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Abstract

:

The commercial COCO simulation program was used to mimic the experimental slow pyrolysis process of five different biomasses based on thermodynamic consideration. The program generated the optimum set of reaction kinetic parameters and reaction stoichiometric numbers that best described the experimental yields of solid, liquid and gas products. It was found that the simulation scheme could predict the product yields over the temperature range from 300 to 800 °C with reasonable accuracy of less than 10% average error. An attempt was made to generalize the biomass pyrolysis behavior by dividing the five biomasses into two groups based on the single-peak and two-peak characteristics of the DTG (derivative thermogravimetry) curves. It was found that this approximate approach was able to predict the product yields reasonably well. The proposed simulation method was extended to the analysis of slow pyrolysis results derived from previous investigations. The results obtained showed that the prediction errors of product yields were relatively large, being 12.3%, 10.6%, and 27.5% for the solid, liquid, and gas products, respectively, possibly caused by differing pyrolysis conditions from those used in the simulation. The prediction of gas product compositions by the simulation program was reasonably satisfactory, but was less accurate for predicting the compositions of liquid products analyzed in forms of hydrocarbons, aromatics and oxygenated fractions. In addition, information on the kinetics of thermal decomposition of biomass in terms of the variation of fractional conversion with time was also derived as a function of temperature and biomass type.
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1. Introduction


Biomass-based fuels are non-fossil and renewable and are regarded as CO2 neutral, since a biomass can assimilate carbon dioxide from the atmosphere during its growth period. Nowadays, biomass is becoming increasingly important as a renewable source of energy. The primary biomass fuel is wood waste; however, other agricultural wastes, such as bagasse, straw, rice hull, and coconut shells are also popularly used as fuel sources. The chemistry of biomass is complicated but the major components which can be isolated by analytical methods are cellulose, hemicelluloses, lignin, organics extractives, and inorganic materials [1]. Biomass is generally used on-site or a short distance off-site, due to its low bulk density. This is the reason why it is difficult to transport and use biomass in many applications without substantial pretreatment. As an energy source, biomass can be generally converted to biofuels by two possible routes, namely, fermentation and thermal decomposition. Based on the end-products required, thermal decomposition can be classified into direct combustion, gasification and pyrolysis [1,2,3].



Pyrolysis is the thermal degradation of biomass by heat in the absence of oxygen that results in the production of charcoal (solid), bio-oil (liquid) and gas products comprising mainly of CO2, CO, H2 and CH4. Generally, pyrolysis process operates in the temperatures ranging from 280 to 850 °C with different heating rates and residence times and can be classified into three subclasses: Conventional pyrolysis, fast pyrolysis, and flash pyrolysis.



Conventional pyrolysis may also be termed “slow pyrolysis”. This type of pyrolysis has been mainly used for the production of charcoal. Slow pyrolysis is characterized by the slow heating rate (less than 10 °C/s) and long residence times of gas and solids with the temperature being around 450 °C [1]. The release of vapor products does not occur as rapidly as in the fast pyrolysis. Thus, components in the vapor phase continue to react with each other, resulting in the formation of char and additional liquids.



Fast pyrolysis is a high-temperature process in which biomass is rapidly heated to around 500 °C in the absence of oxygen. Biomass decomposes to generate vapors, aerosols, and some charcoal-like char. Fast pyrolysis heating rate is around 100 °C/s, or even 10,000 °C/s and the vapor residence time is normally less than 2 s [4]. At higher fast pyrolysis temperatures, the major product is gas. Rapid heating and rapid quenching maximize the pyrolysis liquid products, which condense out before further reactions break down the higher-molecular-weight species into gaseous products. A dark brown liquid is formed after cooling and condensation of the vapors. The heating value of this liquid is approximately half that of conventional fuel oil. Fast pyrolysis processes produce 60–75 wt % of liquid bio-oil, 15–25 wt % of solid char, and 10–20 wt % of non-condensable gases, depending on the feedstock being used.



Flash pyrolysis occurs in a very high-temperature range of 700–1000 °C at a much faster heating rate of higher than 500 °C/s and with a short residence time of less than 0.5 s. Biomass conversion to bio-oil can have efficiency up to 80% in the flash pyrolysis process [5]. The liquid product is considered a very promising fuel because it can be easily transported, burnt directly in thermal power stations, and can be further used as a chemical feedstock to produce many valuable chemical products [6]. However, bio-oils have high oxygen content (35–50%), which causes high acidity (pH as low as ~2). Bio-oils are also viscous (20–1000 cP @ 40 °C), and a have high content of solid residues (up to 40%). These oils are also oxidatively unstable, so that the oils can polymerize, agglomerate, or have oxidative reactions occurring in situ, which lead to increased viscosity and volatility [7].



Due to the growing interest in the application of pyrolysis for energy generation, many research efforts have been made to study the effects of process conditions on the degradation mechanisms [4,8] and the distribution and compositions of the pyrolysis products [9,10]. On the other hand, various mathematical models capable of describing the pyrolysis phenomena have also been proposed. The simplest biomass pyrolysis model is the kinetic or reaction model which consists of the simple lumped kinetic model [4,11,12,13,14] and the multiple complex reactions distributed model, involving an infinite number of independent parallel reactions having distributed activation energies [15,16]. However, the kinetic models can be applied only for the case of chemical kinetic control, that is, for small particles where the effects of heat and mass transfer can be neglected. The next improved model is the single particle model where other processes are taken into consideration, such as heat and mass transfer limitations [17,18], secondary reactions [19,20] and particle shrinkage [21]. However, these two kinds of models often give information concerning the effects of pyrolysis conditions on the reaction conversion of the feed biomass or the yields of solid char products, with no prediction on the yields and compositions of the gas and liquid products.



Another approach that has gained increasing attention for the modeling of the biomass pyrolysis process is to employ a process simulator that is more flexible in terms of process layout and capable of process analysis, design and optimization [22,23]. The primary impetus of the present study was to use the COCO Simulation Program as a tool for mimicking the experimental process for studying the slow pyrolysis of five different biomasses, with the purpose to predict the product yields and compositions as a function of pyrolysis temperature. The COCO Simulator [24] uses the process flow diagram for defining the process to be simulated. It is a commercial open flowsheet modeling environment that contains a library of many unit operations and reactor models and a range of physicochemical and thermodynamic properties. The novelty of the simulation approach proposed in the present work is its ability to predict the pyrolysis kinetics, as well as the equilibrium yields and compositions of the pyrolysis products of biomasses from various sources as a function of decomposition temperature over a wide range from 300 to 800 °C.




2. Materials and Methods


Pyrolysis experimental data used as inputs for the simulation and validation of the proposed pyrolysis model in the present study was taken from our previous work [25,26]. The pyrolysis experiments were conducted in a fixed-bed reactor made of stainless steel (4.5 cm inside diameter and 46 cm long) which was inserted in a vertical tube furnace (model PTF 12/50/450, Protherm Electrical Furnaces) Palm shell (PS), coconut shell (CS), palm kernel cake (PK), cassava pulp residue (CP) and longan fruit seed (LS) were used as the biomass precursors for the pyrolysis study. Cassava pulp residue is a by-product from starch manufacturing from cassava and palm kernel cake is a solid residue left after oil extraction by screw press or solvent extraction and containing about 5 wt % of free fatty acid in the residual oil [27].



The as-received biomass precursors were crushed and sieved to obtain the average particle size of 2.03 mm (8 × 12 mesh screens). The pyrolysis experiment was commenced by loading each type of biomass into the reactor with the amount of 100 g for palm kernel cake, palm shell, coconut shell and longan fruit seed and 50 g for cassava pulp residue because of its low bulk density. The reactor was then heated from room temperature to the desired final pyrolysis temperature (300–800 °C) at a constant heating rate of 20 °C/min under a constant flow of nitrogen in the downward direction at the rate of 200 cm3/min. The generated vapor products flowed through two condensers connected in series. The first condenser utilized a mixture of salt-ice in a bath maintaining at −6 to −8 °C and the second condenser operated at −20 °C using a glycerin-water mixture filled in a temperature-controlled water bath. It usually took about 40–60 min after the final pyrolysis temperature was reached to complete each batch of the pyrolysis experiment. During the experimental run, the gas and the condensed liquid products were continuously collected until the end of the experiment. The total weights of solid char left in the reactor and the collected liquid products were determined and the product yields calculated based on the initial weight of the biomass according to the equation, product yield ( wt %) = (100) (weight of solid or liquid product/weight of biomass). The yield of the gas product was estimated by subtracting the yields of solid char and liquid products from 100. The compositions of the liquid and gas products from pyrolysis were also analyzed, and the method of analysis is described elsewhere [26].




3. Simulation of the Pyrolysis Process


In this work, the pyrolysis reaction scheme, as shown in Equation (1), was proposed as the decomposition of biomass, producing solid char, liquid products (H2O, C8H18, C6H5OH, C5H4O2, C7H8, C6H6, C8H10, C8H8, C9H20, C17H36, C19H40 and CH3COOH), and gas products (H2, CO2, CO and CH4). These chemical components are the dominant species detected in our slow pyrolysis batch experiments [25].


       C x   H y   O z   ( Biomass )   → k     a ( H   2     ) + b ( CO   2     ) + c ( CO ) + d ( CH   4     ) + e ( H   2     O ) + f ( C   8   H  18    ) +                g ( C   6   H 5     OH ) + h ( C   5   H 4   O 2     ) + € ( C   7   H 8     )   + j ( C   6   H 6     ) + k ( C   8   H  10      ) + l ( C   8   H 8  )             + m ( C   9   H  20      ) + n ( C    17    H  36      ) + o ( C    19    H  40      ) + p ( CH   3   COOH ) + q ( Char ) ,       



(1)




where x, y and z are mole ratios of carbon, hydrogen and oxygen which give the chemical formula for the biomass and their values are listed in Table 1 for various biomass precursors used in the present study. Symbols a to q represent the stoichiometric numbers of the products produced from the pyrolysis process.



The rate of biomass decomposition is assumed to follow the first-order rate expression, as shown in Equation (2).


  reaction   rate =   d  (   x  biomass    )    d t   = - k .  x  biomass   = A . exp  (    - E   RT    )  .  x  biomass   ,  



(2)




where k is the reaction rate constant (s−1), A is the pre-exponential factor (s−1), E is the activation energy of the reaction (J/mol), R is the gas-law constant (8.314 J/mol-°K), T is the absolute temperature (°K) and      x    biomass     is the mole fraction of biomass feedstock. Equations (1) and (2) are the basis for the calculation of product yields derived from the biomass pyrolysis.



The simulation procedure for biomass pyrolysis was initiated by first drawing a process flow diagram that imitates the experimental steps of the pyrolysis study, as illustrated in Figure 1. The biomass is fed at a specified rate into the reactor which operates as a continuous-stirred-tank reactor (CSTR). It is assumed that the pyrolysis decomposition reactions occur in the gas phase at a uniform temperature with no heat loss to the surrounding. The reaction products leaving the reactor are cooled and separated into solid, liquid and gas streams by using two condensers connected in series which operate at −8 °C and −20 °C, respectively. The overall system operates under a continuous steady-state condition that simulates the final equilibrium condition for the experimental batch pyrolysis system.



The input data required for the COCO simulator are the following, chemical formula of each biomass (from Table 1), reaction equation (Equation (1)) with an initial set of stoichiometric numbers (values of a to q), the kinetic rate expression (Equation (2)) and the initial values of kinetic parameters (A and E), process conditions (feed rate, temperature and pressure), experimental yields of the pyrolysis products, and physicochemical and thermodynamic properties of biomass and various pyrolysis products (stored in the program library). The program computes the yields of pyrolysis products based on the laws of conservation of mass and energy using the available input data. The program then searches for the optimum set of stoichiometric numbers and kinetic parameters for each biomass using the nonlinear least square (NLS) algorithm that minimizes the objective function of sum of squared errors (SSE), defined as   O . F . =     ∑  i = 1  N    (  %  yield  exp , i   - %  yield  sim , i    )     2   , where   %  yield  exp , i     and   %  yield  sim , i     represent the experimental and calculated percentage yields of solid, or liquid or gas products, respectively.



The outputs generated by the simulation program are the reaction kinetic parameters (A and E), the reaction stoichiometry numbers (a to q), the expected yields of solid, liquid and gas products, and the compositions of the liquid and gas products.




4. Results and Discussion


4.1. Raw Material Characterization


Table 1 shows the proximate and ultimate analyses and the lignocellulosic compositions, as well as the chemical formulae (CxHyOz) of the biomass precursors used in this study. Proximate and elemental analyses show that the main compositions of biomasses are volatile contents and carbon and oxygen are the major chemical elements. The fixed carbon content varies in the range of 11.83–19.20 wt %. On the lignocellulosic compositions, coconut shell and cassava pulp residue contain the largest percentage of hemicellulose and cellulose, respectively, while lignin is the major lignocellulosic constituent in palm shell and palm kernel cake. The lignin content of longan fruit seed is notably much higher than those of the other biomasses. Obviously, the differences in chemical compositions of biomass will have a direct influence on the yields and compositions of the derived pyrolysis products. It is further noted that the chemical formula (mole ratios), shown in Table 1, for each biomass precursor was computed from its ultimate analysis data.




4.2. Simulation Results


Table 2 shows the optimum set of stoichiometric numbers (a to q) generated from the simulation program for the five different biomasses studied. It should be noted that the char formula, CH0.22O0.51, was estimated from the ultimate analysis data of the produced solid char and was assumed constant for all the simulation conditions. Table 3 shows the corresponding kinetic parameters (A and E) as a function of pyrolysis temperature over the range from 300 to 800 °C, along with the comparison between experimental product yields and those predicted from the simulation program. The designated symbols P01, P02, P03, P04 and P05 indicate the set of simulation parameters (stoichiometry and kinetic parameters) pertaining to palm shell (PS), coconut shell (CS), palm kernel cake (PK), cassava pulp residue (CP) and longan fruit seed (LS), respectively. As Table 2 shows, the stoichiometry of the pyrolysis reaction is strongly dependent on the type of biomass. In terms of gas components, the order of increasing stoichiometric number is as follows, H2(a) < CH4(d) << CO(c) < CO2(b). The stoichiometric number of CO2 is highest among the gas products and the following order of increasing CO2 stoichiometric number is noted for different biomass types, PS < CS < LS, PK < CP. This observation may indicate the highest percentage composition of CO2 in the pyrolysis gas products and cassava pulp residue could produce the highest percentage yield of CO2. The stoichiometric numbers of liquid water and phenol are much higher than the other liquid-phase chemical components, possibly an indication of large proportions of water and oxygenated compounds present in the liquid bio-oil product.



For the sake of clarity, the effect of pyrolysis temperature on the product yields is shown plotted in Figure 2. It is seen that there is a general tendency for the yield of solid char to abruptly decreased over a narrow range of temperature from 300 to 500 °C, caused by the release of low-molecular weight volatiles, and gradually decreased at higher temperatures before attaining a constant average value of about 32 wt % solid at 800 °C for all biomasses. On the contrary, the yields of liquid and gas products tended to increase steadily from 300 to 400 °C and became relatively constant at higher temperatures. It is noted that the maximum liquid yields of all biomasses varied in the range from around 42.0 to 54.0 wt % with palm kernel cake giving the highest liquid yield. The optimum temperature giving the maximum liquid yield depended on the type of biomass, being 700 °C for cassava pulp residue and palm kernel cake, and 500, 600 and 800 °C for palm shell, coconut shell and longan fruit seed, respectively. Previous works have shown that this optimum temperature was in the range of 500–800 °C for the slow pyrolysis of different biomasses [32,33,34]. It is further observed that the liquid yield was higher than the gas yield with the difference being higher for palm shell and coconut shell. Visual observation shows that the simulation program was able to predict the experimental product yields reasonably well over the temperature range studied, e.g., for biomass, etc.



Closer examination of reveals that the maximum prediction errors by the simulation are 19.5% for the solid char of PK biomass, 13.9% for the liquid products of LS biomass and 22.5% for the gas products of CP biomass. The overall average error for predicting the yields of solid, liquid, and gas products was 6.02%, 5.45%, and 7.03%, respectively. Overall, the relatively low values of sum-square-error (SSE) in the range of 0.0887–0.1258 and with about 78% of the total data having an error less than 10% substantiate that the simulation model proposed in this study was capable of describing the thermal decomposition characteristics of the tested biomass in a packed-bed reactor within acceptable accuracy.



The pre-exponential factor (A), shown in Table 3, was found to be insensitive to the type of biomass, and the pyrolysis temperature and the best constant value of 7 × 106 s−1 was, thus, employed. The activation energy € derived from the simulation had the values of 8.0 × 104, 7.9 × 104, 7.4 × 104, 7.6 × 104 and 7.8 × 104 J/mol for palm shell, coconut shell, palm kernel, cassava pulp residue and longan fruit seed, respectively. The value of activation energy indicates the minimum energy barrier required for the initiation of a reaction, or it is a measure of chemical reactivity of a substance. Based on this argument, palm kernel cake is considered to be most reactive (lowest activation energy), while the palm shell is the least reactive. Another evidence concerning the biomass reactivity can be observed from TGA curves as displayed in Figure 3. The minimum temperature at which the biomass starts to decompose can be defined here as the temperature corresponding to the weight remaining of 90% or designated as Td. The lower this threshold temperature is, the easier for the reaction to occur. The determination of Td gave the following order: Td,PK (270 °C) < Td,PS (280 °C) < Td,LS (285 °C) < Td,CS (287 °C) < Td,CP (290 °C). Although this temperature order does not exactly match that of the activation energy (PK < CP < LS < CS < PS), it can be qualitatively inferred that palm kernel is most reactive with reference to the decomposition reaction.



Figure 4 shows the effect of pyrolysis temperature on the rate constant (k) for the decomposition reaction of all biomasses studied. The rate constant (k) increased in an exponential fashion with the increase in the pyrolysis temperature as expected. This is because the decomposition reaction is an endothermic process. It is further noticed that kPK > kCP > kLS > kCS > kPS which is in reverse order as compared to that of the activation energy of the pyrolysis reaction. That is, the chemical reaction of a low-activation energy process can proceed at a faster rate. The values of the rate constant (k) can be compared with those of previous investigators at 500 °C, although the actual pyrolysis conditions were not the same. For example, k for CP = 1.12 s−1 [25], k for PS = 3.59 s−1 [35], and k for PK = 1303 s−1 [35], calculated based on their reported values of the pre-exponential factor (A) and the activation ener€(E). It is noted that these numbers fall within the range of k values for each biomass, as reported in Table 3.



It is generally known that the pyrolysis behavior of biomass is highly complex, resulting from different decomposition rates and behavior of its cellulosic components, as well as a large number of secondary reactions among the released products [36,37]. The difference in the decomposition behavior of different biomasses is manifested in the derivative thermogravimetry (DTG) curves, as shown in Figure 5. Palm shell and coconut shell, which are hard and dense, show a distinct two-peak curve, while cassava pulp residue, palm kernel cake and longan seed, which are much softer, exhibit a single-peak characteristic curve. Based on this distinct decomposition behavior, it was, thus, decided to run the simulation program by using two separate chemical formulae (biomass structure) for these two groups of biomasses. They are C4.33H6.26O2.56 for palm shell and coconut shell (model G01) and C3.63H6.18O3.04 for palm kernel cake, cassava pulp residue and longan fruit seed (model G02). The atomic ratio numbers for carbon, hydrogen and oxygen representing the chemical formulae for G01 and G02 were estimated by averaging the atomic ratio numbers of the respective biomasses in each biomass group. For example, the number 4.33 for the carbon of model G01 was calculated from (4.11 + 4.55)/2 = 4.33, where the numbers 4.11 and 4.55 are the atomic mole numbers of palm shell (PS) and coconut shell (CS) from Table 1, respectively. The reason for trying this simulation approach is an attempt to generalize the simulation of biomass pyrolysis based on the differences in the thermal decomposition behavior of biomass, as reflected in the DTG curves.



Table 4 shows the optimum set of stoichiometry derived for model G01 and model G02 and Figure 6; Figure 7 compares the experimental and computed product yields. It is visually observed that the simulation program is able to predict the correct effect of temperature on the product yields. The general agreement between the simulated and experimental results is satisfactory, although relatively large errors exist for the prediction of liquid yields for palm kernel cake and cassava pulp residue. The SSE were found for model G01 to be 0.1120 for palm shell (cf. 0.1065 for P01) and 0.0983 for coconut shell (cf. 0.0877 for P02), and for model G02 to be 0.4215 for palm kernel cake (cf. 0.1253 for P03), 0.4427 for cassava pulp residue (cf. 0.1258 for P04) and 0.1093 for longan fruit seed (cf. 0.1117 for P05). The pre-exponential factor (A) was kept constant as 7 × 106 (s−1) as in the previous cases. The optimum values of activation energy were 7.8 × 104, 8.0 × 104, 7.9 × 104, 7.45 × 104 and 8.0 × 104 J/mol for palm shell, coconut shell, palm kernel cake, cassava pulp residue and longan fruit seed, respectively.



Next, the simulation scheme proposed in this work for the modelling of biomass pyrolysis using the COCO simulation program was extended to the analysis of previous works on the slow pyrolysis of various biomasses. The systems selected were based on the same mode of slow pyrolysis and same types of biomass used in the present study. Table 5 summarizes the results using models P01–P04, with the respective stoichiometric numbers and kinetic parameters being obtained from Table 2 and Table 3, respectively. Table 6 presents the analysis of error of simulated results in Table 5. Overall, the simulation does not give good predictive results for all pyrolysis products, although Table 5 shows the correct trend for the effect of temperature on the product yields. The sum of squared errors (SSE) of estimation for P01–P04 is much larger than those reported in Table 3. The percentage error for predicting the yield of each pyrolysis product (solid, liquid and gas) varies rather widely, and the maximum error is relatively large, particularly for the gas products. However, the prediction of liquid and solid yields by the simulation program seems to be reasonable, considering the overall average error of around 10.4% and with about 89% of the simulated results being within ±20% error range. In view of the biomass precursors (P01–P04) and from the values of average percentage error, the approximate order of decreasing predictive accuracy for the yields of solid and liquid products (excluding gas yields) is as follows: P01 (PS) > P02 (CS) > P03 (PK) > P04 (CP). The relatively large discrepancies between the experimental and simulated product yields could be due to the differences in the pyrolysis conditions, for example, heating rate, particle size, chemical properties of the biomass, etc.



To improve the simulation accuracy, it is proposed that there should be an optimum set of kinetic parameters (A and E) and stoichiometry numbers (a to q) pertaining to a specific pyrolysis condition. To test this hypothesis, the pyrolysis data of Abdul Rahman (2016) [40] in Table 5 were directly used in the simulation to search for the optimum set of model parameters and the results on product yields calculated. The calculated optimum stoichiometric numbers are presented in Table 7, while the computed rate constants and the product yields are listed in Table 8. As compared with the results in Table 5, it is seen that the simulation capability improves considerably, notably for the gas product yields. The average percentage error of model prediction on product yields over the temperature range of 300–500 °C decreases for the solid, liquid and gas products from 8.1 to 5.3%, 3.8 to 3.1% and 45.4 to 20.6% for the solid, liquid and gas products, respectively. It is, therefore, concluded that the prediction of product yields from the slow pyrolysis of biomass using the COCO simulator is most accurate for a particular set of pyrolysis condition. However, the simulation program can still be applied for the prediction of pyrolysis behavior of the biomass under pyrolysis conditions differing from those used in the simulation, but with a certain loss of prediction accuracy.



Next, the results on liquid and gas product compositions generated from the simulation program are presented. Table 9 shows the typical comparison of experimental and simulated compositions of gas and liquid products from the pyrolysis of cassava pulp residue and palm kernel cake at 500 °C. The simulation program could predict the compositions of the four gas products fairly well with an overall average error of about 55%, as compared to the experimental results. Furthermore, the simulation could predict the correct proportions of the gas contents as in the following order, CO2 > CO > CH4 > H2. It is further observed that the prediction accuracy by the simulation for the liquid product compositions is not as good as that for the gas compositions, but the error of prediction is quite random. To improve the model capability for better prediction of both the product yields and compositions, the program algorithm needs to be modified that involves the minimization of the objective function of SSE for both the product yields and compositions. Due to a large number of chemicals presenting in the liquid bio-oil products, it may be necessary to limit the liquid compositions to some major compounds, possibly the group of oxygenated compounds.



Finally, the kinetic data of pyrolysis reaction was computed and presented as the fractional conversion of biomass versus pyrolysis time. Figure 8 and Figure 9 show the results for the effects of pyrolysis temperature (for coconut shell) and biomass type (at 500 °C), respectively. It is seen that the pyrolysis kinetics of coconut shell is strongly dependent on the temperature. The initial conversion rates (dX/dt) were estimated to be 1.07, 3.33 and 10.10 s−1 for the pyrolysis temperatures of 300, 400 and 500 °C, respectively. A tenfold increase in the conversion rate is noticed for the increasing of pyrolysis temperature from 300 to 500 °C. As to the biomass type, palm kernel cake shows the highest conversion rate and palm shell gives the lowest one, in accord with the results of the rate constant (k) previously reported.



In summary, the simulation method proposed in the present study was able to provide complete information on the yields and compositions of pyrolysis products, as well as the pyrolysis kinetic data for different biomasses over the range of pyrolysis temperature from 300 to 800 °C. It should be noted that a similar but more sophisticated approach was proposed [23] for modelling the fast pyrolysis of beech wood biomass over the temperature range from 470 to 570 °C by incorporating the kinetic reaction model for the decomposition of the three lignocellulosic components into the Aspen Plus program.





5. Conclusions


The COCO simulation program was employed to simulate and study the slow pyrolysis behavior of five different biomasses, including palm shell, coconut shell, cassava pulp residue, palm kernel cake and longan fruit seed. The following conclusions can be drawn.




	
For each biomass, the best set of kinetic parameter (A and E) and stoichiometric numbers for the decomposition reaction, capable of describing the pyrolysis product yields, were generated by the program.



	
The derived set of stoichiometric numbers depended strongly on the biomass type, with the stoichiometric number of CO2 and water being largest for the gas and liquid products, respectively.



	
The simulation could predict the correct trend of temperature effect on the product yields over the temperature range of 300–800 °C.



	
The simulation could predict the yields of pyrolysis products with reasonable accuracy, giving the overall average errors of 6.02, 5.45 and 7.03% for the solid, liquid and gas products, respectively.



	
The biomass pyrolysis was alternatively simulated by separating the tested biomasses into two groups based on the single-peak and two-peak characteristics of the DTG curves. The agreement between the simulated and experimental product yields using this approach was satisfactory.



	
The validity of the proposed simulation scheme was further tested against the slow pyrolysis results of previous investigations based on the same type of biomass, but with differing pyrolysis conditions. Overall, the prediction error of product yields varied over a relatively wide range with the average error being 12.3%, 10.6% and 27.5% for the solid, liquid and gas products, respectively. The predictive capability could be substantially improved if an optimum set of model parameters relevant to a specific pyrolysis condition was applied.



	
The simulation program also generated the data on liquid and gas compositions of the pyrolysis products. The program was able to predict the correct percentage proportions of gas contents, but there were large discrepancies of the liquid compositions between the experiments and simulation results.



	
The kinetics of biomass pyrolysis generated from the simulation program in terms of fractional conversion against time was derived from observing the effect of temperature and biomass type. Palm kernel cake showed the largest conversion rate, while longan fruit seed gave the lowest conversion rate.
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Figure 1. Process simulation flowsheet for batch pyrolysis study. 
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Figure 2. Comparison of experimental and simulated pyrolysis product yields as a function of pyrolysis temperature for (a) palm shell (PS), (b) coconut shell (CS), (c) palm kernel cake (PK), (d) longan fruit seed (LS) and (e) cassava pulp residue (CP), using pyrolysis models P01–P05. 
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Figure 3. TGA curves of different biomass precursors [25]. 






Figure 3. TGA curves of different biomass precursors [25].



[image: Processes 07 00775 g003]







[image: Processes 07 00775 g004 550] 





Figure 4. Effect of pyrolysis temperature on the computed rate constant (k) of pyrolysis reaction for different biomass precursors. 
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Figure 5. DTG curves of different biomass precursors used in the present study [25]. 
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Figure 6. Comparison of experimental and calculated pyrolysis yields for (a) palm shell and (b) coconut shell by using pyrolysis reaction model G01. 
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Figure 7. Comparison of experimental and simulated pyrolysis yields for (a) palm kernel cake, (b) longan fruit seed and (c) cassava pulp residue by using pyrolysis reaction model G02. 
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Figure 8. Effect of pyrolysis temperature on the computed fractional conversion of coconut shell as a function of time. 
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Figure 9. Effect of biomass type on the computed fractional conversion as a function of time at pyrolysis temperature of 500 °C. 
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Table 1. Proximate and ultimate analyses of biomass precursors used in the present study.
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Biomass

	
PS

	
CS

	
PK

	
LS

	
CP






	
Proximate analysis (Dry basis, wt %)




	
Volatiles

	
75.69

	
82.38

	
79.57

	
84.51

	
81.98




	
Fixed carbon

	
19.20

	
16.33

	
16.74

	
14.79

	
11.83




	
Ash

	
5.11

	
1.29

	
3.69

	
0.70

	
6.19




	
Ultimate analysis ( wt %)




	
C

	
48.74

	
49.76

	
47.19

	
43.75

	
35.89




	
H

	
4.99

	
5.60

	
6.38

	
6.30

	
5.47




	
O

	
45.63

	
44.29

	
43.28

	
48.81

	
58.27




	
N

	
0.64

	
0.35

	
3.15

	
1.14

	
0.36




	
Cellulosic composition ( wt %)




	
Cellulose

	
29.70 [28]

	
19.80 [28]

	
24.07 [29]

	
19.49 [30]

	
61.83 [31]




	
Hemicellulose

	
16.90 [28]

	
50.10 [28]

	
25.00 [28]

	
61.58 [30]

	
21.37 [31]




	
Lignin

	
53.40 [28]

	
30.10 [28]

	
50.92 [28]

	
18.92 [30]

	
16.79 [31]




	
Chemical formula

	
C4.11H6O2.72

	
C4.55H6.52O2.36

	
C3.65H6.13O2.93

	
C3.64H6.30O3.05

	
C3.59H6.10O3.15
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Table 2. The optimum set of stoichiometric numbers for decomposition reaction of biomass generated from the simulation program.
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Component

	
Chemical Formula

	
Stoichiometric Number




	
Equation (1)

	
PS

	
CS

	
PK

	
CP

	
LS






	
Hydrogen

	
H2

	
a

	
0.012261

	
0.017042

	
0.004387

	
0.004400

	
0.004387




	
Carbon dioxide

	
CO2

	
b

	
0.114322

	
0.134188

	
0.187604

	
0.294152

	
0.187604




	
Carbon monoxide

	
CO

	
c

	
0.054133

	
0.075250

	
0.059895

	
0.064468

	
0.059895




	
Methane

	
CH4

	
d

	
0.013022

	
0.030862

	
0.007199

	
0.007334

	
0.007199




	
Water

	
H2O (L)

	
e

	
1.380014

	
1.190092

	
1.466903

	
1.421031

	
1.466903




	
Octane

	
C8H18

	
f

	
0.006834

	
0.016383

	
0.007851

	
0.007996

	
0.007851




	
Phenol

	
C6H5OH

	
g

	
0.234244

	
0.042253

	
0.053367

	
0.055798

	
0.053367




	
Fufural

	
C5H4O2

	
h

	
0.003697

	
0.003079

	
0.041126

	
0.040679

	
0.041126




	
Toluene

	
C7H8

	
i

	
0.002015

	
0.002143

	
0.000392

	
0.000392

	
0.000392




	
Benzene

	
C6H6

	
j

	
0.000078

	
0.000078

	
0.047344

	
0.048942

	
0.047344




	
Xylene

	
C8H10

	
k

	
0.000038

	
0.000038

	
0.001643

	
0.001647

	
0.001643




	
Styrene

	
C8H8

	
l

	
0.087691

	
0.232460

	
0.001003

	
0.001003

	
0.001003




	
Nonane

	
C9H20

	
m

	
0.006656

	
0.016789

	
0.009297

	
0.009488

	
0.009297




	
Heptadecane

	
C17H36

	
n

	
0.004205

	
0.011375

	
0.016951

	
0.016276

	
0.016951




	
Nonadecane

	
C19H40

	
o

	
0.003804

	
0.010303

	
0.019336

	
0.017476

	
0.019336




	
Carboxylic acid

	
CH3COOH

	
p

	
0.036070

	
0.016236

	
0.122597

	
0.120256

	
0.122597




	
Char

	
C(H0.22)(O0.51)

	
q

	
1.457702

	
1.461561

	
1.504270

	
1.369658

	
1.504270




	
Model Name

	
P01

	
P02

	
P03

	
P04

	
P05
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Table 3. Optimum values of kinetic parameters and the comparison of experimental and simulated product yields of solid (S), liquid (L), and gas (G) using models P01(PS), P02(CS), P03(PK), P04(CP), and P05(LS).
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Biomass (Model Name)

	
Temp (°C)

	
Kinetic Parameter

	
Yield ( wt %)

	
% Error

	
SSE




	
A

	
E (J/mole)

	
K (1/s)

	
Experiment

	
Simulation




	
S

	
L

	
G

	
S

	
L

	
G

	
S

	
L

	
G






	
PS (P01)

	
300

	
7.0 × 106

	
8.0 × 104

	
0.36

	
61.0

	
28.0

	
11.0

	
62.3

	
27.3

	
10.4

	
2.1

	
−2.4

	
−5.5

	
0.1065




	
400

	
4.32

	
39.0

	
42.0

	
19.0

	
45.7

	
39.5

	
14.8

	
17.2

	
−6.0

	
−22.1




	
500

	
27.48

	
36.0

	
46.0

	
18.0

	
38.1

	
45.0

	
16.9

	
5.7

	
−2.1

	
−6.1




	
600

	
114.35

	
35.0

	
46.0

	
19.0

	
34.7

	
47.5

	
17.9

	
−1.0

	
3.2

	
−6.0




	
700

	
354.99

	
35.0

	
46.0

	
19.0

	
32.9

	
48.8

	
18.3

	
−6.0

	
6.0

	
−3.5




	
800

	
892.24

	
36.0

	
44.0

	
20.0

	
33.0

	
48.7

	
18.3

	
−8.3

	
10.6

	
−8.3




	
CS (P02)

	
300

	
7.0 × 106

	
7.9 × 104

	
0.44

	
65.0

	
24.0

	
11.0

	
64.7

	
25.9

	
9.4

	
−0.4

	
7.8

	
−14.5

	
0.0877




	
400

	
5.17

	
33.0

	
48.0

	
19.0

	
37.5

	
45.8

	
16.7

	
13.5

	
−4.5

	
−12.1




	
500

	
32.10

	
35.0

	
47.0

	
18.0

	
31.5

	
50.2

	
18.3

	
−10.1

	
6.9

	
1.7




	
600

	
131.24

	
29.0

	
52.0

	
19.0

	
30.4

	
51.0

	
18.6

	
4.9

	
−1.9

	
−2.3




	
700

	
401.70

	
30.0

	
51.0

	
19.0

	
30.2

	
51.1

	
18.6

	
0.8

	
0.3

	
−1.9




	
800

	
998.08

	
29.0

	
51.0

	
20.0

	
30.2

	
51.1

	
18.6

	
4.3

	
0.3

	
−6.8




	
PK (P03)

	
300

	
7.0 × 106

	
7.4 × 104

	
1.26

	
45.0

	
39.0

	
16.0

	
49.9

	
35.5

	
14.6

	
10.8

	
−9.0

	
−8.5

	
0.1253




	
400

	
12.63

	
38.0

	
45.0

	
17.0

	
34.0

	
46.8

	
19.2

	
−10.6

	
4.0

	
13.1




	
500

	
69.90

	
32.0

	
50.0

	
18.0

	
31.6

	
48.5

	
19.9

	
−1.3

	
−3.1

	
10.7




	
600

	
261.37

	
32.0

	
49.0

	
19.0

	
31.2

	
48.8

	
20.1

	
−2.6

	
−0.5

	
5.6




	
700

	
745.30

	
26.0

	
54.0

	
20.0

	
31.1

	
48.8

	
20.1

	
19.5

	
−9.6

	
0.5




	
800

	
1748.15

	
32.0

	
47.0

	
21.0

	
31.0

	
48.9

	
20.1

	
−3.1

	
4.0

	
−4.3




	
CP (P04)

	
300

	
7.0 × 106

	
7.6 × 104

	
0.92

	
40.0

	
40.0

	
20.0

	
44.5

	
35.3

	
20.2

	
11.3

	
−11.8

	
1.2

	
0.1258




	
400

	
9.66

	
37.0

	
40.0

	
23.0

	
32.0

	
39.8

	
28.2

	
−13.5

	
-0.4

	
22.5




	
500

	
55.35

	
31.0

	
38.0

	
31.0

	
28.8

	
41.7

	
29.5

	
−7.2

	
9.8

	
−4.8




	
600

	
212.57

	
29.0

	
39.0

	
32.0

	
28.2

	
42.0

	
29.7

	
−2.6

	
7.8

	
−7.1




	
700

	
619.16

	
28.0

	
43.0

	
29.0

	
28.1

	
42.1

	
29.8

	
0.4

	
−2.1

	
2.8




	
800

	
1477.59

	
28.0

	
42.0

	
30.0

	
28.0

	
42.2

	
29.8

	
0.1

	
0.4

	
−0.7




	
LS (P05)

	
300

	
7.0 × 106

	
7.8 × 104

	
0.54

	
53.0

	
36.0

	
12.0

	
53.7

	
31.9

	
14.4

	
1.3

	
−11.4

	
20.3

	
0.1117




	
400

	
6.18

	
39.0

	
38.0

	
23.0

	
36.7

	
39.7

	
23.5

	
−5.8

	
4.6

	
2.3




	
500

	
37.51

	
33.5

	
40.0

	
26.5

	
32.1

	
42.7

	
25.2

	
−4.2

	
6.7

	
−4.8




	
600

	
150.63

	
32.0

	
39.0

	
26.0

	
31.3

	
43.2

	
25.5

	
−2.2

	
10.7

	
−1.8




	
700

	
454.55

	
32.0

	
38.0

	
25.0

	
31.1

	
43.3

	
25.6

	
−2.8

	
13.9

	
2.4




	
800

	
1116.47

	
29.0

	
44.0

	
24.0

	
31.1

	
43.3

	
25.6

	
7.1

	
−1.6

	
6.8








Note: % Error = (100)(  %  yield  sim     −   %  yield  exp    )/  %  yield  exp    .
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