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The disposal of automotive shredder residue (ASR) directly affects China's 
goal of achieving a 95% recycling rate for end-of-life vehicles. Pyrolysis 
and gasification have gradually become the most commonly used 
thermochemical technologies for ASR recycling. To obtain more 
hydrogen-rich syngas, it is necessary to determine the optimal process 
parameters of the ASR pyrolysis and gasification process. The main 
process parameters of the two-stage ASR pyrolysis and gasification 
process were studied using the established Aspen Plus model. Through 
analyzing the effects of process parameters, such as the temperature, 
equivalence ratio, and mass ratio of steam to ASR feedstock, on the 
product distribution and product characteristics of ASR pyrolysis and 
gasification, the optimal process parameters were determined. A series of 
comparative experiments under different conditions were conducted. The 
experimental results verified the accuracy and reliability of the Aspen Plus 
simulation model for the ASR pyrolysis and gasification processes and 
verified the practical feasibility of the process parameters obtained from 
the simulation analysis. 
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INTRODUCTION 
 

Vehicle ownership in China has increased rapidly in the last two decades, with the 

number of civil cars reaching 260 million at the end of 2019. With the development of the 

social economy and changes in the consumption concept, the service time of automobiles 

has become increasingly shorter, which has led to a rapid growth in the number of end-of-

life vehicles (ELVs). Soil pollution, water pollution, and resource waste easily occur if 

ELVs are not recycled properly. Therefore, the recycling and recovery of ELVs has 

attracted much attention. Various countries or regions have also promulgated relevant laws 

and regulations, which stipulate the target recycling rate of ELVs (Chen and Zhang 2009; 

Wang and Chen 2013). In the future, China will adopt large-scale mechanized equipment 

for dismantling, crushing, and sorting to recycle ELVs, which will inevitably produce a 

large amount of automobile shredder residue (ASR). At the end of its useful life, a car is 

processed by the dismantling and recycling company. The engine, fuel tank, seat, car glass, 

car computer, car lights, airbag, etc., are all removed. The remaining part is compressed 

into blocks. The crushing and sorting company purchases these blocks and sends them to 

the crusher. Then, the iron and non-ferrous metals are sorted out using techniques such as 

magnetic separation and eddy current separation. The remaining part is the automotive 

shredder residue (ASR). Automobile shredder residue accounts for 20 to 25% of an ELV 
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by weight (Ahmed et al. 2014; Ruffino et al. 2014; Cossu and Lai 2015), and the disposal 

of ASR directly affects China’s goal of achieving a 95% recycling rate of ELVs. With the 

development of new materials and the promotion of auto-lightweight technologies, organic 

materials are more widely used in automobiles. Thus, an increasing number of organic 

components appear in the ASR, which contribute to approximately 60 to 85% of the ASR 

weight, i.e., 20 to 55% plastic, 5 to 36% textiles, 2 to 20% rubber, and 3 to 11% foam 

(Fiore et al. 2012; Passarini et al. 2012; Cossu et al. 2014). Bioenergy contained in organic 

waste is expected to become one of the major energy resources in the future because it is 

renewable and free from net carbon dioxide emissions. Therefore, converting ASR into 

bioenergy through thermochemical technologies will greatly alleviate the increasingly 

serious energy crisis.  

Pyrolysis and gasification have gradually become the most commonly used 

thermochemical technologies for ASR recycling, because these methods can reduce the 

volume and quality of landfills at a lower cost, while energy recovery can also be 

simultaneously performed (Lin et al. 2010; Mancini et al. 2010; Vermeulen et al. 2011). 

Gaseous products of ASR pyrolysis and gasification can be utilized as fuel gas or raw 

chemicals in polymer generation or in the production of value-added chemicals. Gaseous 

products with high calorific values mainly consist of H2, CO, CH4, C2H4, C2H6, C3H6, and 

C3H8. Syngas can be further enriched in its hydrogen concentration by capturing carbon 

dioxide, by use of suitable sorbents. Hydrogen has the potential to be a replacement for 

conventional fuels, being a clean fuel with a higher energy density on a mass basis. The 

purpose of this project was to obtain more hydrogen-rich syngas by optimizing the 

pyrolysis and gasification process. With ASR as the feedstock, the fraction yields can be 

controlled by varying the reaction conditions. Fast pyrolysis maximizes the liquid yield, 

while slow pyrolysis achieves high char yields. De Filippis et al. (2003) established a 

bench-scale two-stage reactor for gasifying ASR and investigated its efficiency in 

obtaining syngas and the gas composition based on the mass and energy balances, as well 

as the chemical equilibrium. 

Aspen Plus (Aspen Technology, Inc., Bedford, MA, USA) is a problem-oriented 

process simulation program that is often exploited to model chemical processes that 

involve solid, liquid, and gaseous streams under defined conditions by using mass and 

energy balance equations and a phase equilibrium database. Over the years, Aspen Plus 

has made model creation and upgrading easier, where small sections of complex and 

integrated systems can be created and tested as separate modules before they are integrated. 

Realistic and reliable simulation analyses can provide valuable insights to supplement 

experimental studies, and it can considerably reduce the time and investment involved in 

exploring the optimal process conditions for pyrolysis and gasification processes. Aspen 

Plus has been used by many researchers for designing and optimizing pyrolysis and 

gasification processes. Aspen Plus is favored by researchers to simulate biomass pyrolysis 

and gasification (Doherty et al. 2009; Paviet et al. 2009; Abdelouahed et al. 2012; Fu et al. 

2012; Rafati et al. 2015; Pauls et al. 2016; Gagliano et al. 2017; Humbird et al. 2017; Liu 

et al. 2017; Pala et al. 2017; Peters et al. 2017; Lan et al. 2018). In these studies, the 

influence of parameters on the characterization of gaseous products is often considered, 

such as equivalent ratios (ER) (Li et al. 2012), temperature, mass ratio of steam to 

materials, etc. Aspen Plus simulation of municipal solid waste gasification also has been 

conducted to evaluate the effects of the air equivalence ratio, moisture concentration, and 

gasifier temperature on the lower heating value (LHV) of syngas, the composition of 

syngas, heat conversion efficiency, and carbon conversion of municipal solid waste (Chen 
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et al. 2010; Niu et al. 2013; Chen et al. 2013; Begum et al. 2014; Deng et al. 2019; Tavares 

et al. 2019; Tungalag et al. 2020). In short, the role of Aspen Plus software in the pyrolysis 

and gasification process simulation research has become well established. Therefore, this 

paper will also use Aspen Plus to establish the simulation model of the two-stage ASR 

pyrolysis and gasification process. Based on the established Aspen Plus simulation model, 

the influence of different process parameters on the gas products in the ASR pyrolysis and 

gasification process will be analyzed. Compared with the experimental results of 

laboratory-scale two-stage ASR pyrolysis and gasification experiments, the accuracy and 

reliability of the established Aspen Plus simulation model will be verified. 

 
 
EXPERIMENTAL 
 

Simulation Model of the ASR Pyrolysis and Gasification Process 
According to the research works of the ASR pyrolysis, a simulation model of the 

two-stage ASR pyrolysis and gasification process was designed and established in Aspen 

Plus V8.4 (Aspen Technology, Inc., Bedford, MA, USA), as shown in Fig. 1.  

 

 
 

Fig. 1. Aspen Plus simulation flow sheet of ASR pyrolysis and gasification 

 

In the simulation model, ASR is defined as an unconventional solid. The input 

stream is simulated according to the results of the element analysis and industrial analysis 

of ASR. Automobile shredder residue successively enters the drying module, pyrolysis 

module, and gasification module. The description of each module is shown in Table 1. The 
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simulation model follows the mass balance, energy balance, and chemical equilibrium. The 

mass balance is mainly set by the conservation of the mass flow rate of each element in the 

model’s import and export streams. Chemical equilibrium refers to the dynamic 

equilibrium state in the pyrolysis gasification reaction process, which is mainly determined 

by the reaction’s raw materials, the product concentration, and the reaction’s temperature 

and pressure. Energy balance refers to the total energy conservation at the inlet and outlet 

of the model. 

 

Table 1. Introduction of Block Units in the Aspen Plus Simulation Flow Sheet 

Reactor Block Description 

COMPR When the pressure, power, or characteristic curve is known, the reactor can 
change the flow pressure. 

DRYER Reactor where materials are dried at a set temperature 

HEATX Reactor simulating heat exchange between two streams 

MIXER Reactor used to mix multiple streams into one stream 

RGIBBS Reactor with a single-phase chemical equilibrium, or simultaneous phase 
and chemical equilibrium by minimizing the Gibbs free energy, subject to 

atom balance constraints. This reactor is useful for calculating the 
equilibrium for solid solutions and gas-liquid-solid systems when 

temperature and pressure are known, and reaction stoichiometry is 
unknown. 

RYIED This reactor is useful when reaction stoichiometry and kinetics are unknown, 
and the yield distribution data or correlations are available. 

RSTOIC This reactor is used to dry raw materials when the reaction kinetics are 
unknown, but the reaction stoichiometry and degree are available. 

 

In the Aspen Plus simulation model of the two-stage ASR pyrolysis and gasification 

process, the ASR raw streams are first sent to the RSTOIC module, and a FORTRAN 

statement is used to achieve the drying pretreatment of the ASR at 105 °C. A pyrolysis 

carrier gas (such as nitrogen, air, etc.) is regulated and controlled by the COMPR module, 

preheated in the HEATX module, and then mixed with the ASR in the MIXER module. 

After the ASR is mixed with the carrier gas, it is sent to the DRYER module to separate 

out the water, and then enters the RYIELD reactor for pyrolysis. Pyrolysis products and 

gasification agents (such as water vapor, oxygen, etc.) enter the RGIBBS reactor for the 

gasification reaction. 

The ASR pyrolysis and gasification process is complicated, its reaction mechanism 

is not very clear, the reaction kinetic model is also unknown, and it contains a variety of 

chemical and phase equilibria. In the RYIELD reactor, the yield distribution can be 

specified based on the elemental composition data obtained from the industrial analysis of 

the original ASR. This is why RYIELD is often used as a pyrolysis reactor (Nikoo and 

Mahinpey 2008; Ahmed et al. 2015; Kaushal and Tyagi 2017; Acevedo et al. 2018; 

Dhanavath et al. 2018). 

The objective of the model was to study the performance of pyrolysis and 

gasification. The Aspen Plus simulation model of the ASR two-stage pyrolysis and 

gasification process needs to be established under the following assumptions: 

(1) The ASR fragments have the same particle size and are heated uniformly in 

the reactors without a temperature gradient. 

(2) The temperature in the reactors is uniform and constant, and the reactors run 

stably without fluctuations. 
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(3) There is no pressure loss between the reactors, and the internal pressure of 

the reactor is the same. 

(4) Reactions can instantly reach chemical equilibrium. 

(5) The H, O, N, and S in the ASR are all transformed into the gas phase, and C 

changes with the reaction process. 

(6) The gas products are mainly H2, CO, CO2, CH4, C2H4, C2H6, C3H6, C3H8, 

H2S, and NH3, and S and N are completely converted into H2S and NH3, 

respectively, without affecting the gasification reaction. 

(7) No loss, no pressure drops, and no temperature change occur when the product is 

transmitted in the pipeline between the modules. 

(8) The tar is completely liquefied, and the condensation of the tar in the pipeline 

between the modules is not considered. 

Based on the previous assumptions, the ASR pyrolysis gasification process can be 

regarded as a constant temperature and pressure reaction process, so the gasification 

reaction equilibrium model can be established based on the principle of Gibbs free energy 

minimization (Rupesh et al. 2016). Gibbs free energy minimization is a chemical method 

based on the RGIBBS reactor function. According to the elemental analysis results of ASR 

and the related reaction principles of the ASR gasification process, the reaction mechanism 

function suitable for the ASR gasification process can be written into the GIBBS reactor 

via the FORTRAN language. 

 

Table 2. Main Reactions Considered in the Aspen Plus Simulation of the ASR 
Pyrolysis and Gasification Process 

No. Reaction Type Reaction Formula Reaction Heat 

R1 Incomplete oxidation of carbon C + 1/2 O2 → CO -111 kJ/mol 

R2 Complete oxidation of carbon C + O2 → CO2 -394 kJ/mol 

R3 CO oxidation reaction CO +1/2 O2 → CO2 -283 kJ/mol 

R4 H2 oxidation reaction H2 + 1/2 O2 →H2O -242 kJ/mol 

R5 Incomplete oxidation of hydrocarbons CnHm+ n/2 O2 ↔ n CO + m/2 H2 Exothermic 

R6 Water-gas reaction C + H2O ↔ CO + H2 +131 kJ/mol 

R7 Water-gas conversion reaction CO + H2O ↔ CO2 + H2 -41.2 kJ/mol 

R8 Hydrogenation gasification reaction C + 2 H2 → CH4 -74.8 kJ/mol 

R9 Methanation reaction-1 2CO + 2 H2 → CH4 + CO2 -247 kJ/mol 

R10 Methanation reaction-2 CO + 3 H2 → CH4 + H2O -206 kJ/mol 

R11 Methanation reaction-3 CO + 4 H2 → CH4 + H2O -165 kJ/mol 

R12 Boundouard reaction C + CO2 ↔ 2CO +172 kJ/mol 

R13 Steam reforming reaction CnHm+nH2O↔nCO+(n+m/2) H2 Endothermic 

R14 Methane reforming reaction-1 CH4 + H2O → CO + 3 H2 +206 kJ/mol 

R15 Methane reforming reaction-2 CH4 + 1/2 O2→ CO + 2 H2 -36 kJ/mol 

R16 Carbon dioxide reforming reaction CnHm + nCO2 ↔ 2nCO + m/2 H2 Endothermic 

R17 Dehydrogenation reaction Tar → x CnHm + y H2 Endothermic 

R18 Carbon evolution reaction CnHm → n C + m/2 H2 Endothermic 

 

Calculation Method of the Quantitative Parameters 
The purpose of this work was to obtain the ASR pyrolysis gas gasification process 

parameters that maximizes the syngas and hydrogen yields. For this purpose, the controlled 

variable method was used for a simulation analysis of the established ASR two-stage 

pyrolysis gasification Aspen plus simulation model under the premise of satisfying the 

mass balance, energy balance, and chemical equilibrium. The main oxidation reaction, 
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gasification reaction, Boundouard reaction, methanation reaction, methane reforming 

reaction, and cracking reaction of tar and hydrocarbon in the ASR pyrolysis and 

gasification process, are shown in Table 2. It can be seen from these main reactions that 

the main process parameters that affect the gas product distribution of the ASR pyrolysis 

and gasification process include the pyrolysis temperature, gasification temperature, mass 

ratio of water vapor to ASR, equivalent ratio, etc. 

To quantitatively analyze the effect of various process parameters in the ASR 

pyrolysis and gasification process, the following process parameters and evaluation 

indicators are introduced. 

The S/W refers to the mass ratio of steam to ASR during the pyrolysis and 

gasification process. The calculation formula is as follows, 

𝑆

𝑊
=  

𝑄𝑠

𝑄𝑤
             (1) 

where QS refers to the mass flow rate of water vapor (kg/h), and QW refers to the feed rate 

of the ASR sample (kg/h). 

The ER (equivalent ratio) refers to the ratio of the actual amount of oxygen 

consumed by the unit mass ASR pyrolysis and gasification process to the theoretical 

amount of oxygen consumed by ASR complete combustion. The calculation formula is as 

follows, 

21


=



o c

W a

Q O
ER

Q V  
(2) 

where Qo refers to the volumetric flow rate of compressed air (Nm3/h), Qc refers to the 

oxygen concentration of the compressed air (%), and Va refers to the theoretical air volume 

required for the complete combustion of ASR (Nm3/kg). 

The LHV (lower heating value) refers to the chemical energy contained in the unit 

volume syngas obtained via ASR pyrolysis gasification under standard temperature and 

pressure. The calculation formula is as follows, 

2 4 2 4

2 6 3 6 3 8

LHV = 12.64 (CO) +10.8 (H ) + 35.88 (CH ) + 59.44 (C H )

            + (C H ) 64.35 +87.61 (C H ) + 93.18 (C H )

   

    
(3) 

where φ(CO), φ(H2), φ(CH4), φ(C2H4), φ(C2H6), φ(C3H6), and φ(C3H8) refer to the volume 

fractions of CO, H2, CH4, C2H4, C2H6, C3H6, and C3H8 in the syngas, respectively. 

Yg refers to the volume of syngas obtained by the unit mass ASR pyrolysis and 

gasification under standard temperature and pressure (Nm3/kg). The calculation formula is 

as follows, 

𝑌𝑔 =  𝑄𝑔/𝑄𝑤               (4)  

where Qg refers to the volumetric flow rate of hydrogen-rich gas obtained via ASR 

pyrolysis and gasification (Nm3/h). 

The CVRC (carbon conversion rate) refers to the ratio of the carbon content of 

syngas obtained from the unit mass ASR pyrolysis and gasification to the total carbon 

content of the ASR sample. The calculation formula is as follows, 

g 2 4 2 4 2 6 3 6 3 8

C

12Y ( (CO) + ( ) + (CH ) + (C H ) + (C H ) + (C H ) + (C H )
CVR = 100%

22.4 C

      


 ASR

CO

 
(5) 
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where CASR refers to the percentage value of the carbon content in the dry ASR sample 

(%), and φ(CO2) refers to the volume fraction of CO2 in the syngas obtained by ASR 

pyrolysis and gasification (%). 

The parameter η (Cold-gas efficiency) refers to the ratio of the total heat of the 

syngas of ASR pyrolysis and gasification to the low calorific value of ASR. The calculation 

formula is as follows, 

LHV Y
= 100%

Q





g

ASR  
(6) 

where QASR refers to the low calorific value of ASR (MJ/kg). 

The parameter YH2 (yield of H2) refers to the volume of hydrogen obtained by the 

unit mass ASR pyrolysis and gasification under standard temperature and pressure 

(Nm3/kg), 

𝑌𝐻2 =
𝑌𝑔∙𝜑(H2)

100
              (7) 

where φ(H2) refers to the volume fraction of H2 in the syngas obtained by ASR pyrolysis 

and gasification (%). 

 

Experimental Conditions of the Simulation Analysis 
The ASR specimens studied in this work were obtained from Zhangjiagang Huaren 

Resources Recycling Co., Ltd. (Zhangjiagang City, China), a domestic automobile 

dismantling enterprise. Reusable components with market value and particularly valuable 

material fractions, such as batteries, air bags, tires, and catalytic converters are usually 

removed from ELVs. The remaining parts and the hulks are reduced to small pieces. Most 

of the metal fraction is sorted using magnetic separation and eddy current separation, and 

the remaining fraction is called ASR. The initial ASR specimens were continuously 

obtained over one week from a crushing and sorting production line for ELVs. Visible 

bulks of metal to the human eye were sought from the ASR initial specimens. Industrial 

analysis and element analysis experiments were performed on the ASR, with the analysis 

results shown in Table 3.  

 

Table 3. Analysis Results of the Physical and Chemical Properties of ASR 

Industrial Analysis (wt%) Low Heating Value (LHV) (MJ/kg) 

Moisture Volatile Ash Fixed Carbon 
17.435 

1.114 63.982 24.598 10.306 

Metal Elemental Analysis (wt%) 

Fe Cu Al Mg Cr Mn Ni Pb Zn 

8.275 2.15 0.619 0.257 0.046 0.059 0.013 0.336 0.855 

Non-Metal Elemental Analysis (wt%) 

C H O Cl N S 

49.22 3.46 25.79 6.08 0.97 0.29 

Material composition (wt%) 

Items Metal Plastic Textile Rubber Foam others 

Wt% 3.0 39.7 31.4 3.3 2.2 21.7 

 

In the Aspen Plus model of ASR pyrolysis and gasification, the initial process 

parameters and operating conditions are set as follows: 
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(1) The ASR feed stream inlet temperature is 20 ℃, and the initial feed rate of 

the ASR is 10 kg/h. 

(2) The air is introduced at an ambient temperature of 20 °C and under normal 

pressure, and the mass flow rate of the introduced air is 10 kg/h. 

(3) The outlet temperature of the HEATX module and DRYER module was set 

to 105 ℃. 

(4) The operating pressure of each reactor was set to 1 atm. 

(5) The carbon loss rate of the RYIELD pyrolyzer and GIBBS gasifier was set 

to 2%. 

(6) The heat loss of the simulation model was calculated as 3% of the input 

ASR calorific value. 

The pyrolysis and gasification reaction process shown in Table 2 includes a series 

of endothermic reactions. In the Aspen Plus simulation analysis process, the RYIELD 

pyrolyzer temperature was set to 500 °C, 600 °C, 700 °C, and 800 °C, and the GIBBS 

gasifier temperature was set to 800 °C, 900 °C, 1000 °C, 1100 °C, and 1200 °C. 

 

Experimental Method of the Laboratory Experiments 
Based on the research work of ASR pyrolysis kinetics (Yang and Chen 2020a), a 

characteristic analysis of ASR pyrolysis products (Yang and Chen 2020b) and a simulation 

analysis of the ASR pyrolysis gasification process based on Aspen Plus, two-stage ASR 

pyrolysis and gasification experimental equipment was established as shown in Fig. 2. The 

experimental samples were the same as previously mentioned, and the basic characteristics 

are shown in Table 3. The original ASR is broken into pieces less than 10 mm in size. The 

initial mass of all the samples was controlled at 50  0.2 g using a Mettler Toledo analytical 

balance (Changzhou, China). 

 

 
 

Fig. 2. Two-stage ASR pyrolysis and gasification experimental equipment 

 

According to the analysis of the process parameters, such as pyrolysis temperature, 

gasification temperature, ER, and S/W, experiments were conducted to evaluate the 

accuracy and reliability of the simulation analysis results based on the Aspen Plus model. 

In the pyrolysis experiment, the long crucible with the ASR sample was put into the quartz 
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tube of the pyrolysis furnace and pushed to the central thermal stability zone. First, a 

vacuum pump was used to exhaust the internal air of the equipment; the temperature of the 

pyrolysis furnace and the gasifier was heated to 105 °C at a heating rate of 10 °C/min. After 

30 min, the temperature of the pyrolysis furnace was maintained at 105 °C, while the 

temperature of the gasifier was increased to 1000 °C at a heating rate of 10 °C/min. Then, 

the gas outlet was closed and the vacuum pump was turned off. The pyrolysis furnace 

temperature was increased to 600 °C at the heating rate of 10 °C /min. After the pyrolysis 

furnace reached 60 °C, the steam was injected according to an S/W ratio of 0.75, and then 

the gas outlet was opened for a period of time, and multiple sampling analyses of the gas 

products were conducted. The production of H2, CO, CO2, CH4, C2H4, C3H6, C2H6, and 

C3H8 in gas products was characterized with a GC-7860 gas chromatograph (Shanghai 

Appropriate Friends Electronic Technology Co., Ltd., Shanghai, China). 

 
 
RESULTS AND DISCUSSION 
 

Simulation Analysis of The Effect of Temperature and ER on the ASR 
Pyrolysis and Gasification Process 

The byproduct characteristics of the ASR pyrolysis gasification process were 

simulated during the change in the ER value in the range of 0 to 0.5 in the absence of steam. 

The volume fractions of H2, CO, and CO2 in the gas product during the ASR pyrolysis and 

gasification process corresponding to different pyrolysis temperatures and ER are reflected 

in Figs. 3, 4, and 5, respectively. 

From the hydrogen yield curves in Fig. 3, the following reaction patterns can be 

summarized. With an increasing pyrolysis temperature, the production of H2 gradually 

increased. The maximum H2 production was approximately 600 °C, and if the pyrolysis 

temperature continued to increase, the hydrogen production decreased. The main reason 

for this phenomenon was that the organic components of ASR were almost completely 

pyrolyzed at 600 °C, and then part of the produced H2 was consumed due to participation 

in the hydrogenation reaction, methanization reaction, or secondary pyrolysis reaction of 

macromolecule intermediate reactants at higher temperatures. In the reactor of the Aspen 

Plus simulation model, the chemical reaction will proceed instantly, as long as the relevant 

conditions are reached. In addition, in the temperature range of 700 to 800 °C, more carbon 

is involved in the chemical reactions, and the increase in CO and CO2 contents in the gas 

products leads to a decrease in the proportion of H2.  

When the pyrolysis temperature and ER were kept at a specified value, the 

production of H2 gradually increased with an increasing gasification temperature in the 

range of 800 to 1000 °C. The gasification temperature increased per 100 °C, an 

approximate 7% increase in H2 production. This is mainly due to the rapid occurrence of 

chemical reactions, such as condensation reactions of aromatic rings, cracking reactions of 

saturated hydrocarbons, methane reforming reactions, and dehydrogenation reactions. 

When the gasification temperature was higher than 1000 °C, the production of H2 

decreased slowly with an increasing gasification temperature. This result was mainly due 

to the secondary reaction of the polymerization and isomerization of some products under 

ultrahigh temperature, which consumed a portion of hydrogen.  
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Fig. 3. H2 production at different gasification temperatures and ER when the pyrolysis 
temperatures were different: A) 500 °C, B) 600 °C, C) 700 °C, and D) 800 °C 

 

When the pyrolysis temperature and gasification temperature were kept at a 

specified value and the ER value varied in the range of 0 to 0.25, the H2 production 

increased with an increasing ER value. When 0 < ER < 0.15, the growth rate of H2 

production was relatively slow, whereas when 0.15 < ER < 0.25, the growth rate of H2 

production was relatively fast. This is mainly because more CO was generated by the 

incomplete oxidation reaction of carbon as the oxygen concentration increased, which 

formed a certain reducing atmosphere and promoted more intermediate reactants to 

participate in the gasification reaction. When the ER value was above 0.25, H2 production 

began to decrease. This is mainly because the CO2 content increased dramatically via the 

complete oxidation reaction of carbon as the oxygen concentration increased, which 

consumed a substantial amount of heat and inhibited the gasification reaction. 

The CO production of ASR pyrolysis and gasification is reflected in Fig. 4. 

Compared with the H2 production shown in Fig. 3, the overall trends of H2 and CO 

production with pyrolysis temperature and ER were roughly the same when the gasification 

temperature was fixed at a certain value. When the pyrolysis temperature and ER were kept 

at a specified value, the higher the gasification temperature, the more CO produced, with a 

1 to 2% increase per 100 °C. 
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Fig. 4. CO production at different gasification temperatures and ER when the pyrolysis 
temperatures were different: A) 500 °C, B) 600 °C, C) 700 °C, and D) 800 °C 
 

The CO2 production at different gasification temperatures and ER when the 

pyrolysis temperatures were 500, 600, 700, and 800 °C are shown in Fig. 5. From Fig. 5, 

the following reaction patterns can be summarized. When the pyrolysis temperature and 

ER were fixed, the production of CO2 gradually decreased with an increasing gasification 

temperature in the range of 800 to 1000 °C. The gasification temperature increased per 100 

°C, an approximately 7% increase in CO2 production. After the gasification temperature 

was higher than 1100 °C, the CO2 production decreased faster, with a 37.6% increase per 

100 °C. This result was mainly because CO2 was greatly consumed due to participation in 

the Boundouard reaction and carbon dioxide reforming reaction. When the pyrolysis 

temperature and gasification temperature were kept constant and the ER value varied in the 

range of 0 to 0.5, the CO2 production increased with an increasing ER value. When 0 < ER 

< 0.15, the growth rate of CO2 production was relatively slow, especially when the 

pyrolysis temperature was set below 600 °C. Carbon dioxide is mainly produced by a 

decarboxylation reaction rather than a complete oxidation reaction of carbon. The 

decarboxylation reaction was generally complete below 700 °C. When 0.15 < ER < 0.25, 

the growth rate of CO2 production continued to accelerate. When ER > 0.25, the growth 

rate of CO2 production increased sharply because most of the carbon in the ASR was 

conducted during the complete oxidation reaction, generating a large amount of CO2.  
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According to Eq. 8, the main factors affecting the LHV value are the content of CO, 

H2, and other small-molecule combustible gases. Comparing the experimental data, it was 

found that the production of CH4, C2H4, C3H6, C2H6, and C3H8 accounted for a low 

proportion of gas products during the ASR pyrolysis and gasification process. The overall 

production trends of CH4, C2H4, C3H6, C2H6, and C3H8 with the pyrolysis temperature and 

ER were roughly the same at four pyrolysis temperatures, i.e., 500 °C, 600 °C, 700 °C, and 

800 °C. Thus, the authors only analyzed the simulation data obtained when the pyrolysis 

temperature was set to 500 °C, as shown in Fig. 5. 

 

  

  
 

Fig. 5. CO2 production at different gasification temperatures and ER when the pyrolysis 
temperatures were different: A) 500 °C, B) 600 °C, C) 700 °C, and D) 800 °C 
 

The methane produced by ASR pyrolysis and gasification mainly comes from the 

reduction reaction of methoxy groups in organic molecules, the cross-linking reaction of 

macromolecules at a high temperature, and the thermal cracking reaction of saturated 

alkanes (> C2). The curves in Fig. 6A show that the oxygen content had little effect on CH4. 

The volume fraction of CH4 only increased slightly when ER < 0.1, and when ER > 0.1, 

the volume fraction of CH4 was hardly affected by the oxygen content. The change in the 

gasification temperature has an obvious influence on CH4. The volume fraction of CH4 

increased with an increasing gasification temperature in the range of 800 to 1000 ℃. After 

0.0 0.1 0.2 0.3 0.4 0.5
0

5

10

15

20

25

30

35

40

A

V
o

lu
m

e
 p

e
rc

e
n

ta
g

e
 o

f 
C

O
2
  
(%

)

ER

  800 ℃

  900 ℃

 1000 ℃

 1100 ℃

 1200 ℃

0.0 0.1 0.2 0.3 0.4 0.5
0

5

10

15

20

25

30

35

40

45

B

V
o

lu
m

e
 p

e
rc

e
n

ta
g

e
 o

f 
C

O
2
 (

%
)

ER

  800 ℃

  900 ℃

 1000 ℃

 1100 ℃

 1200 ℃

0.0 0.1 0.2 0.3 0.4 0.5
0

5

10

15

20

25

30

35

40

45

C

V
o

lu
m

e
 p

e
rc

e
n

ta
g

e
 o

f 
C

O
2
 (

%
)

ER

  800 ℃

  900 ℃

 1000 ℃

 1100 ℃

 1200 ℃

0.0 0.1 0.2 0.3 0.4 0.5
0

5

10

15

20

25

30

35

40

45

50

D

V
o

lu
m

e
 p

e
rc

e
n

ta
g

e
 o

f 
C

O
2
 (

%
)

ER

  800 ℃

  900 ℃

 1000 ℃

 1100 ℃

 1200 ℃



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Yang & Chen (2021). “Pyrolysis of car bodies,” BioResources 16(3), 5964-5984.  5976 

the gasification temperature was higher than 1000 °C, the volume fraction of CH4 

decreased rapidly with an increasing gasification temperature. Secondary cracking 

reactions of macromolecules, such as aromatics in tar, were more likely to occur, and thus, 

more hydrogen and oxygen were precipitated, resulting in a decrease in CH4 production. 

The methanation reaction and the methane reforming reaction coexist in the ASR pyrolysis 

and gasification process. In the RYIELD pyrolyzer and GIBBS gasifier, various chemical 

reactions proceed instantly as long as the relevant conditions are met. Therefore, CH4 acted 

more as an intermediate reactant in the Aspen plus simulation model. 

 

  

  
 

Fig. 6. The production of CH4, C2H4, C3H6, and C2H6 at different gasification temperatures and 
ER when the pyrolysis temperature was 500 °C: A) CH4, B) C2H6, C) C2H4, and D) C3H6 
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 The production changes of C2H4 and C3H6 are roughly the same in the ASR 

pyrolysis and gasification process, as shown in Figs. 5C and 5D. As the gasification 

temperature increased, the volume fraction of these two olefin gases decreased. With an 

increasing ER value, their volume fractions generally showed a downward trend, falling 

faster and faster because these two olefin gases are easily oxidized at high temperatures. 

However, there was a small fluctuation in the range of 0.15 < ER < 0.25, mainly because 

a large amount of CO and H2 were produced, and then a certain reducing atmosphere was 

formed, which led to a small increase in the olefin gas. 

 

 
 

Fig. 7. H2 and CO yields under different ER and gasification temperatures when the pyrolysis 
temperature was 600 °C 
 

 
 
Fig. 8. H2 and CO yields under different ER and pyrolysis temperatures, whereas the gasification 
temperature was 1000 °C 
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Based on the above analysis in Figs. 3 through 6, it can be inferred that the optimal 

ER value was 0.25. Because CO2 is relatively small under this condition, the production of 

combustible gases, such as CO and H2, is relatively large. The volume fraction ratio of H2 

to CO was controlled within the range of 1.0 to 2.0, which was more conducive to using 

the pyrolysis gas product as the raw gas for the hydrogen production process. A larger ratio 

resulted in a better hydrogen production effect. Based on the simulation results of the ASR 

pyrolysis and gasification process in the Aspen Plus model, comparative analysis diagrams 

of CO and H2 production under different reaction conditions were established, as shown in 

Figs. 7 and 8. Figure 7 reflects the CO and H2 yields under different ER and gasification 

temperatures when the pyrolysis temperature was 600 °C. Figure 8 reflects the CO and H2 

yields under different ER and pyrolysis temperatures, whereas the gasification temperature 

was 1000 °C. After a comprehensive analysis of Figs. 7 and 8, it was determined that when 

the pyrolysis temperature was 600 °C, the gasification temperature was 1000 °C and ER = 

0.25, the volume fraction of H2 obtained from the ASR pyrolysis and gasification was the 

largest, and φ(H2) / φ(CO) = 1.365. Therefore, it can be concluded that the combination of 

these experimental conditions was optimal. Further research on the design and optimization 

of process parameters, such as steam and the catalyst, will also be conducted based on this 

combination of experimental conditions. 
 

Simulation Analysis of The Effect of Steam on the ASR Pyrolysis 
Gasification Process 

When steam is used as the gasification agent for the ASR pyrolysis and gasification 

process, steam and the primary pyrolysis products (such as tar, biochar, etc.) will undergo 

a thermochemical conversion reaction. The specific reaction types are shown in Table 2. 

Through controlling this series of reactions, the goal of reducing tar and biochar production 

and increasing gas production, especially the production of H2, CO, CO2, CH4, and other 

small molecular gases, can be achieved.  

 

 

 
 

Fig. 9. Yields of the main gaseous product under different S/W values 
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Considering the influence of the water content on the gasification process, an ASR 

pyrolysis and gasification experiment was conducted by controlling the mass ratio of steam 

to the ASR feedstock (S/W). The main process parameters of the ASR pyrolysis 

gasification experiment were set as follows: (1) the pyrolysis temperature was 600 °C, the 

gasification temperature was 1000 °C, and ER = 0.25; (2) the S/W values were 0, 0.25, 0.5, 

0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 2.25, and 2.5. The main gaseous product yields of the ASR 

pyrolysis and gasification under different S/W values are shown in Fig. 9. 

When S/W was in the range of 0 to 0.75, with an increase in S/W, the production of 

H2 clearly increased, while the production of CO decreased. This result was mainly due to 

the influence of the water gas reaction and water vapor conversion reaction. When S/W was 

greater than 0.75, H2 production decreased with an increasing S/W, while CO production 

increased slightly. The main reason was that an excessive water vapor content leads to an 

increase in the equivalence ratio, and an excessive equivalence ratio would lead to an 

overall reduction in H2 production according to the analysis results in the previous section. 

With an increase in S/W, the CO2 production increased, and when S/W was greater than 

0.75, the increase in CO2 production was greater, which was mainly because more solid 

carbon participated in the reaction and finally generated CO2. The CH4 yield increased 

slightly with an increasing S/W, mainly because part of the H2 and CO participated in 

methanation reactions. The C2H4, C2H6, C3H6, and C3H8 yields were still small and 

decreased with an increasing S/W. According to the analysis of the gas product distribution 

under different S/W values, it was helpful to obtain more H2 by adding a certain amount of 

steam in the ASR pyrolysis and gasification process. The optimal S/W value was 0.75, and 

the volume percentages of H2, CO, and CO2 in the gas products were 22.59%, 11.46%, and 

16.46%, respectively. 

 

Comparative Study of the Experimental and Simulation Analyses 
Through analyzing and calculating the experimental data of the ASR pyrolysis 

gasification with and without steam, the experimental results of product yields and the 

calculated results of evaluation indicators shown in Tables 4 and 5 were obtained. Table 4 

mainly shows the distribution of solid, liquid, and gas products obtained from the ASR 

pyrolysis and gasification process and the evaluation indexes calculated according to 

formulas 3 through 6.  

 

Table 4. Results of Pyrolytic Product Distribution and Analysis Parameters 

Type S/W 
Solid 
(%) 

Liquid 
(%) 

Gas 
(%) 

Yg 
(Nm3/kg) 

CVRC 
(%) 

ŋ 
(%) 

LHV 
(MJ/Nm3) 

Simulation 0 40.56 39.68 19.76 1.64 58.69 51.80 5.52 

Experiment 0 48.30 36.80 14.90 1.62 50.27 45.75 4.93 

Simulation 0.75 32.46 41.35 26.19 1.67 61.12 55.77 5.84 

Experiment 0.75 37.67 39.42 22.91 1.64 54.27 54.12 5.76 

 

Compared with the actual experiment, in the simulation analysis based on the 

Aspen Plus model, the ASR pyrolysis was more complete, more liquid and gas products 

were obtained, and the values of CVRC, ŋ and LHV were higher. This result is attributed 

to the fact that the reaction environment was more ideal, and most of the reactions proceed 

immediately as soon as the conditions were met in the simulation process. After steam was 

introduced, the production changes in the products of the ASR pyrolysis and gasification 
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processes in the simulation analysis and the actual experiment were consistent; that is, the 

solid residue was further reduced, and the liquid product and the gas product further 

increased.  

Table 5 shows the volume percentage of the main small molecule gas products and 

the values of YH2 and H2/CO. After introducing steam, the production of H2, CH4, and CO2 

increased in the simulation analysis and the actual experiment, while the production of 

other gases decreased. The experimental data verified the reliability of the simulation 

analysis based on the Aspen Plus model. Therefore, when designing the actual ASR 

pyrolysis and gasification process, the simulation analysis results based on the Aspen Plus 

model can be used as a reference to set the pyrolysis temperature, gasification temperature, 

ER, S/W, and other process parameters, and the gas production trend and LHV value can 

also be predicted. 

 

Table 5. Results of the Volume Percentage of the Main Small Molecule Gas 
Products (%) 

Type S/W H2 CO CO2 CH4 C2H4 C2H6 C3H6 C3H8 YH2 H2/CO 

Simulation 0 18.44 13.50 13.87 2.81 0.15 0.30 0.35 0.24 0.30 1.37 

Experiment 0 13.48 10.15 11.74 3.59 0.27 0.28 0.37 0.26 0.22 1.33 

Simulation 0.75 22.59 11.46 16.46 4.02 0.09 0.18 0.21 0.17 0.38 1.97 

Experiment 0.75 17.54 9.36 13.21 5.95 0.12 0.14 0.29 0.15 0.29 1.87 

 

 
CONCLUSIONS 
 

1. Aspen Plus simulation software was used to establish a simulation model for the two-

stage automotive shredder residue (ASR) pyrolysis and gasification process in a fixed 

bed reactor. In the Aspen Plus simulation analysis process, the pyrolysis temperature 

was set to 500 °C, 600 °C, 700 °C, and 800 °C, respectively; the gasifier temperature 

was set to 800 °C, 900 °C, 1000 °C, 1100 °C, and 1200 °C, respectively. The equivalent 

ratio (ER) value was varied from 0 to 0.5. Based on the analysis of the simulation 

results, the optimal process parameters of the ASR pyrolysis gasification process are 

determined as follows: the pyrolysis temperature is 600 °C, the gasification temperature 

is 1000 °C, ER = 0.25, and the ratio of steam to ASR (S/W) = 0.75. 

2. A two-stage ASR pyrolysis and gasification experimental equipment was established, 

and a series of comparative experiments under different conditions were conducted. 

The experimental results verified the accuracy and reliability of the Aspen Plus 

simulation model for the ASR pyrolysis and gasification process and verified the 

practical feasibility of the process parameters obtained from the simulation analysis. 

3. Through analyzing the changes of evaluation indicators, the two-stage ASR pyrolysis 

and gasification process designed in this paper can obtain more gas product with higher 

calorific value. According to the results of H2/CO ratio analysis, it is found that the 

gaseous product is suitable for the subsequent hydrogen production process or Fischer-

Tropsch process.  
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