Waste tyre gasification using Aspen Plus: Sensitivity analysis of impact variables
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Abstract 
In this work, Aspen Plus simulation software was used to develop a model for the gasification of waste tyres. A sensitivity analysis was performed with the aim to investigate and optimize the overall process conditions of waste tyre gasification. This study investigated the effect of air equivalence ratio (ER) and steam to waste tyre ratio (SR) on the reactor temperature, product gas composition and on the low heating value of the product gas. The results showed that an ER of 0.38 and an SR of 1.8 are the optimum conditions to operate the gasification of waste tyre to produce syngas with a 1:2 carbon monoxide to hydrogen ratio. This corresponds to reaction temperatures of 800oC and low heating value of 10.35MJ/kg. 
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1. Introduction
Over the last two decades the standard of life in South Africa has improved and this general development has led to the growth in the number of car users. Annually 11 million tyres are produced in South Africa from 4 tyre manufactures and a further 2 million is imported (Haffejee 2015). However, properties such as resistance to chemical degradation, abrasion, water, heat, electricity, mechanical damage and bacteria attack, and general safety regardless of weather conditions, make disposal tyre very difficult. It takes over 100 years for microorganisms to destroy tyres (Czajczyńska et al. 2017). Waste tyres require huge quantities of land for storage as tyres cannot be compacted, and many countries including South Africa have already burned  the  dumping of tyres in landfills (Oboirien and North 2017). Illegal dumping has increased because storage facilities become scarcer and the cost of disposal of tyres continue to increase [25]. The South African government has identified 38 streams of waste that need to be diverted away from landfills through recycling and has set a target of recycling 100% of waste tyres by 2022 [3],[2]. The government through the National Environmental waste act (Act No. 59 of 2008) gave rise to regulations aimed at solving the environmental problem while creating jobs [2],[3],[6]. These regulations apply to all tyre manufactures, dealers and users in all provinces of South Africa. The Recycling and Economic Development Initiative of South Africa (REDISA) was formed in 2012 with the idea of spearheading the waste tyre management plan. The waste type management not only focused on collecting tyres but to find options in effective reuse, rubber and materials recycling and energy recovery potential from waste tyres before disposing them to designated facilities. The plan demanded that all reuse, recycling and energy recovery options must be not be more harmful to the environment than direct disposal of a tyre (Sebola, Mativenga, and Pretorius 2018). REDISA has it on record that 71,806 tonnes of waste tyres were recycled in  2015 from about 31,448 tonnes in 2014 and 16,037 tonnes in 2013 (Hartley, Caetano, and Daniels 2016). The most used methods of recycling is crumbing, pyrolysis and incineration technologies and account for approximately 46.5 percent of waste tyre product in 2015 (Hartley, Caetano, and Daniels 2016). The REDISA scheme however failed and today only 10% of total waste has been diverted from landfills. The department of environmental affairs in their 2018/2019 performance targets has re-set a target to divert 30% of waste tyres from landfill sites (Godfrey and Oelofse 2017).Thus more research is required to find the most desirable pathway to recover energy and products from waste tyres.
Tyres are made up of natural and synthetic rubber, metal, fabric, and additives. Waste tyres represent a petroleum waste stream with a carbon component qualifying as a renewable energy resource (Alfred and Staden 2012). Tyres possess a high volatile and low ash contents with a heating value greater than that of coal and biomass (Portofino et al. 2011). Numerous technologies have been used as possible pathways to recycle waste tyres and these include re-treading, incineration, mechanical recycling (shredding, crumbing and reclaiming), and energy recovery through thermal decomposition (Mulaudzi 2017). Environmental concerns, high energy cost, low market value and product demand are some of the limitations for development of current methods of recycling tyres on a commercial scale. Thermal valorization through gasification is the most promising pathway to transform waste tyres into useful energy and other chemical products (Van der Drift and Boerrigter 2005). 
Gasification uses a limited amount of air or oxygen and steam to decompose carbonaceous materials into a permanent gas mixture, mostly containing hydrogen (H2), carbon monoxide (CO), carbon dioxide (CO2), methane (CH4). There is a lot of research work done on tyre gasification. However, the production of high-quality syngas is still a challenge. The generation of CO2 and tars are the major barriers to the commercialization of waste tire gasification. The tar lowers the yield of the syngas and CO2 reduces the heating value (HHV) of the syngas.  (Oboirien and North 2017), (Portofino et al. 2013). The intention of this work is to investigate the effective and efficient pathways to convert waste tyres to syngas. This study aims to develop a simple model to investigate the optimum operating conditions to convert waste tyres to synthesis gas.  
2. Method 
Aspen plus was used to simulate the gasification of waste tyres. From this, the effect of air equivalence ratio and steam flow rate on gas composition, low heat value and the adiabatic gasification temperature of the reactor were investigated. Aspen plus software was chosen because it is capable to avoid complex processes and develop the simplest possible model that incorporates the vast reactions involved gasification and all the physical characteristics of the reactor. Aspen plus also has the capability to incorporate Fortran code which a user can write into the model, ensuring that the system operates within user-specified limits and constraints. In order to study the sensitivity analysis of the process parameters, the kinetics free equilibrium steady state model was used. This assumes that the residence time is long enough for all considered reactions to reach equilibrium. The advanced non-conventional (NC) property methods sheet was used to define waste tyres as a non-conventional solid and calculate its properties. HCOALGEN and DCOALGT models were selected to describe waste tyres in terms of its ultimate and proximate analysis. Table 1 list the proximate and ultimate analysis of waste tyres used in this study. The NC stream was used for the feed and ash, while mixed stream was used for the gaseous components H2, O2, CO, CO2, H2O, N2, CH4 and S. The char produced from pyrolysis was defined as graphite carbon. Since the process involves conventional components such as H2O, N2, and O2 at low pressure and high temperature, the Soave-Redlich-Kwong (SRK) was selected for the simulation of all conventional components in the process. 100kg/h of waste tyres were used in this simulation study. Figure 1 shows the flowsheet of waste tyre gasification. 
Table 1 here. 
Figure 1 here. 
In the DECOMP block the feed of dry waste tyre, specified as a non-conventional solid is devolatilised into its constituting elements (C, H, O, N, S, and ASH). This block model the pyrolysis of tyres and RYield model was chosen. A FORTRAN statement is used to specify the yield distribution according to the ultimate and proximate analysis of tyres and determines the mass flow rate of each component in the blocks outlet stream (Nikoo and Mahinpey 2008). The block is run at 500oC. The outlet stream from the DECOMP block is fed to the GASIFY reactor which is based on the RGibbs model. This reactor is used to simulate the gasification reactions. The reactor calculates the syngas composition by minimizing the Gibbs free energy of the system and assumes complete chemical equilibrium. The selected possible products were H2, CO, CO2, CH4, C2H4, H2S, NH3, and H2O. In order to simulate the gasifier as an adiabatic reactor the heat of reaction associated with waste tyre decomposition in block DECOMP was considered into the gasification step as shown in Fig. 1, this allowed the heat duty of the gasifiers to be specified by the heat stream Q-DUTY (Mavukwana, Jalama, and Harding 2014). The outlet from the GASIFY enters the CYCLONE which separates the ash from gases. The gases then pass through to the block SEPA. The block simulates the gas cleaning step, such that the product gas only has CO, H2, CH4, C2H2, CO2, and C2H4. It was assumed that the process is isothermal and operates under steady state conditions. Only H2S and NH3 are produced from the sulfur and nitrogen in the feedstock (Mitta et al. 2006) and ash does not participate in any reactions. 
Tar and other heavy hydrocarbons are not considered as a Gibbs reactor model have been assumed for the gasification reaction. Tar and heavy hydrocarbons are products of non-equilibrium reactions and thus are not considered in the model (Mavukwana, Jalama, and Harding 2014; Nikoo and Mahinpey 2008; Mitta et al. 2006). In this simulation study, the effect of the operating parameters equivalence ratio (ER), and steam to waste tyre ratio (SR) on syngas composition and the adiabatic temperature was investigated. Equivalence ratio is defined as the air to waste tyre weight ratio divided by the stoichiometric air to waste tyre weight ratio needed for complete combustion. SR is mass of steam divided by the mass of waste tyres fed to the process. 
3. Results and Discussion 
To assist with the discussion Table 2 list the possible reactions that takes place during waste tyre decomposition. 
Table 2 here.
3.1. Effect of Equivalence ratio (ER)

Figure 2 shows the effect of ER on the product gas composition and adiabatic temperature. From ER 0.15 to 0.33 the syngas composition (H2 and CO) increases, with the hydrogen molar composition greater than that of carbon monoxide. At ER 0.33 hydrogen reached its maximum concentration and decreases significantly as the ER increases, whilst CO increases until ER of 0.55. The adiabatic temperature at 0.33 was 718oC and the carbon monoxide to hydrogen ratio was 1:1.22.  This means that lower ER is required to produce a CO/H2 ratio of 2. However, reducing ER reduces the gasification temperature which leads to the production of hydrocarbons.  Above ER of 0.55, complete combustion dominates and the concentration of CO and H2 decrease significantly as CO2 producing reactions become more dominant. 
Figure 2 here.
CH4, C2H2, and C2H4 decreased with ER and eventually reaches zero above ER 0.375. This is in accordance with the chemistry of the boudouard reaction (R2) and the methanation reaction (R4). As the temperature increases, more carbon is reacted with CO2 to form carbon monoxide, this increases the mole fraction of CO and that of CO2 decreases. In R4 as the temperature increases the CH4 decreases as it is consumed to form H2. The hydrogen reached its maximum concentration at ER 0.33 regardless of any increases in SR or changes in feed conditions. At ER above 0.33, the amount of oxygen is sufficient for complete combustion of R1 overriding the water shift reactions R5 and R6 and thus H2 decreases and CO2 increases.  

3.2. Effect of Steam to tyre waste ratio (SR)

Figure 3 shows the effect of SR on gas molar composition at ER 0.33. At ER hydrogen reached its maximum concentration, however, the hydrogen to carbon monoxide ratio was 1.442 less than the target 2. This means that steam maybe is required to shift the CO and reform the present hydrocarbons. 
Figure 3 here. 
Figure 3 shows that hydrogen production increases with increase in SR ratio, while the hydrocarbons and carbon monoxide production decreased significantly. This was expected because as SR increases the steam reforming reactions (R7) and char gasification reaction (R5) consume carbon and hydrocarbons to produce CO and H2, but because the water gas shift reaction R6 consumes the CO produced in R5 and R7, CO also decreases. Therefore as SR increases H2 and CO2 increases while CO decreases. Figure 3 also shows that the temperature of the reactor decreases with increasing SR, which validates that steam act as a moderator and reduces the temperature (Mavukwana, Jalama, and Harding 2014). In figure 2 it was shown that the ER had the opposite effect on the reactor temperature, hence it can be concluded that the temperature of an adiabatic gasifier is dependent on the steam and oxygen flow rates. 

3.3. Effect of ER and SR on H2/CO ratio

Figure 4 shows the effect of SR on H2/CO ratio at different ER ratios. The plot shows the H2: CO ratio increases with a decrease in ER and increases with SR. The target H2:CO ratio of 2 is achieved at SR of 1.29 when ER is 0.28 or when SR is 1.45 and ER is 0.33 and also at SR 1.84 and ER 0.38. The respective temperatures for these conditions are 627oC, 692oC, and 800oC. Hence lower ER’s (0.15-0.33) are not recommendable for commercial application because the decomposition of tyres into volatiles and char requires a large sum of energy and that cannot be achieved with low ER. For steam to be used as the sole gasification agent then the combustion of some char into CO2 is necessary to provide the necessary thermal energy for the gasification system to proceed. However, an ER of 0.38 and SR of 1.8-2 are recommended for industrial applications and these operating conditions are in agreement with what is reported in the literature (Oboirien and North 2017). 
Figure 4 here.
The low heating value (LHV) of the product gas decreased with increase in both ER and SR. This can be attributed to the production of CO2 at higher ER and SR. CO2 and other oxygenated compounds dilute the product gas which leads to lower LHV. This trend is observed in Table 3.  
Table 3 here 
4. Conclusions 
The gasification process of waste tyres was successfully modeled using Aspen Plus simulation software. The effects of ER and SR on syngas composition and gasification temperature were investigated. The following was observed:

I. Hydrogen and carbon monoxide in the product gas increased when ER was increased to 0.33. At this ER hydrogen reached a maximum concentration and decrease with further increases in ER. Correspondingly carbon monoxide reached its maximum concentration at ER 0.55 and beyond this point, the process favored the production of carbon dioxide. 

II. Carbon monoxide, methane, ethyne, and ethylene all decreased when SR was increased. Hydrogen and carbon dioxide correspondingly increased. This is basically due to the steam reforming reaction of hydrocarbons and the water gas shift reactions that yields hydrogen and carbon dioxide. 
III. The LHV decreased with both increase in ER and SR and this was due to the production of carbon dioxide which lowers the concentration of carbon monoxide in the final product gas. 

The result showed that ER of 0.38 and SR of 1.8 were the optimum conditions to operate the gasification of waste tyre.
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