This results from the fact that in the case of Khadse, A. et al.’s analysis [22], the dry fuel was taken into account. Dry fuel consists of a lesser amount of O, so the content of   CO 2   in syngas should be lower, as is seen in the presented data. Carbon dioxide content in the authors’ computation is much higher than for Khadse, A. et al. [22].



Table 6 and Table 7 present the numerical and experimental results for syngas composition from the thermal treatment of biomass.



The trends are the same as in the previous cases, namely the mole fraction of   CO 2   is decreasing, while for  CO  and   H 2   mole fractions are increasing. The mole fractions of   CO 2   and   H 2   also agree qualitatively with the data presented in work [27].



The differences between the equilibrium numerical results come from the proposed approaches. The authors’ method does not include any solid specie for thermal conversion, while in the paper of Yan, R. et al. (2005) [23], the composition of syngas is calculated including also C as an input solid chemical specie. In the proposed method, only the volatiles undergo the chemical reactions as a gaseous phase, which consists of a lesser amount of C. The input carbon content in the Gibbs analysis is thus reduced by the value of the fixed carbon as assumed that it is composed of pure C.



It is worth noticing that when comparing the numerical results with the experimental results (Table 7), the predicted mole fraction of  CO  remains more or less at the same level.



This is not the case as regards   CH 4  . The calculations of the present study show a clear decrease in its content in the gas mixture with increasing process temperature. In straw pyrolysis experiments, as well as for wood, there is an initial slight increase and then a slight decrease in the content of   CH 4  . Differences between the gas composition obtained from these calculations and those from the measurements result from the fact that the numerical analysis took into account the content of moisture, which was not included in the experiments (dry straw pyrolysis [24], pyrolysis of dry wood [25,26]). Additionally, in the equilibrium devolatilization case it was assumed that all volatiles available for decomposition at a certain temperature were released in the process, which does not occur in reality. The sample residence time is often too short to account for 100% of decomposition at a given temperature. Moreover, in the proposed approach, it was assumed that all chemical elements are released homogeneously, i.e., at a given temperature, their mass composition is always the same and determined by the chemical elemental analysis of raw material. In fact, their release is also a function of temperature [28,29]. All mentioned issues do not allow for quantitative verification of these results. Nevertheless, the proposed computation method is a quick and simple tool for determining the qualitative composition of pyrolysis gas, which can be used for the initial estimation of operating conditions and geometrical parameters of devices for the thermal treatment of solid fuels, as well as for analyzing the possibility of using generated gases in other devices, such as boilers, engines, or other plants powered by gas fuels.




5. Summary


This work aimed to predict gas composition released during the heating of biomass fuels. For this purpose, a method based on the second law of thermodynamics was used, which allowed for determining the equilibrium composition of pyrolysis gas at a given temperature and pressure. The elemental and technical analysis of the solid fuels and the approximation of thermogravimetric data were used as input for the Lagrange multipliers procedure, which was developed and implemented in a FORTAN90 language. The in-house software was tested and validated. It was shown that the composition of the mixture depends on the process temperature and the fuel type. For each considered biomass-type fuel, a decrease in the water vapor content and an increase in hydrogen and carbon monoxide content were obtained with an increase in temperature. The mole fractions of methane and carbon dioxide in the pyrolysis gas mixture initially increased and then decreased with increasing temperature. The obtained difference between the composition of gas from biomass and coal results from the chemical composition of these raw materials. In the case of biomass, larger mole fractions of water vapor, hydrogen, and carbon dioxide were obtained, whereas methane and carbon monoxide were smaller. In the case of coal, a little amount of higher hydrocarbons were observed. The obtained results agree qualitatively with the data available in the literature. The presented simple and fast method for predicting equilibrium gas composition can support the design and optimization of thermal conversion devices for solid fuels. The developed software can also be useful for analyzing the possibility of supplying other devices such as boilers, engines, or other plants with alternative gas fuels, especially those derived from municipal solid waste or sewage sludge. These raw materials are characterized by a highly differentiated chemical composition related to the source and place of their origin. Obtaining the proper parameters of their combustion process, as well as the control of the oxidation reactions for efficiency and clean heat and power generation, could be very difficult. The prediction of pyrolysis gas composition under variable operational parameters could be very useful at the first stage of the design process. Moreover, such predictions are very valuable for more complex CFD computation, and they could be used as input data for full 3D simulations.
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Abbreviations


The following abbreviations s are used in this manuscript:



	 A 
	liner set of equation coefficients matrix



	 B 
	liner set of equation coefficient matrix



	   C p   H q   
	higher-hydrocarbons



	  c p  
	specific heat, J/kgK



	  c  p x   
	molar specific heat, J/molK



	  CH 4  
	methane



	   C 2   H 6   
	ethane



	   C 4   H 10   
	butane



	   C 6   H 6   
	benzene



	 CO 
	carbon oxide



	  CO 2  
	carbon dioxide



	EU
	European Union



	G
	Gibbs free energy, J



	  H 2  
	hydrogen



	   H 2  O  
	vapour



	j
	for substrates



	L
	Lagrange function,  J 



	m
	mass, kg



	M
	molar mass, kg/kmol



	n
	number of moles, mol



	  N 2  
	nitrogen



	  n p  
	number of chemical elements



	  n s  
	number of mixture components



	  O 2  
	oxygen



	p
	pressure, Pa



	  p 0  
	standard pressure, Pa



	  p j  
	gas partial pressure, Pa



	R
	universal gas constant, 8.314 J/molK



	S
	entropy, J/K



	T
	temperature, K



	TGA
	thermogravimetric analysis



	U
	internal energy, J



	V
	volume,   m 3  



	 X 
	vector of unknowns



	  δ X  
	vector of corrections for unknowns



	 Y 
	renamed vector of unknowns



	 ϵ 
	correction parameter



	 λ 
	Lagrange multiplier or parameter



	 μ 
	chemical potential, J/mol



	  μ j 0         
	standard Gibbs chemical potential, J/mol



	 π 
	renamed unknown



	 φ 
	limitation



	 ξ 
	renamed unknown
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Figure 1. Block diagram of FORTRAN program code for determining the equilibrium composition of the gas mixture. 
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Figure 2. Values of chemical potentials of individual gas components vs. temperature. 
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Figure 3. Molar specific heat values of individual gas components vs. temperature. 
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Figure 4. Mass loss of the fuel samples during heating-approximation of the TGA measurements. 
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Figure 5. Equilibrium composition of gases released in the pyrolysis process of pine (left) and olive residues (right)—mole fractions. 
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Figure 6. Equilibrium composition of gases released in the pyrolysis process of wood chips (left) and coal (right)—mole fractions. 
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Table 1. Polynomial coefficients for determining the molar specific heats, based on [15,16,17].






Table 1. Polynomial coefficients for determining the molar specific heats, based on [15,16,17].





	

	
a

	
    b ×  10 3     

	
    c ×  10 6     

	
    d ×  10  − 5      




	
Component

	
    J / molK    

	
    J /  molK 2     

	
    J /  molK 3     

	
    JK / mol    






	
   CH 4   

	
14.32

	
74.81

	
−17.43

	
0




	
  CO  

	
28.42

	
4.10

	
0

	
−0.46




	
   CO 2   

	
44.15

	
9.04

	
0

	
−8.54




	
    H 2  O   

	
30.13

	
11.30

	
0

	
0




	
   H 2   

	
27.15

	
7.50

	
−1.49

	
0




	
   O 2   

	
36.17

	
0.84

	
0

	
−4.31




	
   N 2   

	
27.83

	
4.18

	
0

	
0




	
    C 2   H 6    

	
5.75

	
175.20

	
−57.87

	
0




	
    C 6   H 6    

	
−24.86

	
413.44

	
−182.21

	
0




	
    C 4   H 10    

	
18.23

	
303.60

	
−92.68

	
0
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Table 2. Properties of the analyzed fuels—technical and elemental analysis, %weight.
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Fuel Type

	
Pine

	
Olive Residues

	
Wood Chips

	
Coal






	
technical analysis, as received




	
moisture

	
10.3

	
13.1

	
34.9

	
1.0




	
volatiles

	
69.2

	
56.3

	
51.6

	
23.0




	
fixed carbon

	
19.4

	
26.2

	
13.3

	
67.8




	
ash

	
1.1

	
4.4

	
0.2

	
8.2




	
chemical analysis, dry basis




	
C

	
48.5

	
51.8

	
47.3

	
82.8




	
H

	
6.1

	
5.5

	
6.1

	
4.3




	
N

	
0.2

	
1.3

	
0.2

	
2.0




	
O

	
44.3

	
36.3

	
46.0

	
2.6




	
ash

	
0.9

	
5.1

	
0.4

	
8.3
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Table 3. Coefficients of mass loss function Z for analyzed fuel samples, based on [21].
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Pine

	
Olive Residues

	
Wood Chips






	
A

	
15.8232

	
18.8730

	
−52.7296




	
B

	
552.9960

	
517.3830

	
615.3150




	
C

	
26.3101

	
87.9568

	
39.6230




	
D

	
2.7616

	
2.6160

	
0.9035




	

	
Coal

	




	
   a 1   

	
1.5230

	




	
   a 2   

	
35.7304

	




	
   b 2   

	
780.8230

	




	
   c 2   

	
49.2996

	




	
   d 2   

	
1.6506

	




	
   b 1   

	
413.7940

	




	
   c 1   

	
39.5500
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Table 4. Properties of biomass—technical and chemical elemental analysis, %weight.
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Fuel Type

	
Pine

	
Sawdust

	
Palm Fibres




	

	
Seneca O. (2007) [19]

	
Khadse, A. et al. (2006) [22]

	
Yan, R. et al. (2005) [23]






	
technical analysis, as received




	
moisture

	
10.30

	
n.d.

	
6.56




	
volatiles

	
69.20

	
n.d.

	
76.00




	
volatiles

	
69.20

	
n.d.

	
76.00




	
fixed carbon

	
19.40

	
n.d.

	
12.50




	
ash

	
1.10

	
n.d.

	
4.94




	
chemical elemental analysis, dry basis




	
C

	
48.50

	
52.28

	
50.30




	
H

	
6.10

	
5.20

	
7.07




	
N

	
0.20

	
0.47

	
1.05




	
O

	
44.30

	
40.85

	
36.30




	
ash

	
0.90

	
1.20

	
5.28
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Table 5. Predictions of equilibrium models for biomass gasification process—molar fractions, %.
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Sawdust

	
Sawdust




	

	
This Study

	
Khadse, A. et al. (2006) [22]






	
T [K]

	
800

	
900

	
1000

	
800

	
900

	
1000




	
   CH 4   

	
1.19

	
0.12

	
0.01

	
2.5

	
1.5

	
0.7




	
  CO  

	
4.34

	
8.33

	
12.08

	
4.5

	
14.5

	
26.5




	
   CO 2   

	
20.07

	
17.90

	
15.28

	
14.5

	
10.0

	
4.0




	
    H 2  O   

	
11.52

	
11.22

	
11.43

	
9.1

	
5.0

	
2.0




	
   H 2   

	
10.23

	
12.70

	
13.40

	
10.0

	
14.5

	
17.2




	
   N 2   

	
52.66

	
49.73

	
47.80

	
59.4

	
54.5

	
49.6
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Table 6. Predictions of equilibrium models for pyrolysis gas composition from palm—molar fractions, %.
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Palm

	
Palm




	

	
This Study

	
Yan, R. et al. (2005) [23]






	
T [K]

	
800

	
900

	
1000

	
800

	
900

	
1000




	
   CH 4   

	
39.33

	
23.06

	
10.43

	
15.0

	
9.0

	
5.0




	
  CO  

	
14.37

	
33.35

	
41.26

	
2.0

	
12.0

	
30.0




	
   CO 2   

	
23.92

	
7.85

	
1.45

	
12.0

	
10.0

	
8.0




	
    H 2  O   

	
5.41

	
3.28

	
1.03

	
27.0

	
20.0

	
11.5




	
   H 2   

	
16.03

	
31.69

	
45.19

	
27.0

	
43.0

	
66.0




	
   N 2   

	
0.94

	
0.77

	
0.65

	
<0.1

	
<0.1

	
<0.1
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Table 7. Gas composition (molar fractions %) from biomass pyrolysis process: numerical and experimental results.
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Numerical Results

	
Experimental Results






	

	
Pine

	
Straw

	
Straw

	
Wood




	

	
This Study

	
Werther, J. et al. (2000) [24]

	
Kardaś, D. et al. (2013) [25]

	
Kardaś, D. et al. (2014) [26]




	
T [K]

	
723

	
873

	
1023

	
1173

	
873

	
1023

	
1173

	
873

	
1023

	
1173

	
723

	
1173




	
   CH 4   

	
26.27

	
10.70

	
0.59

	
0.02

	
10.0

	
12.5

	
7.0

	
10.0

	
12.5

	
7.0

	
10.0

	
17.0




	
  CO  

	
1.76

	
15.37

	
28.40

	
31.15

	
22.0

	
23.0

	
40.0

	
15.0

	
25.0

	
35.0

	
43.0

	
22.0




	
   CO 2   

	
29.67

	
19.97

	
9.30

	
6.78

	
35.0

	
27.5

	
18.0

	
45.0

	
25.0

	
21.0

	
26.0

	
20.0




	
   H 2   

	
15.31

	
38.79

	
50.16

	
48.92

	
20.0

	
24.0

	
35.0

	
28.0

	
29.0

	
32.0

	
5.0

	
33.0
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