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Abstract

:

Carbon fibers (CFs) are promising lightweight materials to reduce vehicle fuel consumption. However, the most widely used polyacrylonitrile (PAN)-based CF production process consumes a considerable amount of energy. A novel production process for CFs from aromatic polymers (APs) is proposed as an alternative. In this study, the greenhouse gas (GHG) emissions from PAN-based CFs, from APs using the classical benzidine method, and from APs using the coupling method on a cradle-to-gate basis, were analyzed. The results indicate that the AP CFs with the classical benzidine method generated 11% fewer GHG emissions compared with the conventional PAN CFs. Emissions were further reduced by 42% using a large-tow production process. As the classical benzidine method for manufacturing CFs from APs uses a monomer synthesized via benzidine, which is carcinogenic, we examined a different synthetic route using the coupling method for monomer synthesis to avoid the benzidine intermediate. The GHG emissions from the AP CFs manufactured by the coupling method showed a 51% increase compared with PAN-based CFs, indicating a trade-off between GHG emissions and carcinogenicity. However, with proper chemical management, the classical method of CF manufacturing from APs via benzidine showed reduced GHG emissions.
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1. Introduction


Reducing greenhouse gas (GHG) emissions generated by the transportation industry is an urgent issue. According to the Intergovernmental Panel on Climate Change, approximately 23% of all GHG emissions originate from road transport [1]. A lightweight design that can reduce automobile weight is currently considered one of the most promising approaches to improve fuel efficiency [2].



Carbon-fiber reinforced polymers (CFRPs) are materials for lightweight design in automobile applications because of their outstanding properties, such as high specific strength and stiffness, low density, high corrosion resistance, and good design flexibility [3]. Although the use of lightweight materials such as CFRPs in automobile bodies can improve fuel efficiency by reducing fuel consumption and tailpipe emissions during driving, lightweight materials may consume more energy and produce more environmental emissions during other life phases than traditional materials such as steel [4,5]. For instance, carbon fibers (CFs), which are necessary for the formation of CFRPs, are not considered environmentally friendly. To produce CFs from polyacrylonitrile (PAN), which is currently the most widely used raw material for CFs, 198–595 MJ/kg of energy is necessary [6], and its environmental burden is estimated to be 24.00 kg-CO2 eq/kg [7]. Because the GHG intensity of standard steel is 2.41 kg-CO2 eq/kg [7], using CFRPs in an automotive application requires a significantly greater mileage to justify its usage compared with steel, considering its environmental impact over its entire life cycle. However, no study has conclusively proven that the utilization of CFRPs in automobiles reduces overall GHG emissions [8]. Thus, considering the numerous benefits of CFRPs, reducing the environmental impact of CF production, and thereby reducing the lifecycle of the GHG impact of lightweight automobiles comprising CFRPs is an urgent issue.



One possible solution is the use of lignin, which is the world’s most commonly available natural aromatic polymer (AP) and accounts for approximately 30% of the organic carbon in the biosphere [9,10]. Recently, lignin has been recognized as a potential renewable raw material for carbon fibers. It is being evaluated as a replacement for polyacrylonitrile (PAN) in CFs [11,12]. However, ascertaining and mitigating the overall environmental impact of a potential replacement is crucial. In the bioeconomy, the tool often used to compare conventional products and bio-based alternatives is life cycle assessment (LCA) [13]. LCA is a standardized tool used to model the entire life cycle of a product or system, from resource extraction to final waste management [14,15], and can be used to identify opportunities to mitigate the environmental impact of a product throughout its life cycle [16]. LCA has been applied to assess wood-based alternatives to fuels [17], chemicals [18], and materials [19]. However, the literature on the production or use of AP CFs is limited [20].



AP fibers can transform into CFs without a gas-phase stabilization step in the production process, which is necessary for conventional PAN fibers. Gas-phase stabilization in conventional PAN-fiber processing consumes about 48% of the energy required for the entire process [21]. This is because APs have a high flame resistance performance to avoid melting as the carbonization reaction proceeds. Therefore, CFs can be produced more efficiently using APs than conventional PAN [22]. In addition, the use of APs also facilitates large-tow (LT) conversion. This is because AP fibers can be carbonized with a high carbonization yield, and it is possible to suppress the damage to the fibers owing to the small generation of pyrolysis gas and cavities in the fibers during carbonization.



However, aromatic polymers are typically produced from benzidine, which is carcinogenic. This necessitates the investigation of other production methods that possess lower health risks. In addition, the environmental impact of such a method remains unknown. In this study, we assessed CFs with PBI–BBB (polybenzimidazole–poly (bis-benzimidazobenzophenanthroline)) copolymer fibers as one of the AP CFs in terms of its practical use and the toxicity of its raw materials.



Various efforts have been made to reduce the GHG emissions of CFs. Karp et al. [23] presented a production process of renewable acrylonitrile using 3-hydroxypropionic acid from glucose with an engineered Escherichia coli strain. Kawajiri et al. [24] found that the production of CFs using a flame-resistant precursor of PAN could eliminate the gas-phase stabilization step and reduce GHG emissions. The results showed that flame-resistant fibers and carbonization steps account for a large percentage of GHG emissions. Moretti [25] conducted an extensive literature review of lignin-related LCAs using the Scopus database (www.scopus.com) on 8 July 2020 and identified 62 papers that presented relevant information. Among these, the sole study on LCA for AP CFs was conducted by Das [26], who compared the primary energy and CO2 emissions from CFRPs using CFs derived from conventional textile-based PAN with those of CFRPs derived from renewable-based lignin using two manufacturing methods: the programmable powdered preforming process (P4) and sheet molding compound (SMC). The result showed that CFs derived from lignin resulted in 22% fewer GHG emissions than those derived from conventional PAN fibers. However, past studies have not conducted an LCA of CFs derived from APs as alternatives to benzidine.



The objective of this study was to estimate the cradle-to-gate GHG emissions of the production process of CFs manufactured from an AP (AP CF) and those manufactured from conventional PAN. We evaluated two production processes for AP precursors using the classical method of benzidine and the coupling method. The novelty of this study is as follows: The values for the GHG emissions from the raw materials necessary to form AP CFs (TAB [3,3′,4,4′-tetraaminobiphenyl] and NTCA [1,4,5,8-Naphthalenetetracarboxylic acid]) are not currently available in the IDEA_v2.1.3 database [7], which we use to estimate GHG emissions. Therefore, these values were first estimated using various sources. Based on these values, we estimated the GHG emissions from the AP precursors and AP CFs. Using the aforementioned process, we identified, compared, and assessed the environmental impact of CFs based on PAN, of APs using the classical method with benzidine, and of APs using the coupling method.




2. Materials and Methods


2.1. CF Production Processes


2.1.1. PAN CF Production Process


The PAN CF production process is as follows: PAN-based CFs are manufactured using multistage processes. The starting material for PAN CFs is acrylonitrile. After polymerization of acrylonitrile to obtain PAN, the main processes are spinning, gas-phase stabilization, low-temperature carbonization, high-temperature carbonization, surface treatment, and thermal oxidation. The heating process conditions, such as gas-phase stabilization and carbonization, depend on the expertise of each engineer or scientist, and the heating parameters and time vary in the literature. Gas-phase stabilization generally occurs at temperatures between 200 and 300 °C over tens of minutes, whereas carbonization occurs at temperatures between 1200 °C and 1600 °C over several minutes.




2.1.2. Aromatic Polymer CF Production Process


APs are composed of aromatic amines and carboxylic acids. The PBI–BBB copolymer is composed of TAB (3,3′,4,4′-tetraaminobiphenyl) as an aromatic amine and TPA (terephthalic acid) and NTCA (1,4,5,8-Naphthalenetetracarboxylic acid) as carboxylic acids. There are several types of manufacturing methods in the TAB production process [27]. In this study, we chose the classical benzidine method [28] and the coupling method using granular copper [27]. The classical method using benzidine has good potential to lower GHG emissions because the reaction processes are simple. Benzidine is a carcinogenic substance [29]. Its use is often regulated by law, especially in developed countries. However, this coupling method has low carcinogenic risk. The production processes of TAB, TPA, and NTCA are summarized in the Supporting Information (SI). The production processes of the AP and PAN CFs are shown in Figure 1.





2.2. Functional Unit and System Boundary


The functional unit was 1 kg of CF. We estimated the GHG emissions from the PAN and AP CFs according to the system boundary indicated by the dotted line in Figure 2. As shown in the figure, there were two steps in the CF production process. One is precursor-fiber preparation, and the other is CF production.




2.3. Inventory Analysis


The inventory analysis was performed in three steps. First, the GHG emissions from the raw materials were estimated. The values of the GHG emissions from TPA are listed in the IDEA_v2.1.3 database. For materials that are not listed in the IDEA_v2.1.3 database, these values were estimated by consultation with experts and by referencing patent documentation [27,28,30,31]. Based on this analysis, the GHG emissions from the AP precursors were estimated next. Subsequently, the GHG emissions from the entire CF production processes using the classical method via benzidine and the coupling method were estimated and compared with those from the PAN CFs.




2.4. Assumptions


The following assumptions were made in this study:




	
Ratio of reused solvent: 95% [32];



	
Ratio of reused catalyst: 95%;



	
Carbonization efficiency: PAN CF = 50% and AP CF = 75%;



	
Possibility of heat reduction was fixed;



	
Power-reduction ratio by LT (large tow): 75% of RT (regular tow);



	
Sizes of RT and LT models were 12 k and 48 k, respectively;



	
Weight ratio of PBI to PBN was 1:1.








The GHG emissions of the entire CF production process are the sum of the GHG emissions from the precursor-fiber preparation and the CF production. As redundant heat energy was recovered from each CF production process, a process called heat recuperation was added, and the recovered energy was assigned a negative GHG value as a GHG credit. The scale of production was measured in tons per year (TPY). The energy consumption of the production process of CFs was based on Harper’s data [33]. Because the inventory analyses of raw materials and precursor-fiber preparation were based on patent information, lab-scale production was undertaken. In this study, the production scale of the precursor fiber was 2000 kg/batch, and CF production was 1500 TPY. To fill the gap between the lab- and mass-production scales, the scaling factor method was used [34].



Processes other than heating, such as creel and tensioner in Figure 1, were summarized as “others”, and exhaust-gas treatment and heat recovery were also considered in the inventory. Heat recovery was adopted as the fixed value of heat recuperation, regardless of the PAN CFs and AP CFs. These terms appear in the GHG emissions from the CFs in Figure 3.



Additionally, we considered the conversion of LT to AP CFs. The size of the LT model in this study was assumed to be 48 k, and that of the control model was 12 k (RT). Thus, there was a quadruple input difference between the LT model and the control; therefore, we estimated the energy consumption of LT by comparing a 1500 TPY production scale with a 3000 TPY production scale that uses two tows. In the 3000 TPY/1500 TPY case, the energy consumption of a double weight ratio was calculated; therefore, the value of energy consumption of LT was calculated by squaring the value of the 3000 TPY/1500 TPY case. The GHG emissions from the fiber body were estimated in three steps. First, the amount of waste from the fiber body was calculated by comparing the input weight of the polymer fiber with the output weight of the produced CFs. Second, the amount of carbon contained in the waste was calculated by comparing the amount of waste with the chemical formula of the polymer fiber. Finally, we calculated the amount of CO2, assuming that all carbon determined above was completely burned.





3. Results


3.1. GHG Emissions from the Raw Materials


The GHG emissions from the raw materials (TAB and NTCA) are shown in Figure 4. The difference between the classical method via benzidine and the coupling method comes from the raw materials used in TAB. Therefore, the figure includes TAB with the classical method using benzidine as well as with the coupling method. The details of each stage are provided in the Supporting Information (SI).



The GHG emissions from NTCA, from TAB by the classical method, and from TAB by the coupling method were found to be 11.26, 12.15, and 33.23 kg-CO2 eq/kg, respectively. The GHG emissions from TPA were 2.41 kg-CO2 eq/kg from IDEA_v2.1.3. A comparison of the GHG emissions from TPA with the classical and coupling methods shows that the coupling method emitted 2.7 times more GHGs. In the coupling method, 10.02 kg-CO2 eq/kg of p-dichlorobenzene alone was emitted.




3.2. GHG Emissions from the Precursors


The GHG emissions from the AP precursors obtained by the classical method and the coupling method and of the PAN precursors, according to stage and material, are shown in Figure 5.



The GHG emissions from the AP precursors from the classical method, from the AP precursors from the coupling method, and from the PAN precursors were 20.49, 37.63, and 10.08 kg-CO2 eq/kg, respectively. In the precursor production process, AP polymerization occupied 98% in the classical method and 99% in the coupling method. Consequently, the GHG emissions from the AP precursors from the coupling method were larger than those from the classical method because the polymerization process is directly related to the GHG emissions from the raw materials. As the GHG emissions from TAB from the coupling method were 2.7 times larger than those from the classical method, the GHG emissions from the AP precursors followed the same trend.




3.3. GHG Emissions from AP and PAN CFs


The GHG emissions from the CFs using PAN, the APs using the classical method (RT), the APs using the classical method (LT), and the APs using the coupling method are shown in Figure 3. The GHG emissions from the AP CFs by the coupling method were based on RT.



The GHG emissions from the CFs from PAN, from the APs (RT) and APs (LT) from the classical method, and from the APs from the coupling method were 26.94, 23.53, 15.53, and 40.68 kg-CO2 eq/kg, respectively. Compared with the conventional PAN-based CFs, GHG emissions from the AP CFs from the classical method (RT) were 11% lower, and those from the AP CFs from the classical method (LT) were 42% lower. GHG emissions from the AP precursors were 20.49 kg-CO2 eq/kg and those from PAN were 10.08 kg-CO2 eq/kg. However, the GHG emissions from the AP CFs from the CF production process were insignificant. This is because AP CFs do not require gas-phase stabilization during the CF production process, owing to the flame resistance of the AP precursors. For quantitative comparison, it must be noted that the gas stabilization process consumed 11.15 kg-CO2 eq/kg. This property of AP CFs enables the production of LT CFs. The GHG emissions from the AP precursors by the classical method were identical for RT and LT. However, the CF production process of LT was much more efficient than that of RT as the scale effect was in place. The GHG emissions from the AP CFs from the coupling method were 51% higher than those from the PAN CFs. This was due to the large amount of GHG emissions from the AP precursors, which were 37.63 kg-CO2 eq/kg.



Regarding GHG emissions from material, GHG credit from heat recuperation was 10.64 kg-CO2 eq/kg in the PAN, the AP (RT) classical method, and the AP coupling method. That from the AP (LT) classical method was 10.27 kg-CO2 eq/kg. The corresponding value of the AP (LT) classical method was marginally smaller as less energy was used due to better production efficiency. Therefore, less heat was recovered. It must also be noted that the largest GHG contributors in AP CFs and in PAN CFs are the AP precursors and gas-phase stabilization, respectively.



The analysis showed that CFs obtained by the AP classical method, especially in LT, were superior to CFs derived from PAN. However, benzidine used in the classical method is carcinogenic. Thus, it can be assumed that the coupling method, which is free from carcinogenic risk, would be preferable as a production method. However, the AP CFs produced by the coupling method resulted in 51% higher GHG emissions than the PAN CFs and 162% higher GHG emissions than the AP CFs (LT) from the classical method. However, there are several guidelines against benzidine usage regarding safety protection [35,36]. With this guidance properly integrated into the production process, AP CFs using the classical method can be a promising raw material to achieve the aim of producing lightweight automobiles.





4. Discussion


The results of the analysis in this study were compared with similar ones from previous studies. The studies referenced were Das [26], Kawajiri [24], and Murphy [37]. According to these studies, the GHG emissions from CFs from PAN were 31.00, 29.50, and 30.29 kg-CO2 eq/kg, respectively. These estimates are consistent. GHG emissions from flame-resistant CFs were 21.12 kg-CO2 eq/kg [24]. The GHG emissions from CFs from APs were 24.00 [26], 25.35 from the APs with the classical benzidine method, and 40.46 kg-CO2 eq/kg from the APs with the coupling method. In the absence of a statement regarding the AP CF production details in Das [26], we assumed that the classical benzidine method was used. The results of each analysis are shown in Figure 6. The analysis indicates that the GHG emissions from PAN-based CFs were higher than those from AP CFs using the classical method. The GHG emissions from flame-resistant CFs were lower than those from AP-based CFs. This can be attributed to the difference in GHG emissions during CF-precursor preparation. GHG emissions from flame-resistant CF precursors were 15.69 kg-CO2 eq/kg [24], and those of AP-based CF precursors were 20.49 kg-CO2 eq/kg (classical method) and 37.63 kg-CO2 eq/kg (coupling method). The values of GHG emissions among PAN-based CFs and CFs using the AP classical method were consistent. Our study, as well as the studies by Kawajiri [24] and by Das [26], included GHG credit in the analysis; however, the study by Murphy [37] does not mention the GHG credit. Among the few studies available regarding the GHG emissions from AP CFs using the classical method, our analysis result was consistent with the previous ones. Therefore, it is safe to conclude that we can reduce the GHG emissions from CFs derived from APs by approximately 20% compared with those from CFs derived from PAN. The only exception is CFs based on the AP coupling method. The GHG emissions from CFs produced by the coupling method are high because their precursor preparation emits 37.63 kg-CO2 eq/kg. Our analysis corroborates the findings of Das [26], who mentioned that the precursor production step accounts for approximately 35% of the total energy consumption in carbon-fiber production. Therefore, to reduce the overall GHG emissions caused by the coupling method, a new approach is proposed to reduce the GHG emissions from the precursor fabrication. An additional point of interest is the analysis of the GHG emissions from flame-resistant CFs. However, this is difficult because it remains limited to lab-scale production. Moreover, only one relevant study is available at present; therefore, more analysis is required to draw any conclusions.




5. Conclusions


The objective of this study was to estimate the potential for reducing GHG emissions from the production process of CFs using AP fibers. A summary of the analysis results is as follows:




	
Production processes of AP CFs exhibit good potential in reducing GHG emissions compared with those from PAN CFs. Furthermore, these processes omit gas-phase stabilization, which is the bottleneck in the conventional production of CFs, thereby improving the performance of carbonization and reducing the GHG emissions from the fiber body by 11%.



	
GHG emissions from APs were identified for the first time by the coupling method. The observed value of 40.46 kg-CO2 eq/kg was approximately 25% higher than that of PAN-based CFs and approximately 40% higher than that of CFs derived from APs using the classical method. Although CFs derived from APs from the coupling method are free from carcinogenic risk, this analysis raises a question regarding the utilization of the coupling method as far as GHG emissions are concerned. The use of APs in the coupling method requires a reduction in GHG emissions during precursor fabrication.



	
The trade-off between GHG emissions and carcinogenic risk was confirmed by comparing the classical and coupling methods in TAB production. One solution is to use the benzidine process under control without leakage of hazardous substances.



	
Our analysis results were consistent with the previous studies of GHG emissions for AP and PAN CFs. GHG emissions from AP CFs were approximately 20% lower than those from PAN CFs. This supports our analysis results. Since there are no data for GHG emissions from the coupling method, we need to wait for a new analysis or until the GHG coefficients of TAB and NTCA are defined in the IDEA_v2.1.3 database.








As shown in the above summary, AP CFs have great potential for reducing the GHG emissions from CFs. In particular, with the proper management of benzidine, a large reduction in GHG emissions is expected.
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Figure 1. Production process of PAN and AP CFs. 






Figure 1. Production process of PAN and AP CFs.



[image: Sustainability 14 03541 g001]







[image: Sustainability 14 03541 g002 550] 





Figure 2. System boundaries of CF production process. 
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Figure 3. GHG emissions from CFs. (a) GHG emissions from CFs by process. (b) GHG emissions from CFs by material. 
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Figure 4. GHG emissions from the raw materials by stage and material. (a) GHG emissions from NTCA by stage and material. (b) GHG emissions from TAB by stage and material for classical method with benzidine intermediate. (c) GHG emissions from TAB by stage and material for coupling method. 
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Figure 5. GHG emissions from precursors. (a) GHG emissions from precursors by stage. (b) GHG emissions from precursors by material. 
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Figure 6. Comparison of GHG emissions from CFs by method. 
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