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ABSTRACT 

Environmental Life Cycle Assessment of Biomaterials and Bio-Composites for 

Automotive Components: A Comparison between Talc and Biochar Reinforced 

Polypropylene Composites 

Debela Tesfaye Tadele                                                                   Advisor: Prof. F. M. Defersha 

University of Guelph, 2019                                                          Co-Advisor: Prof. Manjusri Misra 

The concern about the environmental impact such as global warming has driven the automotive 

part manufacturer in a paradigm shift from conventional fossil sources to renewable sources. In 

this study, the life cycle of miscanthus biochar (MB), as well as biochar and talc reinforced 

composites, have been evaluated, and the results are compared. The conventional material was 

chosen to be a talc reinforced polypropylene (talc-PP) at a 70% PP to 30% talc, and alternative 

bio-composite has MB reinforced PP (MB-PP) at a 70% PP to 30% MB by weight. The global 

warming potential (GWP) of the life cycle of MB is found to be 114.63 kg CO2 eq/ton. Miscanthus 

cultivation is the main contributor in the life cycle of MB (93.3 kg CO2 eq/ton) followed by 

pyrolysis (16.2 kg CO2 eq/ton) and transportation (4.8 kg CO2 eq/ton). This study also shows that 

MB reinforced composite had the least environmental impacts across all categories approximately 

by 25% compared to talc reinforced polypropylene composite. The main question addressed in 

this thesis is whether there are general environmental advantages of the use of MB-PP over talc-

PP composites. 

Keywords: Miscanthus Biochar, Talc, Polypropylene, Bio-composites, LCA, Environmental 

Impacts. 
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Chapter 1:  

Introduction 

The exponential growth of the global population resulted in a substantial increase in the 

consumption of non-renewable resources. This has led to several environmental problems due to 

the rising greenhouse gas (GHG) emissions (2010). Release of GHGs has increased since the 

beginning of the industrial revolution, and it is recognized as one of the significant causes of 

climate change currently being observed. Therefore, efforts have been made to reduce the 

consumption of non-renewable resources, thus the GHG emission. The transportation industry is 

one of the significant contributors to the total GHG emission in Canada. 

 The Environment and Transportation Sector 

Natural Resources Canada (NRC) has compiled GHG emission from major economic sectors (oil 

and gas, agriculture, heavy industry, transportation, and waste sectors) for last 25 years (Figure. 

1.1). The transportation sector is the second largest contributor to total GHG emission in Canada, 

contributing about 25% of total GHG emissions (Government of Canada 2018). More than 80% 

of this emission is accounted for road transportations (passenger cars, light, and heavy-duty trucks, 

etc.) that to a large extent rely on fossil-based fuels for their operations (Neufeld and Massicotte 

2017). Reducing the transportation sector environmental impacts is an effective strategy of the 

automotive part manufacturer. However, it is arguably just as essential to minimize the ecological 

effects generated from this sector by incorporating principles of sustainability and environmental 

stewardship into the product design stage. This information can be used to highlight critical areas 

of improvement to reduce ecological footprints. 
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Figure 1.1  Total end-use sector greenhouse gas emissions for different years by key sectors 

(Government of Canada 2018) 

The pressure towards improving the environmental performance of vehicles has led to 

technological innovations on alternative fuels, efficient powertrain, and light-weight materials 

(Kim and Wallington 2013; Delogu et al. 2016). Among all the available technology for 

automotive fuel consumption reduction, the most convenient method automakers proceeded with 

is vehicle weight reduction, which provides an opportunity to reduce fuel consumption and GHG 

emissions (Cheah 2010).  Reducing the weight of vehicles in automotive industries using light-

weight materials is a solution while increasing the number of sustainable materials made from 

recycled and renewable materials in vehicle components is a common challenge (Poulikidou et al. 

2015; Wang et al. 2018). The lighter filler material has a protentional to substitute the conventional 

filler materials that commonly being used in the automotive industry, has gained attention from 

the manufacturers as well as the policymakers. 
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The incorporation of bio-composites into vehicles has the potential of weight reduction (Kim and 

Wallington 2013; Snowdon et al. 2017). Weight reduction can be achieved through the substitution 

of petrol-fossil reinforced thermoplastics with renewable materials reinforced bio-composites, 

which provides a lower carbon footprint (Ogunsona et al. 2017; Wang et al. 2018).  In literature, 

it has been documented that for every 10% reduction in vehicle weight, the fuel consumption of 

vehicles is reduced by 8% (Behazin et al. 2017a).  

In this perspective, this study evaluates the environmental impacts from the life cycle of 

miscanthus biochar reinforced polypropylene (PP) and talc reinforced PP composites for 

automotive parts to determine the environmental benefits that can be achieved by replacing the 

conventional filler materials with renewable filler materials.   

 Importance of Bio-composite in the Automotive Industry  

The concept of light-weighting is to reduce the density of the materials used to make the part 

(Behazin et al. 2017c) and replacing materials that have higher density with lower density materials 

of comparable mechanical properties (Wang et al. 2018). The density of thermoplastic materials 

is primarily determined by the type and quantity of fillers (Kong, 2014). Thermoplastic 

manufacturing industries use various fillers because they provide the best functional properties 

and reduce the cost of thermoplastic (Behazin et al. 2017d; Wang et al. 2018). Therefore, 

composites made from biomass resources has the potential to be used as a reinforcement in a 

polymer matrix for lightweight automotive parts production, which can lead to reduce the 

environmental loads from this sector and ease off the dependence on a non-renewable resource.   

A wide range of energy crops have been identified as suitable candidates for biochar production; 

however, miscanthus is noted to be the most promising feedstock compared with others (Joseph et 

al. 2010; Cuthbertson 2018; Lu and Hanandeh 2019). Miscanthus is a perennial grass that can grow 

on marginal land almost in all regions of Canada which are not suitable for food crops (Allison et 

al. 2011; Clifton-brown et al. 2017) and can be used for producing suitable filler material (biochar) 

for bio-composites (Behazin et al. 2017a; Ogunsona et al. 2017).  

The use of biochar obtained through slow pyrolysis of miscanthus grass in place of talc can help 

to meet the automotive industry’s goal of reducing the weight of car parts for better fuel efficiency 

and increasing the usage of renewable materials for environmental benefits (Behazin et al. 2017a; 

Wang et al. 2018). Miscanthus biochar allows producing lightweight parts due to its low density 
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(~1.35 g cm-3) compared to talc (~2.6 g cm-3) (Behazin et al. 2017a). This characteristic of 

miscanthus biochar makes it a viable option for producing lightweight composites. 

The density of unfilled PP is 0.9 g/cm3. Whereas; a 30% talc-reinforced PP material has a density 

of about 1.05 g/cm3. Therefore, a relatively high density of talc offsets any environmental benefits 

that may be expected by using composites instead of conventional materials. Consequently, 

researchers have shifted attention towards biobased fillers (Luz et al. 2010; Behazin et al. 2017a). 

A filler like biomass-derived biochar (1.35 g/cm3) having a lower density than talc provides 

favorable environmental performance characteristics and other properties (Behazin et al. 2017a; 

Wang et al. 2018). A low density, low cost, high renewable content, and comparable 

physicochemical and mechanical properties with that of talc filler are needed for the transportation 

sector, especially for automotive parts light-weighting purpose features (Luz et al. 2010; Kong et 

al. 2011; Ogunsona et al. 2017). Although the bio-composites have gained substantial attention by 

diverse industries, their suitability may differ because of the geometrical, thermal, mechanical and 

structural properties of natural fibers compared with synthetic and petroleum-based plastics (Ho 

et al. 2012). 

Biobased composites are promising materials for the future of the automotive industry because 

they are a more environmentally friendly alternative to traditional non-renewable materials. The 

challenge of making automotive products lighter, safer, and cheaper leads to investigate advanced 

materials with desired properties. Also, awareness of environmental issues forces the researchers 

and manufacturers towards composite and bio-composite materials. Additionally, technological 

advancements and the growing acceptance by the end-users, the demand for biobased materials in 

industries have increased. Due to rising demand and application in the automotive sector, extensive 

studies have been conducted on the technical properties, and beneficial aspects of biomaterials 

reinforced composite (Leong et al. 2005; Muench and Guenther 2013; Behazin et al. 2017a; 

Snowdon et al. 2017; Wu et al. 2018). To confirm that biobased lightweight materials are greener 

than conventional materials from an environmental perspective, a comparative LCA should be 

employed to analyze them throughout their entire life cycle.  

 Application of Life Cycle Assessment on Biomaterials and Bio-composites 

LCA is a tool which can be used for evaluating the life cycle environmental impacts of a product, 

process, or activity, and identifies the potential hotspot where significant improvement can be 
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made for reducing GHG emissions. This methodology also helps in implementing the local 

bioenergy initiatives and improve their environmental performances (Gasol et al. 2011; Wise et al. 

2014; Roy et al. 2015). Authors have argued that the LCA methodology can be used for evaluating 

the life cycle of biomaterials and bio-composites (Corbière et al. 2001b; Czaplicka  et al. 2013; 

Tseng 2013; Boland et al. 2014, 2016a; Barth et al. 2015; Delogu et al. 2016). 

 Although several researchers have conducted comparative assessments of vehicle components, 

most of them are limited to conventional materials reinforced composites. For example, a 

comparative study between talc and hollow fiber reinforced composites revealed that hollow 

fiberglass composite has a lower impact relative to the talc reinforced composites for automobiles, 

thus reduces fuel consumption, especially during the use phase and mitigates environmental effects 

(Delogu et al. 2016). Bagasse reinforced PP composite has better environmental impacts compared 

with talc reinforced PP composite because bagasse reinforced PP composite not only produces 

light-weight components for an equivalent performance but also captures carbon during sugarcane 

cultivation through the photosynthesis (Luz et al. 2010). On the other hand, kenaf fiber reinforced 

composite reduced 20% of environmental impacts compared to the fiberglass reinforced composite 

(Wu et al. 2018). Consequently, this study applies the LCA methodology to evaluate the life cycle 

of biomaterials (biochar) and biochar reinforced PP composite to determine their environmental 

impacts. 

 Research Motivation 

Transportation is the second largest source of air pollution and greenhouse gas emissions in 

Canada (Government of Canada, 2018). Moreover, it carries substantial unfavorable effects on the 

natural environment and living beings' lives. It also contributes significantly to global warming. 

Considering these reasons, it is essential to mitigate GHG emission from the transportation sector, 

especially for the use of phase automotive. Also, the concern about the fuel economy and 

environmental regulations, automotive industries are moving towards incorporating the 

lightweight components in their manufacturing process (Kim and Wallington 2013; Penciuc et al. 

2016; Civancik-Uslu et al. 2018) which can reduce environmental emissions. The application of 

natural fibers or even the hybrid composites is preferable compared to conventional filler materials 

such as glass/talc etc. (Boland et al. 2014; Korol et al. 2016a; Delogu et al. 2017). And the 

understanding of how products affect the environment is essential for the transportation sector to 
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implement more sustainable practices and meet the demands of the industry to reduce GHG 

emissions through more environmentally friendly choices of materials. The benefits of bio-

composite are to substitute conventional composite for weight reduction (Koffler and Rohde-

Brandenburger 2010; Witik et al. 2011). Bio-composite materials produced using locally sourced 

agricultural biomass have the potential to substitute the conventional composite.  

However, the hydrophilic nature of the natural fiber is one of the significant constraints for using 

as a reinforcement/filler material in plastics as well as in automotive components (Fogorasi and 

Barbu 2017; Väisänen et al. 2017).  Biochar is a hydrophobic material which can be used as a filler 

material for producing automotive components ( Wang et al. 2018). Besides, the bio-composite 

materials can be disposed of easily without harming the environment at the end of their life when 

the composites are made with degradable polymer, which is not possible in the case of synthetic 

based polymer composites (Gurunathan et al. 2015; Teuber et al. 2016). However, the 

environmental impact of miscanthus biochar for automobile parts reinforcement is not well known. 

Therefore, this thesis investigates the maximum wide-ranging environmental implications of 

replacing conventional talc reinforced composite with miscanthus biochar reinforced composite 

and identify the hot spots to help the future use of biochar reinforced composite to a specific 

automotive part application.  

 Objectives 

 The main objective of this study is to evaluate the life cycle of bio-composite produced by 

reinforcing the biochar from locally produced biomass for automotive application.  

The use of bio-composite leads to lighter vehicle components, which improves the fuel economy 

and reduces GHG emission from the transportation sector. 

The specific objectives of this study are to: 

i. Investigate the life cycle of biochar produced from miscanthus grown on the marginal land 

in Ontario, 

ii. Evaluate the life cycle of biochar reinforced PP composite, 

iii. Identify the hotspots in the life cycle of biochar and bio-composite where significant 

improvement can be made and 

iv. Compare the life cycle of bio-composite with a conventional composite, i.e., talc reinforced 

PP composite for automotive application. 
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 Thesis Outline 

The remainder of this study proceeds as follows. Chapter 2 presents a literature review of life cycle 

assessment of a biobased composite and conventional composites in the automotive industry. 

Chapter 3 assesses the benefits of renewable filler material (biochar) produced from perennial 

grass (miscanthus) grown on the marginal land in Ontario, Canada. Chapter 4, A comparative life 

cycle assessment of talc and biochar reinforced composites for lightweight automotive parts. 

Chapter 5 compiles overall conclusions and recommendations for future studies. 

 



  

8 

  

Chapter 2:  

Literature Review  

In this chapter, LCA studies that conducted on conventional and alternative biobased materials 

reinforced composites for vehicles parts are reviewed. Main gaps in the literature are determined 

and described. Also, a literature review on traditional and biobased fillers (e.g., Talc, Biochar), 

and feedstock for biochar (e.g., miscanthus grass, pyrolysis) has been carried out.  

 Life Cycle Assessment Methodology 

Life cycle assessment (LCA) is one of the inclusive methods for analyzing the environmental 

impact of a product, process, or service throughout its entire lifetime. Primarily, the main objective 

of using LCA is to identify the hotspot and lessen the environmental impact of products to reach 

decisions towards more sustainable systems and solutions. LCA methodology, standardized by the 

International Organization for Standards (ISO 14040) contains four stages are represented 

schematically in Figure 2.1 and described briefly in the following. 

 

 

 

 

 

 

 

Figure 2.1 Framework of life cycle assessment (ISO 1999)  
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A well-defined LCA framework assures a coherent study and the achievement of the required 

deliverables. It sets the context within which the following assessment steps are situated and 

thereby ensures a clear and comprehensive outcome according to the motivation of the study. 

2.1.1 Goal and Scope 

LCA begins with an explicit statement of the aim and scope of the study. This stage outlines the 

context of the research and explains how and to whom the results are to be communicated. Key to 

the ISO requirements, the goal, and scope of the LCA should be clearly defined and consistent 

with the intended application. During this phase, several technical details are addressed that help 

guide the rest of the LCA. These include the establishment of a functional unit, definition of system 

boundaries, descriptions of any assumptions and limitations within the study. The main objective 

of the functional unit is to clearly and quantitatively defined measure relating the function to the 

inputs and outputs to be studied. The function represents the performance characteristics of the 

product system. After the goal, and functions are set, the system boundaries are then defined. 

System boundaries illustrate the cradle to grave unit processes that are included in the study. These 

boundaries also help to determine the input and output of LCI (Hogue 2017). 

2.1.2 Life Cycle Inventory (LCI) 

During the LCI phase, an inventory is made up of the various flows between the system boundaries 

as they relate to the functional unit. These flows can include energy, raw materials, and other 

releases to air, land, and water. A flow model is constructed to provide a clear picture of the 

technical system boundaries and assess relevant activities that occur throughout the products life 

cycle. The final overall accounting of inventory inputs and outputs across the life cycle within the 

system boundary is called a life cycle inventory result. It is the most time and works intensive part 

of the LCA since data quality, and precision is the key for representative and significant results.  

LCA study requires a large scale of data collection to construct a proper life cycle inventory (LCI). 

Literature values and LCI databases are widely used to develop LCI processes such as US NREL 

database, the Ecoinvent database, and the European Reference Life Cycle Database (ELCD) (Deng 

2014).  
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2.1.3 Life Cycle Impact Assessment (LCIA) 

Life Cycle Impact Assessment (LCIA) is the utmost sensitive phase in an LCA where the life cycle 

inventory (LCI) outcomes for a specific product are transformed into comprehensible impact 

classes that characterize the environmental impact. Numerous LCIA methodologies consider 

different approaches for dealing with modeling the ecological impact effects. At this stage, data 

collected from the LCI is interpreted to analyze its potential environmental impact. LCIA is used 

to present and describe what kind of the ecological effects are explained in the study and also 

introduces the models and calculations that are used to obtain the desired results. Data gathered 

from the LCI flow charts is then sorted into different classes, each representing a particular type 

of environmental impact (e.g., global warming potential). Once the data has been characterized, 

the researcher can apply additional LCIA elements, such as normalization, grouping, and 

weighting, although these steps are considered as optional. According to ISO 14044, LCIA must 

consist of the following mandatory elements: Selection of impact categories, category indicators 

classification, and characterization models. Classification stage, where the inventory parameters 

are sorted and assigned to specific impact categories. Impact measurement, where the LCI flows 

are characterized using one of many possible LCIA methodologies (e.g., CML 2001, TRACI, 

ReCiPe) into standard equivalence units that are summed to provide an overall impact. Most of 

the LCA studies apply midpoint modeling because of its more reliable scientific foundation. The 

midpoint impact assessment TRACI method is implemented in this study.  

The TRACI method is containing a wide range of impact categories covering all the substantial 

environmental impacts. LCIA can be classified into midpoint and endpoint level methods (Figure 

2.2). Midpoint methods aggregate environmental flows to a set of impact categories. These are 

independent of each other and not to be compared or weighed up against each other (Peters 2015b). 

The endpoint approach aggregates the midpoint indicators into a few (usually three) environmental 

damage categories such as damage to the ecosystem, human health, and resources. 
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Figure 2.2  Impact assessment methodology in LCA (Peters 2015b) 

2.1.4 Interpretation  

In this phase, the analyses made in the LCI and LCIA are interpreted, which leads to conclusions 

and recommendations. Any questions raised in the study should be answered, and suggestions with 

regards to changes in the system processor product are finalized. The credibility of the LCA study 

is also evaluated by conducting a variety of checks (contribution, break-even, uncertainty, 

sensitivity, etc.) (ISO 1999). 

 Composites  

Composite materials are made from two or more constituents, the matrix, and the reinforcement 

material. Matrix protects the reinforcement by absorbing and distributing the loads while the 

reinforcement carries the mechanical loads, defining the strength of the final material (Ogunsona 

et al. 2017). The main feature of composite materials is that the final material exhibits considerably 

improved properties (such as stiffness, strength, or environmental resistance) compared to the 

constituent materials individually (Civancik-Uslu et al. 2018).  
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Increased specific stiffness in practice means less material to fulfill a function. For this reason, 

composite become very attractive material for lightweight designs. Different types of composite 

materials are existing. In automotive applications, fibre reinforced composites (FRC) are most 

commonly used for body panels and other parts of the vehicle. These can be made from carbon or 

glass fibres (used as reinforcement) and a polymer-based resin (used as the matrix). Glass fiber 

(GF) reinforced composites such as sheet molded compounds (SMC) are among the most 

commonly found composite materials in automotive applications (Delogu et al. 2016). Despite 

being stronger, carbon fibre reinforced composites (CFRCs) are more expensive, and therefore, 

their introduction to automotive components has been slower (Witik et al. 2011). The development 

of advanced composite materials is expected to increase their use for structural vehicle 

applications. From a mechanical and lightweight design point of view, SMC is a promising 

technology. However, the vehicle manufacturing industry would have to face the challenge of 

energy-intense manufacturing processes and limited recyclability potential. 

 Bio-composite 

Any renewable natural fillers integrated with polymer matrix is known as bio-composites.  Bio-

composites are gaining much attention in the automotive applications as they can offer 

environmental and economic benefits by light weighing of the parts to replace conventional 

materials (Birat et al. 2015; Civancik-Uslu et al. 2018). The number of renewable filler materials 

used in thermoplastics varies in percent to the total content of the material.  For instance, a 

composite material was developed with  20 % wheat straw fibre and 80% polypropylene (PP) for 

automotive application (Schut Jan 2010). Another LCA study compared cellulose (CL) reinforced 

PP composite (30% CL- 70% PP) to (30% GF-70% PP)  (Boland et al. 2016b). 

 Hybrid Composites 

Hybrid composites are composed of natural and conventional fibres (such as kenaf fibre, glass 

fibre, carbon fibre, etc.) in a matrix polymer (thermoplastic)  (Birat et al. 2015; Akhshik et al. 

2017; Civancik-Uslu et al. 2018). Application of hybrid composites in the automotive component 

is valued because of benign properties, economic, lightweight, and ease of structure development 

(Mohanty, A., Mohini 2013; Birat et al. 2015). Such composites lessen the problem of using only 

single fibre and introduce the benefits of many fiber used together in polymer composite 
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production. Even though hybrid composites are attractive, they also pose more challenges in terms 

of materials selection than conventional, single fibre type composites (Ravishankar et al. 2019).  

PP is the most common material used in the hybrid composites that were studied, followed by 

other resins. Kenaf and jute fiber PP composites were documented less environmental burden than 

PP composites made with cotton or GF (Korol et al. 2016b). Kenaf fibre, a natural fiber derived 

from a plant such as okra or cotton, was the most commonly referred natural fibre among the 

discussed hybrid composites. Wang et al. found that the global warming potential (GWP) of kenaf 

fibre and resin composites was significantly lower than that of GF reinforced composite (Wang et 

al. 2013). 

 Application of Bio-composite Materials in the Automotive Industry 

The automotive industry has adopted bio-composite materials as an alternative to conventional 

materials due to environmental and cost benefits, material properties, and renewability of these 

materials (Faruk et al. 2014; Moravskyi. 2015; Delogu et al. 2016). The application of bio-

composite in automobile industries was first introduced by in the early 1930s and recently gained 

popularity (Petrović et al. 2004; Carrillo-Hermosilla et al. 2009). Toyota, in 1999, introduced kenaf 

fibre as natural reinforcing fibre in PP resin in the Kijang minibus made in India. Since then, the 

PP/kenaf composite has been employed on numerous Toyota vehicles. Again in 2003, Toyota has 

introduced bio-composite in spare tire cover in the Raum mini MPW.  

In 2006, Honda introduced a bio-fabric made of bio-PTT, which replaced 1,3-propandial with a 

corn-based substitute. Mercedes-Benz was the first to use jute fibres filled composite in door 

panels in the 1990s and followed by other primary auto industries where organic fillers have been 

used in various auto components (Marsh 2003; La Mantia and Morreale 2011).  Toyota introduced 

its version of PLA/PP hybrid resin for interior trims in the Prius hybrid. In 2011, Toyota added 

Ecological Plastic, bio-PET derived from sugar cane starch into its bio-composite material list for 

interior carpet and seat trim applications.   

Apart from bio-composite in automotive applications, many suppliers have acknowledged the need 

for petroleum-based plastic alternatives and are offering bio-composite. Natural fibers such as flax, 

hemp, kenaf, and wood are utilized for automotive component applications. Injection moulding is 
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the choice of manufacturing for automotive applications. Many other suppliers are in the 

development of bio-composite materials for commercialization as well.  

 Filler Materials 

Fillers are added to polymers to improve specific characteristics of the final product and to reduce 

the number of polymers (Civancik-Uslu et al. 2018). The automobile industry is using a different 

type of filler materials to produce composites component. Some of the most commonly-used filler 

materials are GF, carbon fiber, talc, hemp, kenaf, etc. 

2.6.1 Talc 

Talc is a versatile and very functional mineral which possesses a unique property commonly used 

as filler in thermoplastic for automotive parts. However, organic fillers such as (kenaf fibre, 

sugarcane bagasse, jute fibre, biocarbon, etc.) are gaining attention because of their environmental 

benefits over talc filler. Several studies have been reported substitution of talc with organic fillers 

because of its environmental and economic benefits (Luz et al. 2010; Behazin et al. 2017a). 

2.6.2 Biochar 

Biochar, also known as bio-carbon, is a solid carbonaceous material produced by the pyrolysis 

process (Ogunsona 2017). Biochar has gained attention in recent years due to the potential to apply 

the material in the growing field of bio-composites as a filler in specific composites (Behazin et 

al. 2017a; Wang et al. 2018). The physical and chemical characteristics of biochar can vary 

massively depending on factors such as feedstock, process temperature, heating rate, and residence 

time (Rodriguez-Uribe et al. 2016). The use of biochar as a filler reported by researcher due to its 

potential for high fixed carbon levels, large surface area, and porosity (Behazin et al. 2017a; Wang 

et al. 2018). Biochar is quickly gaining ground due to the versatility of potential applications as 

well as its carbon sequestration potential (Dutta and Raghavan 2014; Erik et al. 2017).  

While biochar has been studied through LCAs, there remains a lack of LCAs which center on 

biochar used as a filler in reinforced composites. 
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 Feedstock for Biochar Production  

There are a variety of feedstocks that can be pyrolyzed to obtain biochar (Gurunathan et al. 2015; 

Ogunsona et al. 2017). When producing biochar for specific applications like filler in polymer 

composites, it should have suitable properties than the conventional counterpart. Therefore, 

feedstock for biochar production needs to have high lignin content, to begin with. This is because 

lignin has an extensive decomposition temperature and therefore more stable than cellulose and 

hemicellulose (Bridgwater 2012). High lignin content will result in high char yield during 

pyrolysis. A more upper char or carbon content translates to a more aromatic and homogeneous 

structure with reduced defeats (Rodriguez-Uribe et al. 2016). 

2.7.1 Miscanthus Grass 

Miscanthus grass is characterized by low mineral content, fast growth, and high yield of biomass 

(McNamara et al. 2016). Miscanthus grass biochar performed the best when produced at a 

temperature between 600-650°C for 6-24 hours at the smallest possible size of the particle 

(Hodgson et al. 2016; Wang et al. 2018). While there remains a lack of existing LCAs on 

applications of miscanthus biochar within the automotive sector. Application of biochar obtained 

from miscanthus grass has been discussed in some recent studies as a means of improving the 

sustainability of PP bio-composites used in the automotive sector (Behazin et al. 2017b). The high 

lignin content energy crop is the reason for miscanthus grass biochar have typically higher carbon 

content than biochar from other sources (Ogunsona 2017; Wang et al. 2018).  

2.7.2 Pyrolysis  

A pyrolysis is a form of extraction technology powered by the thermal degradation of biomass in 

the partial or total absence of oxygen (Mohanty et al. 2015; Ogunsona 2017). Pyrolysis is one of 

many thermochemical conversion methods, and gaining popularity as it is the only conversion 

method that produces bio-oil, biochar, and syngas (Jahirul et al. 2010). Pyrolysis can occur under 

many different temperatures and conditions, all resulting in various types and forms of biochar; 

generally speaking, the char production process is most favorable after a high residence time and 

low-temperature process (Peters 2015a; Ogunsona 2017). Biochar is commonly produced through 

slow and fast pyrolysis. The following subsections discussed the detail of slow and fast pyrolysis 

process. 
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2.7.2.1 Slow Pyrolysis  

Slow pyrolysis also regarded as conventional pyrolysis is characterized by the low heating rate 

and relatively long residence time (Peters 2015a). The carbon content increases with increasing 

temperature while hydrogen and nitrogen contents reduced, suggesting an increase in aromaticity 

of the structure (Gray et al. 2014). The composition of feedstock can play a significant role in 

typical carbon yield obtained by slow pyrolysis (Gaunt, J., Lehmann 2008; Rodriguez-Uribe et al. 

2016). Slow pyrolysis has been (Gaunt, J., Lehmann 2008) characterized by using lower heating 

rates (0.1-1 °C/minute) and temperature range of 400-550 °C, and with long residence times 

(Tripathi et al., 2016).  

2.7.2.2 Fast Pyrolysis  

Fast pyrolysis process characterized by the use of a short vapor time, high temperature, and heating 

rate (Bridgwater et al. 2008). The lower yield of biochar obtained due to the short residence time, 

which prevents the formation of carbon bonds (Rodriguez-Uribe et al. 2016). It will presumably 

yield a low biochar density and heterogeneous structures as well (Bridgwater 2012). The high 

temperatures range of 500- 800 °C, at anywhere from 10-200° C/min, with a lower vapor residence 

time reported during biomass conversion with fast pyrolysis (Laghari et al. 2016). 

 LCA Studies of Bio-composites 

The utilization of bio-composite in the automotive industry has significant potential to decrease 

environmental impacts compared to conventional materials that are usually used in the industry. 

An extensive review of literature of LCAs written in the past years which centered on composites 

that are relevant to the automotive sector. Table 1 represents a summary of composites that have 

been found in the literature. In terms of material properties and how they compare to traditional 

materials, several studies have been completed. Ramesh reports that kenaf, a common source of 

fibre for bio-composite materials, has a comparatively lightweight and low cost, with relatively 

good mechanical properties compared to other fibres. However, it is difficult to ensure a uniform 

and consistent material properties due to differing practices and quality of the agricultural plant. It 

was also reported that due to available treatment and manufacturing methods, there were trade-

offs in material properties that could inhibit its usage (Ramesh 2016). The features of materials 

that are widely used in bio-composite such as polylactic acid (PLA), flax mat, and balsa bio-
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sandwich indicate that improvements in material properties are required before widespread use is 

possible (Le Duigou et al. 2012).  

A more recent study also analyzed a new process of treating kenaf fibre composites, results in 

vastly improved material properties such that it was even better than glass fibre reinforced 

composites in the specific modulus of rupture and tensile strength. This study also conducted an 

LCA for the two materials and found that kenaf fibre was favorable across all impact categories 

(George et al. 2016). With improving properties and optimized manufacturing processes, the 

widespread use of bio-composites has become increasingly likely due to their perceived 

environmental benefits. Despite the apparent benefits of structurally-sound and economically 

advantageous and biodegradability, a broad assumption cannot be made that the material is 

universally preferable in terms of an environmental impact compared to other materials. For 

example, while these materials can have positive results when disposed and appropriately 

processed, the reality is this does not always occur. Also, this material can end up in the 

environment due to littering, or biodegradable material can end up in recycling facilities, adversely 

affecting those processes. It is essential to consider the effect this will have on the environmental 

impact of the material.  

There have been several studies that focus on bio-composites used in structural and automotive 

applications, more specifically as well. Bio-composites used in the construction industry are 

similar to those used in automotive components. Khoshnava et al. compared three construction 

materials: glass-fibre reinforced PP (GF-PP), glass fibre reinforced polyethylene (GF-PE), and 

kenaf fibre reinforced polyhydroxybutyrate (KF-PHB). This study found that the KF-PHB bio-

composite had much-improved performance across the impact indicator categories of human 

toxicity, freshwater or marine eutrophication and ecotoxicity, and particulate matter (PM). 

However, it was also found that these came at the cost of worse impacts across terrestrial 

ecotoxicity, ozone depletion, and various types of land use for agriculture activities in producing 

the raw materials. At the endpoint indicators, while human health and resource depletion had 

improvements, impact on ecosystems was similar or worse (Khoshnava et al. 2018). This contrasts 

with a study by Zhou et al. who also looked at bio-composites in the construction industry, 

comparing KF reinforcement in cement to GF reinforcement. They found that the bio-composite 

material had better thermal properties and manufacturing impacts across human health, natural 
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resource depletion, and habitat alteration (Khoshnava et al. 2018). This difference may be related 

to the source of materials, input data, or due to the difference in reinforced plastic bio-composites 

and reinforced cement. Another more general study by George et al. looked at a hemp-based bio-

composite compared to GF composite from cradle-to-grave and found that the bio-composite 

required more land use but showed favorable results across other categories compared to the GF. 

However, it was noted that ecotoxicity and eutrophication in this study were underestimated due 

to an assumption of organic agriculture without the chemical fertilizer or pesticides that cause most 

of the adverse environmental effects. The epoxy material used in keeping parts of the composite 

together also varied, with the bio-composite using an eco-epoxy instead of a petroleum-based one. 

It was found that the epoxy was the primary contributor to the impact categories, and the eco-

epoxy was better in abiotic depletion and GHG emission (George et al. 2016). The paper also 

considered several other studies showing that bio-composites used less energy with reduced GHG 

emission, though some had slow degradation rates and problems in recycling. 

Other issues reported include the vulnerability of components to water damage and fluctuating 

supply or prices. Despite these issues, automotive parts produced in Germany have already begun 

the transition to bio-composites to reduce vehicle weight and increase fuel efficiency (George et 

al. 2016). Additional LCA studies on bio-composites in the automotive industry that compared 

cellulose-reinforced PP composite (CL-PP) to GF-PP from cradle-to-grave. The study found that 

CL-PP was 9.6% better in energy use and 20.7% better with GWP.  As an automotive component, 

the use-phase was found to have 0.87% more energy savings for every 10,000-mile driven as the 

lessened weight of CL-PP (Boland et al. 2016b). Another study examined a cradle-to-grave LCA 

of GF-reinforced polyamide (GF-PA) compared to CL-PP and found that the bio-based CL-PP 

was better due to the lighter which reduce the fuel consumption during vehicle use. It was noted 

that the eutrophication impact in this study was also underestimated due to the assumption of 

agriculture not using fertilizer and that the cancer risk category can be reduced in future as 

electricity generation transitions to the renewable source (Boland et al. 2016b).  

Yet another study from cradle-to-gate of another bio-based composite, switchgrass-polybutylene 

succinate (SG-PBS) composite, compared to GF-PP found that SG-PBS used 40% less energy, 

caused 23% less heat waste, 35% less GWP, 2% less smog, 54% less carcinogens, 172% less non-

carcinogens, 22% less respiratory effects, and 45% less ecotoxicity. However, this was at the cost 

of 43% more ozone depletion, 16% more acidification effects, and 322% more eutrophication, 
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with the most significant environmental impacts coming from the source of energy used to make 

the PP as well to generate electricity to process SG, the type of fibre, and treatment processes are 

applied to other by-products during the manufacturing processes (Moussa 2014).  

From the literature review, many of the LCA studies in bio-composite materials, particularly those 

in the automotive industry, found that the bio-based component caused a reduction in 

environmental impact due to reduced vehicle weight saving fuel. However, it is also widely 

reported that although energy use and GWP can be reduced, acidification and eutrophication were 

the common problems due to agricultural practices when growing the raw material, as well as the 

energy and chemical treatment needed to manufacture the composite. Many of the studies are 

cradle-to-grave, although most consider landfilling, composting, or use data of local diversion rates 

to determine how much of the shredded automotive material is typically recycled or landfilled. 

This leaves for further study to improve agricultural practices, manufacturing techniques, as well 

as other EOL disposal processes, such as incineration
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Table 1  Environmental impacts of composite materials. 

Composite System 

boundary 

End of life Impact 

assessment 

method 

LCA 

software 

Functional Unit 

(FU) 

GWP,kg 

CO2 

eq./FU 

Authors 

Cellulose & 

PP 

 

 

Cradle to 

grave 

Dismantling & 

shredding 

IPCC 2012 GaBi 6 Automotive 

component with 

fixed volume 

89.2-86.7 

 

 

(Boland et al. 

2016b) 

Kenaf & PP Cradle to 

grave 

Dismantling & 

shredding 

IPCC 2012 GaBi 6 Automotive 

component with 

fixed volume 

95.2 -96.8 (Boland et al. 

2016b) 

GF & PP Cradle to 

grave 

Dismantling & 

shredding 

IPCC 2012 GaBi 6 Automotive 

component with 

fixed volume 

107.0 (Boland et al. 

2016b) 

Cotton* & 

PP 

Cradle to 

gate 

- ReCiPe 

 

SimaPro 8 Plastic pallet (15 

kg) 

69.5 (Korol et al. 

2016a) 

Jute* & PP Cradle to 

gate 

- ReCiPe SimaPro 8 Plastic pallet (15 

kg) 

58.4 (Korol et al. 

2016a) 

Kenaf * & 

PP 

Cradle to 

gate 

- ReCiPe SimaPro 8 Plastic pallet (15 

kg) 

58.2 (Korol et al. 

2016a) 

GF &PP Cradle to 

gate 

- ReCiPe SimaPro 8 Plastic pallet (15 

kg) 

69.8 (Korol et al. 

2016a) 

PP Cradle to 

gate 

- ReCiPe SimaPro 8 Plastic pallet (15 

kg) 

70.9 (Korol et al. 

2016a) 

Talc & 

recycled PP 

Cradle to 

grave 

Land filling CML 2001 GaBi 1 kg composite 0.75 (Al-Ma’adeed 

et al. 2011) 
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Composite 

System 

boundary 

End of life Impact 

assessment 

method 

LCA 

software 

Functional Unit GWP, kg 

CO2 eq. 

Authors 

PP Cradle to 

grave 

Land filling CML 2001 GaBi 1 kg material 2.1 (Al-Ma’adeed 

et al. 2011) 

Recycled PP Cradle to 

grave 

Land filling CML 2001 GaBi 1 kg composite 0.12 (Al-Ma’adeed 

et al. 2011) 

PE Cradle to 

grave 

Land filling CML 2001 GaBi 1 kg material NR (Al-Ma’adeed 

et al. 2011) 

Recycle PE Cradle to 

grave 

Land filling CML 2001 GaBi 1 kg material NR (Al-Ma’adeed 

et al. 2011) 

LDPE Cradle to 

grave 

Land filling CML 2001 GaBi 1 kg material 2.18 (Al-Ma’adeed 

et al. 2011) 

Recycle 

LDPE 

Cradle to 

grave 

Land filling CML 2001 GaBi 1 kg material 0.60 (Al-Ma’adeed 

et al. 2011) 

SMC1 (kenaf 

fiber & 

polyester 

resin) 

Cradle to 

gate 

- 

 

Eco-indicator 

99 

Simapro One functional 

unit 

0.45 (Wang et al. 

2013) 

SMC2 (kenaf 

fiber & 

blend) 

Cradle to 

gate 

- Eco-indicator 

99 

Simapro One functional 

unit 

0.58 (Wang et al. 

2013) 

CF 

reinforced 

polymer 

Cradle to 

grave 

Landfill Eco-indicator 

99 

SimaPro 

7.2 

Section 46 of 

Boeing 787 

fuselage 

Not 

reported, 

 

(Timmis et al. 

2015) 

Glass fiber & 

epoxy resin 

Cradle to 

grave 

Landfill ISO 14040 

and 14044 

SimaPro 

7.2 

1 kg material 2.95 (La Rosa et al., 

2013) 

Hemp mat & 

epoxy resin 

Cradle to 

grave 

Co-processing ISO 14040 

and 14044 

SimaPro 

7.2 

1 kg material 0.531 (La Rosa et al., 

2013) 
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  Main Gap in the Literature 

Though the body of existing literature on the LCA of automotive materials has grown in recent 

years, significant gaps remain. Primarily, most life cycle assessments of automotive-relevant 

materials concern the life cycle of specific parts, components, fuel sources, or the vehicle as a 

whole, rather than the raw materials used to construct the vehicle. For example, recently LCA 

study conducted the process of lightweight safety components of commercial vehicles and 

computing subsystems that are installed in select vehicles (Cecchel et al. 2018). While such studies 

have provided valuable insight, a deeper understanding of the life cycle of the materials comprising 

many automotive parts that have been assessed using LCA methods may lead to the development 

of more environmentally responsible automotive components from the "ground up." Rather than 

comparing existing components, technologies, and fully-assembled vehicles to offer suggestions 

for designs that lessen environmental impact, more LCAs of materials may result in the 

development of more parts, techniques, and vehicles with a lesser environmental impact as a result 

of better material selection.   Because most LCAs on automotive manufacturing have centered on 

complete components, technologies, or vehicles, gaps in the literature concerning comparative 

LCAs of specific materials abound. In particular, there remains a lack of comparative LCA studies 

concerning the use of parts made from talc and miscanthus biochar reinforced composites.  Most 

comparative LCA on automotive manufacturing that has been conducted have used a glass fiber 

composite as a point of comparison for composites reinforced with natural fibers (Boland et al. 

2016a). Comparing miscanthus biochar reinforced composites to talc reinforced composites and 

other composites made with traditional synthetic materials through the process of LCA could 

further elucidate the scope of the properties and applications of biochar reinforced composite. 
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Chapter 3:  

Life Cycle Assessment of Renewable Filler Material (Biochar) Produced from Perennial 

Grass (Miscanthus) 

Abstract:  

Biochar, a hydrophobic biomaterial produced from lignocellulosic biomass, is a promising 

alternative to conventional filler materials. This study evaluates the life cycle of biochar produced 

from miscanthus that is grown on the marginal land in Ontario, Canada. Life cycle environmental 

impacts are determined by using the SimaPro LCA software adopting the TRACI method. The 

global warming potential (GWP) of the life cycle of biochar is found to be 114.3 kg CO2 eq/ton. 

Miscanthus cultivation is the main contributor in the life cycle of miscanthus biochar (93.3 kg CO2 

eq/ton) followed by pyrolysis (16.2 kg CO2 eq/ton) and transportation (4.8 kg CO2 eq/ton). 

Miscanthus cultivation is also the main contributor to acidification potential and non-carcinogenic 

potential; however, transportation and pyrolysis are the hotspots in the case of eutrophication, 

smog, and ecotoxicity, and carcinogenic potential, ozone depletion potential and fossil fuel 

depletion, respectively. The sensitivity analysis reveals that the environmental impacts decrease 

with an increase of miscanthus yield. The results of this study indicate that miscanthus biochar can 

be a potential alternative to fossil fuels or conventional filler materials to mitigate environmental 

impacts. 

Keywords: Miscanthus, Slow Pyrolysis, Biochar, LCA, Environmental impacts 

 

 

 

 

 

 



  

24 

  

 Introduction  

It is well-known that the marketing of biomass as a green alternative is essential in today's market, 

whether for combustion purposes, bioproduct fabrication, bioprocessing into transportation fuels 

or as a filler in composite (Maxime 2013). The concern about intensive agricultural inputs and 

land use change directed the researchers towards energy crops (Falano et al. 2014). The 

environmental benefit of biomaterials is an essential element in marketing and its application in 

the automotive industry in the future (Behazin et al. 2017a). Consequently, there is an opportunity 

for Ontario biomass producers to move into the emerging biomaterial markets (Hilla Kludza, Bill 

Deen 2011). Miscanthus is a perennial grass that can grow on marginal land almost in all regions 

of Canada which are not suitable for food crops (Allison et al. 2011; Clifton-brown et al. 2017). 

The benefits of miscanthus cultivation include excellent water use efficiency, rapid growth, low 

nutrient requirement, high yields, low ash content, improve soil fertility, high energy output, and 

reduce farmers' risks for crop production on the marginal land (Mimmo et al. 2014). In Canada, 

several authors have evaluated the environmental impacts of heat and power from miscanthus. 

Although biochar obtained from lignocellulosic biomass recognized as an environmentally 

friendly filler material (Ahmetli et al. 2013), most of the studies are limited to GWP (Sanscartier 

et al. 2014b; McNamara et al. 2016; Shemfe et al. 2016). To confirm the environmental benefit of 

biochar from miscanthus, a complete life cycle assessment (LCA) is desired (Sanscartier et al. 

2014b; McNamara et al. 2016; Shemfe et al. 2016; Brassard 2017; Hastings et al. 2017). 

A wide range of energy crops has been identified as a suitable candidate for biochar production; 

however, miscanthus is noted to be the most promising feedstock compared with others (Joseph et 

al. 2010; Luz et al. 2010; Taherymoosavi et al. 2016; Brassard 2017; Cuthbertson 2018). Despite 

the fact, that a wide variety of feedstocks have been analyzed (Sanscartier et al. 2014a) either for 

bioenergy, or biomaterials as a soil supplement to a limited extent, a complete LCA study of 

miscanthus biochar is scarce. Therefore, this study conducts a comprehensive life cycle assessment 

to evaluate the environmental viability of biochar produced from miscanthus grown on marginal 

land in Ontario, Canada.  
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  Materials and Method 

To evaluate the life cycle impacts of miscanthus biochar, the unit process models (miscanthus 

cultivation, transportation, pretreatment, and pyrolysis) are developed with Simapro software. 

Also, the unit process for electricity is modified with Ontario production data. The US EPA Tool 

for the Reduction and Assessment of Chemical and Other Environmental Impacts (TRACI, v2.1) 

method is used to calculate various impact categories. The following ten midpoint impact 

indicators are analyzed: global warming potential (GWP), acidification potential (AP), ozone 

depletion potential (ODP), eutrophication (EP), smog formation, respiratory effects (REP), 

carcinogenic potential (CNP), non-carcinogenic potential (NCP), ecotoxicity (ECT), and fossil 

fuel depletion (FFD).  

3.2.1 Goal and Scope 

The goal of this study is to evaluate the environmental impacts of biochar from miscanthus and 

identify the hotspots of the life cycle of biochar, where significant improvement can be made. The 

functional unit of this study is defined as 1 t of biochar. The scope includes miscanthus cultivation, 

pretreatment (storage and grinding), slow pyrolysis, and transportation of inputs such as rhizome, 

fertilizers, pesticides, herbicide, and harvesting operations over 20 years, and transport of biomass 

from the field to the pyrolysis plant. Miscanthus cultivated on the marginal land in Ontario yields 

8.35 t/ha/year (Sanscartier et al. 2014a) is used for a baseline LCA model in this study.   

The system boundary of this study includes miscanthus rhizome production and plantation, 

transportation, pretreatment, and slow pyrolysis (Figure.3.1). The data used in this analysis are 

specific to Canada. 
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Figure 3.1 System boundary of the life cycle assessment of miscanthus biochar  

 Inventory 

3.3.1 Miscanthus Cultivation  

Miscanthus cultivation data are obtained from peer-reviewed publication and personal 

communication (Sanscartier et al. 2014a). It is considered that miscanthus is cultivated on marginal 

lands in the province of Ontario (Sanscartier et al. 2014a). Cultivation of miscanthus includes 

establishment phase, fertilization, harvest, and termination. The site establishment phase requires 

83 l diesel/ha for planting, mowing, and spraying with a typical planting density of 8800 

rhizomes/ha. The summary of inputs for all phases of the life cycle of miscanthus for 20 years is 

reported in the supporting information Appendix A (Table A6-A8). 
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3.3.2 Pyrolysis  

The pyrolysis process includes pretreatment, drying, and pyrolysis, producing biochar, bio-oil, and 

syngas. It is assumed that miscanthus is transported by 40-tonne trucks. The collection area is 

considered to be within a 50 km radius from the pyrolysis plant. The proposed slow pyrolysis plant 

is located in Lamington, Ontario, Canada. In the pretreatment stage, miscanthus feedstock 

undergoes grinding operation to reduce its particle size to 4 mm. The reduced particle size of the 

feedstock enables effective mass and heat transfer in the dryer. The initial moisture content in 

miscanthus feedstock is assumed to be 20 wt.%, which is then fed into the dryer to reduce its 

moisture content to 10 wt.%. The pyrolysis plant is assumed to have a daily capacity of 50 t dry 

matter (DM). The energy consumption in the pyrolysis unit is considered to be 7510 MJ per ton 

biomass (Brassard et al. 2018). Slow pyrolysis outputs were estimated based on the mass of 

feedstock. Biochar, bio-oil, and syngas yield are assumed to be 35%, 35%, and 30%, respectively 

(Jahirul et al. 2012). Table 2 shows a summary of inventory data for slow pyrolysis. 

Table 2 Slow pyrolysis daily inventory data. 

Inputs Amount Unit 

Pre-treated Miscanthus 2.85 tonnes 

Electricity 7510 MJ/tonnes 

Pyrolysis unit 9.52381E-06  

Outputs   

Bio-char 1 tonnes 

Bio-oil 1 tonnes 

syngas 0.857142857 tonnes 
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 Impact Assessment 

The impact assessment is performed with the TRACI (within the SimaPro Software) method.  

Midpoints are considered to be linked in the cause-effect chain (an environmental mechanism) of 

an impact category at which characterization indicators can be calculated to indicate the relative 

importance of emissions in a life cycle (Bare 2011). 

 Results and Discussion 

The global warming potential (GWP) of the life cycle of biochar is found to be 114 kg CO2 eq per 

ton. Miscanthus cultivation is the main contributor in the life cycle of biochar followed by 

pyrolysis and transportation. Miscanthus cultivation contributed 93.3 kg CO2 eq per ton.  

Miscanthus cultivation is also the main contributor to acidification, smog, respiratory effects, 

ecotoxicity, and fossil fuel depletion potential; however, pyrolysis and transportation are the 

hotspots in the case of eutrophication, non-carcinogenic, carcinogenic, and ozone depletion 

potential, respectively, might be because of chemicals and fertilizer application during miscanthus 

cultivation and energy consumption in pyrolysis process (Table 3). Pyrolysis and transportation 

process are the second and third crucial environmental contributor accounted for 16.2 kg CO2 eq/t 

and 4.83 kg CO2 eq/ton to the life cycle of biochar, respectively. The transport of miscanthus stage 

had a minimal contribution 4.83 kg CO2 eq/ton based on the 50 km distance assumed between the 

pyrolysis plant and the miscanthus collection site. The observed GWP from miscanthus cultivation 

seems to be similar to other studies (104 kg CO2 eq/ton) (Maxime 2013). In contrast, a wide range 

of impact from energy crops cultivation has also been noted in the literature (See Appendix A, 

Table A-9). For example, an effect associated with miscanthus cultivation is reported to be 40 kg 

CO2 eq/DT (Lask et al. 2018) and 158.43 kg CO2 eq/DT (McNamara et al. 2016).  

The GWP of switchgrass cultivation phase contributed 145 kg CO2 eq/t (Brassard et al. 2018). The 

main reason for variation in environmental impact from miscanthus cultivation is due to the change 

in miscanthus yield, land use efficiency, and miscanthus lifetime used for LCA analysis by a 

different researcher. The environmental impact of biochar produced by the first pyrolysis is 

reported to be 577 kg CO2 eq/t (Brassard et al. 2018). In contrast, biochar from switchgrass 

pyrolysis process contributed 36 kg CO2 eq/t (Lu and Hanandeh 2019). Contribution from this 

processing stage is attributed to the electricity consumed by the dryer. Therefore, the natural drying 
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of the miscanthus feedstock before conversion would be environmentally efficient, although this 

has a minimal environmental impact. For other LCA impact categories, including acidification 

potential, smog formation, respiratory effects, fossil fuel depletion, and ecotoxicity, a similar trend 

is observed as GWP for miscanthus cultivation. Transportation of miscanthus and biochar 

conversion in slow pyrolysis has the worst environmental impacts for ozone depletion potential, 

carcinogenic potential, and non-carcinogenic and eutrophication potential, respectively (Table 3). 

Table 3 The impacts of the life cycle Miscanthus biochar 

Impact 

category 

Unit Miscanthus cultivation Transportation Slow pyrolysis 

ODP kg CFC-11 eq 2.18E-07 1.32E-06 2.29E-08 

GWP kg CO2 eq 9.30E+01 4.83E+00 1.62E+01 

Smog kg O3 eq 7.50E+00 8.62E-01 1.56E+00 

AP kg SO2 eq 3.99E-01 3.28E-02 2.20E-01 

EP kg N eq 2.33E-02 9.08E-03 2.73E-02 

CP CTUh 6.29E-08 1.28E-07 8.02E-08 

NCP CTUh 4.56E-07 1.31E-06 1.32E-06 

REP kg PM2.5 eq 1.84E-02 4.16E-03 1.21E-02 

ECT CTUe 1.50E+04 4.70E+01 3.95E+01 

FFD MJ surplus 1.02E+02 1.16E+01 3.22E+01 

 

 Contribution of Different Unit Processes in Miscanthus Cultivation Phase  

Fertilizer application during miscanthus cultivation is the main contributor to the cultivation stage. 

The environmental burden of cultivation stage to GWP, smog, AP, EP, and FFD accounting for 

96.89%, 92.85%, 95.44%, 77%, and 94.46%, respectively. On the other hand, fertilizer contributed 

less degree for ODP, CP, and NCP contributing 14%, 18%, and 10%, respectively. Chemicals 
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(pesticide/ herbicide) application during miscanthus cultivation shows a severe environmental 

impact for ODP (59.97%), ECT (100%). CP (72.95%), NCN (78.17%) and EP (17%). In addition 

to these, rhizome production, field preparation, transportation, and harvesting unit processes 

assessed had a minimal contribution for all categories (Figure 3.2).  

The environmental impacts from the cultivation of miscanthus on marginal land also depend on 

various factors, such as previous land use, climatic conditions and organic carbon content of the 

soil (McCalmont et al. 2015). In this study, it is considered that yearly soil organic carbon (SOC) 

increases (0.03 ton C/ ha/year) due to miscanthus cultivation on marginal land. It also reported that 

cultivating miscanthus would result in SOC sequestration at the rate of 0.16–0.82 ton C/ha year 

(Mishra et al. 2013). Even the assumption of a lower sequestration rate would result in substantial 

GWP credits for miscanthus cultivation (McCalmont et al. 2015). Generally, during the miscanthus 

cultivation stage, application of less fertilizer and chemicals substantially improves the 

environmental performance of feedstock at the gate of the farm. 

 

 Figure 3.2 Contribution analysis of miscanthus cultivation 
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 Contribution of Different Unit Processes in the Slow Pyrolysis Process  

The electricity (energy consumed in the pyrolysis process which) is found to be the main hotspot 

in the pyrolysis process followed by pre-treatment and pyrolysis unit which has the least 

contribution for all the impact categories except ODP. Pre-treatment has highest contribution to 

ODP may be because of diesel energy used in the pre-treatment process (chopping & grinding). 

Contribution of electricity to GWP, Smog, AP, EP, CP, NCP, REP, ECT, and FFD is 81%, 69%, 

88%, 68%, 88%, 94%, 85%, 96%, and 82%, respectively (Figure 3.3). Consequently, replacement 

of electrical energy with renewable energy in the pyrolysis process is necessary to reduce 

environmental impacts from the pyrolysis process of the life cycle of biochar.   

 

 Figure 3.3 Contribution analysis of slow pyrolysis 

 Sensitivity Analysis  

The sensitivity analysis allows evaluating the effect of a change of a specific parameter in the life 

cycle of the products, processes, or services that are studied. It is therefore essential to assess to 

what extent these changes affect the findings. For this study, analyses are performed through 
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pyrolysis process based on the energy content of pyrolysis products. A wide range of miscanthus 

yield has been reported in the literature, which depends on the type of land, location, etc. (Joseph 

et al. 2010; Murphy et al. 2013; Mimmo et al. 2014; Shemfe et al. 2016; Taherymoosavi et al. 

2016). 

Consequently, miscanthus yield is assumed to be varied from 10 to 12 ton/ha/year while the 

reference yield is 8.35 ton/ha. The effect of the biochar yield has a significant influence on the 

results. GHG emissions reduce with an increase in biochar yield (Figure.3.4). For instance, at a 

miscanthus yield of 8.35 ton/ha/year, the carbon footprint found to be 93.3 kg CO2eq/ton dry 

matter. However, the GWP of Miscanthus cultivation reaches to 64 kg CO2 eq/ton and 42 kg CO2 

eq/ton for a miscanthus yield of 10 ton/ha/year and 12 ton/ha/year, respectively. However, the 

GWP of Miscanthus cultivation reaches to 64 kg CO2 eq/ton and 42 kg CO2 eq/ton for a miscanthus 

yield of 10 ton/ha/year and 12 ton/ha/year, respectively. 

Consequently, the environmental impacts from the life cycle of biochar also changed (Appendix 

A, Table A10). The GWP reached to 102.0 kg CO2 eq/ton and 89.3 kg CO2 eq/ton of biochar. On 

the other hand, life cycle environmental impacts decrease with an increase in biochar yield from 

the pyrolysis process or increased if the biochar yield decreases (Appendix A, Tables A11-A12). 

The GWP is found to be 133.0 kg CO2 eq/ton and 105.0 kg CO2/ton for a miscanthus yield of 30% 

(i.e., bio oil 35% and syngas 35%) and 40% (i.e., bio-oil 40 and syngas 20%), respectively. Also, 

this study found that the allocation method also affects the environmental impacts of the life cycle 

of biochar (Appendix A, Table A13). The GWP varied from 114.63 kg CO2 eq/ton to 158.4 4 CO2 

eq/ton if energy allocation is imposed instead of mass allocation. 
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Figure 3.4 Effect of Miscanthus yield on the life cycle of biochar 

In general, this study analyzed miscanthus cultivation on marginal land and production of biochar 

by slow pyrolysis using the life cycle assessment method. Miscanthus cultivation is found to be 

the primary hotspot in the life cycle of biochar. On the other hand, application of fertilizer and 

chemicals is identified as a primary contributor to miscanthus cultivation stage. Consequently, a 

lesser amount of fertilizer and chemicals inputs during miscanthus cultivation and increasing yield 

of miscanthus may lead to reducing environmental impacts from the life cycle of biochar. 

 

 

 

 

 

 

 

 

 

40

60

80

100

120

8 9 10 11 12

G
W

P,
 C

O
2
 e

q
/t

o
n
 

Yield, ton/ha 



  

34 

  

Chapter 4:  

A Comparative Life Cycle Assessment of Talc and Biochar Reinforced Composites for 

Lightweight Automotive Parts 

Abstract:  

The use of renewable materials and cleaner production are currently the target of the automotive 

industry to reduce the use of phase environmental impacts of vehicles. Renewable light-weight 

materials are used to replace conventional materials to produce light-weight automotive parts, 

leading to reduced fuel consumption, which contributes towards meeting the industry 

environmental impact target. In this study, we compared the life cycle assessment of a convention 

composite to that of a bio-composite for automotive applications using the standard set by the 

International Standards Organization (ISO 2006). The conventional one is talc-reinforced 

polypropylene composite (PP-Talc) at a 70% PP to 30% talc weight ratio. The bio-composites is 

miscanthus biochar-reinforced polypropylene composite (MB-PP) at a 70% PP to 30% MB. The 

functional unit is 982 𝑐𝑚3of composite used for a specific vehicle part. The environmental impacts 

were found using the Tool for the Reduction and Assessment of Chemical and Other 

Environmental Impacts (TRACI, v2.1). The system boundary includes materials extraction to 

disposal stage of the composites. The results revealed that MB-PP composite had the least impact 

for all categories than talc-PP composite and appeared to be a favorable option for automotive 

parts from an environmental impacts performance perspective. All impact categories considered 

in this study showed a reduced environmental burden's approximately by 25% with MB-PP 

composite compared to talc-PP composite. The MB-PP composite emerged as a promising option 

than talc-PP composite and has environmentally sound green credentials for automotive parts 

application. Keywords: Miscanthus Biochar, Talc, Polypropylene, Light-weight, Composites, 

LCA, Environmental Impact. 

 

 Introduction 

Environmental responsibility and sustainability issues have led to a growing concern for 

automobile manufacturing industries about the amount of carbon dioxide (𝐶𝑂2) emissions made 
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by the sector and have led them to promote mitigation to address climate change issues (Witik et 

al. 2011). Efforts are underway to reduce greenhouse gas (GHG) emissions from every potential 

source with particular emphasis on the transportation sector. This sector is among the largest 

emitters in Canada, contributing about 25% of total GHG emissions in 2016, which is the second 

largest contributor (Government of Canada 2018). More than 80% of this emission is accounted 

for road transportations (passenger cars, light, and heavy-duty trucks, etc.) that to a large extent 

rely on fossil-based fuels such as gasoline and diesel for their operations (Neufeld and Massicotte 

2017). 

The pressure towards improving the environmental performance of vehicles has led to an 

enormous effort on the development of substantial technological innovations on alternative fuels, 

efficient powertrain, and light-weight materials (Kim and Wallington 2013; Delogu et al. 2016). 

Reducing the weight of vehicles in automotive industries using light-weight materials is a solution 

while increasing the number of sustainable materials made from recycled and renewable materials 

in vehicle components is a common problem (Poulikidou et al. 2015; Wang et al. 2018). Bio-

composites has the potential for weight reduction (Kim and Wallington, 2013; Snowdon et al. 

2017). Weight reduction can be achieved through the substitution of petrol-fossil reinforced 

thermoplastics with renewable materials reinforced bio-composites, which provides a lower 

carbon footprint (Ogunsona et al. 2017; Wang et al. 2018), and for every 10% that car weight 

reduction using bio-based polymers composites reduces 8% fuel consumption (Behazin et al. 

2017a). 

The concept of light-weighting is to reduce the density of the materials used to make the part 

(Behazin et al. 2017a) and replacing materials that have higher density with lower density materials 

of comparable mechanical properties (Wang et al. 2018). The density of thermoplastic materials 

is mostly determined by the type and quantity of fillers (USA Patent, 2014). Thermoplastic 

manufacturing industries use various fillers because they provide the best functional properties 

and reduce the cost of thermoplastic (Behazin et al. 2017a; Wang et al. 2018). 

In 2015, the filler market was valued at more than USD 45 billion (Civancik-Uslu et al. 2018). 

Talc, carbon black, CaCO3, silica, glass fiber, carbon fiber, and kaolin are used to reinforce 

polypropylene (PP) to increase its stiffness and toughness to a greater extent (Mashouf Roudsari 

et al. 2017). The PP used in the production of light-weight vehicle parts make up to 65-70% of 
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light-weight component for vehicles has been suggested for comparative LCA studies with a bio-

based polymer (Behazin et al. 2017a; Snowdon et al. 2017). Talc stabilizes a PP composite by 

reducing the PP coefficient of linear thermal expansion and also acts as a nucleating agent 

enhancing material solidification in the injection molding process (Snowdon et al. 2017). The 

automotive plastic part manufacturer uses 10% to 30% talc filler (by weight) in part (Kong 2014). 

Talc filler tends to increase part density, reduce material ductility, and degrade surface quality due 

to higher density (2.6 g/cm3) of talc filler (Kong 2014). Other fillers such as glass fiber, carbon 

fiber, and Nano-composite may be relatively abrasive, which cause tool wear over time that may 

degrade part appearance. Also, carbon fiber and Nano-composite are in limited supply, expensive, 

and trying to mold (Civancik-Uslu et al. 2018). 

The density of unfilled PP is 0.9 g/cm3. Whereas; a 30% talc-reinforced PP material has a density 

of about 1.05 g/cm3. Therefore, a relatively high density of talc offsets any environmental benefits 

that may be expected.  In addition to higher density, talc is a non-renewable filler from natural 

resources, thus depicted severe environmental constraints like abiotic depletion and health hazards 

during the production process. Consequently, researchers have shifted attention towards bio-based 

fillers (Luz et al. 2010; Behazin et al. 2017a). A filler with a lower density like biomass-derived 

biochar (1.35 g/cm3) having a lower density than talc provides favorable performance 

characteristics and appearance (Kong 2014; Wang et al. 2018). For bio-based fillers to replace 

synthetic talc fillers as part of light-weighting automotive parts, the bio-based material must be 

low density and low cost, with high renewable content and similar properties to the talc (Kong et 

al., 2011; Luz et al., 2010; Ogunsona et al., 2017). The use of biochar obtained through slow 

pyrolysis of miscanthus grass in place of talc can help to meet the automotive industry's goal of 

reducing the weight of car parts for better fuel efficiency and increasing the usage of renewable 

materials for environmental benefits (Behazin et al. 2017a; Wang et al. 2018). However, to confirm 

that bio-based light-weight materials are greener than conventional materials from an 

environmental perspective, a comparative LCA should be employed to analyze them throughout 

their entire life cycle. Although several researchers have conducted comparative life cycle 

assessments of vehicle components, most of them are limited to conventional materials reinforced 

composites. For example, a  comparative study between talc and hollow fiber reinforced 

composites revealed that hollow fibre glass composite has a lower impact relative to the talc 

reinforced composites for automobiles, thus reduces fuel consumption, especially during the use 
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phase and mitigates environmental effects (Delogu et al. 2016). Bagasse reinforced PP composite 

has better environmental impacts compared with talc reinforced PP composite because bagasse 

reinforced PP composite not only produces light-weight components for an equivalent 

performance but also captures carbon during sugarcane cultivation through the photosynthesis 

(Luz et al. 2010). The use of biocomposites in the automobile industry is noted to be 

environmentally beneficial compared with conventional composites (Boland et al., 2014; Akhshik 

et al., 2017). Therefore, this study evaluates and forms a comparison of the life cycle 

environmental impacts of miscanthus biochar and talc reinforced PP composites for automotive 

applications. 

 Methodology 

LCA is a powerful tool to evaluate and compare the environmental impacts of services, products, 

and processes throughout their life cycle. In this paper, LCA methods as defined by ISO (ISO 

2006) is adopted. To model the life cycle of the composites, data from both literature and the 

Ecoinvent database were used. In particular, the data for talc, miscanthus, and PP were extracted 

from the Ecoinvent database.  Besides, some of the Ecoinvent unit processes have been modified 

to incorporate Canadian data such as electricity. For life cycle impact assessment, the 

characterization model TRACI v2.1 is applied. Based on this model, the midpoint impact 

indicators selected includes photochemical oxidation (Smog), acidification potential (AP), global 

warming Potential (GWP), eutrophication potential (EP), ozone depletion potential (ODP), 

ecotoxicity (ECT), respiratory effects potential (REP), and fossil fuel depletion (FFD). 

4.2.1 Goal and Scope 

This study aims to compare and analyze the environmental performance of miscanthus biochar 

reinforced polypropylene (MB-PP) and talc reinforced polypropylene (talc-PP) composites for 

automotive parts and determine if the replacement of the later with the former composite is 

advantageous from an environmental perspective. The vital environmental parameters were also 

analyzed to identify unit processes where significant improvement can be made. The scope of the 

study includes MB production, talc production, transportation, use of composites in automotive 

parts, and disposal stage. The functional unit of this paper is 982 cm3 of composite used in an 

automotive part (Boland et al., 2014). The study does not specify the automotive part that is 
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investigated because of the variety of possible application. The composition assumed at (70/30%) 

by weight ratio for both talc-PP and MB-PP composite, which provide similar functional properties 

(see Appendix B). The 30% talc-PP reinforced composite had 1.1 kg of talc and PP and the 30% 

MB-PP reinforced composite had 0.982 kg MB and PP were found using a density of each material 

(Appendix B, Table B-14). 

4.2.2 System Boundary and Assumptions 

A generic system boundary outlines the stages and processes that are included in this study for the 

life cycle assessment of MB-PP and talc-PP composites. The boundary consists of MB production, 

talc production, PP production, composite manufacturing, transport of required inputs, use phase, 

and end-of-life (EOL) phase Figure 4.1. This study considered 40% of disposal goes to incineration 

and 60% to landfill (Vidal et al. 2009; Hervy et al. 2015a). The transportation distance was 

determined through generalized assumptions using Google Maps. It was assumed that the 

composite manufacturing plant is located in Guelph, Ontario, Canada, and MB production plant is 

located in New Energy farms, Leamington, ON, Canada. The composite production site is 50 km 

away from the pyrolysis plant. PP obtained from Pinnacle polymers (Garyville, LA, USA) and 

transported to Canada (Wang et al. 2018). The PP raw material supplier and the composite 

manufacturing plant is 1960 km away. The distance between the talc supplier and the composite 

manufacturing site is 165 km. The disposal transportation to both the landfill (Twin Creeks 

Landfill in Watford, ON) and incineration (Clarington, ON) sites was 100 km. The lifetime of a 

typical passenger vehicle is assumed to be 193,200 km (Boland et al. 2014). 
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Figure 4.1 System boundaries for the life cycle assessment of MB-PP and talc-PP composites 

 Life Cycle Inventory 

The life cycle inventory (LCI) identifies and quantifies material and energy flow, emissions to air 

and water, as well as waste generation during the entire life cycle (Corbière-Nicollier et al. 2001; 

Akhshik et al. 2017). In this work, the best available LCI data were used for material production, 

composite manufacturing, energy generation, transportation, use phase, and EOL phase of the 

composites are summarized in Table 4. 
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Table 4 Summary of data sources of this study 

Process/parameters Data Sources 

Chopped miscanthus - Ecoinvent database 

Grinding 30 kWh/t Wright et al., 2010 

Pyrolysis process energy 7510 kWh/t Brassard et al., 2018 

Pyrolysis unit (supporting information Table S-2) Peter 2015 

Talc (supporting information Table S-3) Badino et al., 1994 

Polypropylene - Ecoinvent database 

Transportation Estimated Author-defined 

Composite manufacturing 0.76 kWh Delogu et al., 2016 

Use phase Calculated Author-defined 

Disposal - Ecoinvent database 

 

4.3.1 Miscanthus Biochar Production 

Miscanthus grass cultivated at New Energy Farms in Leamington, ON, Canada, which was used 

to produce miscanthus biochar (Behazin et al. 2017a). The  Miscanthus grass (moisture content, 

10%) chopped to 1 to 3 mm particle size and processed by slow pyrolysis in an oxygen deprived 

environment at 450 OC (Wang et al. 2018) and converted into biochar, bio-oil, and a syngas. 

Biochar, bio-oil, and syngas yield were assumed 35%, 35%, and 30%, respectively (Jahirul et al. 

2012). The energy consumption in the grinding process was considered to be 30 kWh per ton 

(Wright et al. 2010). The transport distance from field to pyrolysis plant gate was assumed to be 

20 km. 
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4.3.2 Talc Production 

Talc, a conventional reinforcement in polypropylene and polyolefins, used in the melting 

processing for automotive applications (Kong 2014). The talc production process includes mining, 

processing, packaging, and shipping. The LCI data used for 1kg of talc production was collected 

from the literature (Appendix B, Table B-16). 

4.3.3 Polypropylene Production 

Polymerization of propylene is the popular method used to produce PP resin through propylene 

steam cracking from naphtha and natural gas (Europe 2005). The inventory data for the production 

of PP was retrieved from the Ecoinvent database. 

4.3.4 Manufacturing 

The composites were produced by extrusion and injection molding at 185 OC processing 

temperature,2 minutes’ residence time, and 10 bar an average pressure (Wang et al. 2018). This 

study assumes that MB-PP composite consists of 70% PP and 30% MB by weight which has 

similar functionalities with talc-PP composite having same weight percentage composition 

(Moussa 2014; Wang et al. 2018).  The energy consumption in the manufacturing processes was 

collected from the literature (Hervy et al. 2015b; Delogu et al. 2016). 

 Use Phase 

The mass induced fuel consumption during the operation phase of MB-PP and talc-PP composites 

in automotive component were estimated based on a developed method (Kim and Wallington 

2013). The life cycle fuel consumption was determined by equation (eq.1). The life cycle fuel 

consumption for talc-PP and MB-PP were calculated to be 7.44 L and 6.64 L, respectively.  

 

fuel use (L) =
0.35L

100km∗100kg
∗ m ∗ T                     ( Eq. 1) 

Where, m = mass of composite, L =fuel consumption in liter and T= the life cycle transportation 

distance 



  

42 

  

 End-of-Life 

The composites assumed to be sent to the landfill and incineration after use phase operation (Vidal 

et al. 2009; Hervy et al. 2015a). The EOL scenarios were modeled based on European average 

waste incineration of wood products and landfill of biodegradable waste disposal processes. The 

incineration of MB was assumed to be equivalent to “waste incineration of the biodegradable waste 

fraction in municipal solid waste (MSW). On the other hand, incineration of PP and talc were 

modeled as “waste incineration of plastics” and “waste incineration of glass, respectively. The 

landfill of MB, PP, and talc was assumed to be equivalent to "landfill of wood products (particle 

board)," "landfill of plastic waste," and "landfill of glass," respectively. 

 Life Cycle Impact Assessment 

The life cycle impact assessment results of this study present the midpoint potential environmental 

impacts based on the selected functional unit. The model for unit processes was developed and 

integrated to determine the environmental effects of the life cycle of composites. As for the LCI, 

the TRACI, 2.1 software was used to calculate the impact scores associated with the emission 

inventory (Bare 2011). The models for the significant unit processes are reported in the (Appendix 

B, Tables B-17 to B-22) 

 Results and Discussion 

The talc-PP composite shows higher impacts across all categories compared with MB-PP 

composite. Consequently, replacing talc-PP with MB-PP composite resulted in a fuel savings 

during use phase, and reduced ozone depletion, global warming potential, photochemical oxidation 

(smog), acidification potential, eutrophication potential, respiratory effects, ecotoxicity, and fossil 

fuel depletion by 26.77%, 25.07%, 25.20%, 25.13%, 22.08%, 25.03%, 35.10%, and 25.32%, 

respectively. Thus, MB-PP composite has advantages in all impact categories considered in this 

study compared with talc-PP composite for automotive parts.  This result is in line with other LCA 

studies that examined the bio-composites with petroleum-based composite in the automotive 

industry and found that cellulose-PP (CL-PP) was 20.7% better with global warming but affected 

by the source of cellulose. However, bio-based composites often have higher eutrophication 

because of cultivation activities, which vary substantially on materials preference. Consequently, 

the improvement of those practices could increase the sustainability of its use (Boland et al. 2014). 
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Another study compared glass fiber-PP, kenaf fiber-PP, and CL-PP composites from cradle-to-

grave and found that CL-PP reduced GHG emissions by 18.6%, with resizing of the vehicle 

powertrain and 16.3% without resizing and the kenaf fiber-PP reduced GHG emissions by 10.7%, 

with resizing (or 9.2% without resizing) compare to glass fiber-PP composite (Boland et al. 2016a). 

Moussa (Moussa, 2014) has studied switch grass polybutylene succinate (SG-PBS) and also found 

fewer impacts compared to glass fiber-PP composite in most categories. The bio-composites are 

also reported to be a better alternative compared to conventional composite due to the amount of 

𝐶𝑂2 absorbed during the growth of biomass by photosynthesis (Narayan 2011). It is also widely 

reported that energy use and GWP can be reduced however, acidification and eutrophication were 

common problems due to agricultural practices, well as the energy and chemical treatment needed 

to manufacture the composite (Boland et al., 2014; Luz et al., 2010; Snowdon et al., 2017). In 

addition to environmental advantages, MB-PP composite also provided vastly improved material 

properties compared to conventional composites (talc-PP) (Behazin et al. 2017a; Ogunsona et al. 

2017; Wang et al. 2018). In this study, the data from the literature and Ecoinvent database were 

used; thus, for a more robust result, the application of primary data is desired.  

Table 5  Life cycle environmental impacts of MB-PP composite compared to talc-PP composites 

Impact category Unit Talc-PP 

Composite 

MB-PP 

Composite 

Change (%) 

GWP kg CO2 eq. 29.698 23.737 -25.07 

ODP kg CFC-11 eq. 0.0000009 0.0000007 -26.77 

Smog kg O3 eq. 5.506 4.3981832 -25.20 

AP kg SO2 eq. 0.173 0.138 -25.13 

EP kg N eq. 0.014 0.012 -22.08 

REP kg PM2.5 eq. 0.014 0.011 -25.03 

ECT CTUe. 2.591 1.917 -35.10 

FFD MJ surplus. 62.079 49.536 -25.32 
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4.7.1 Contribution Analysis of Different Phases (MB-PP and Talc-PP) Composites 

The manufacturing phase of MB-PP composite has the highest contribution to ODP (105.6%) and 

ECT (62.3%), followed by the use phase and EOL phase (Figure 4.2). However, the use phase 

takes a large environmental responsibility in GWP (85.2%), smog (97.5%), REP (92.5%), EP 

(66.0%), AP (95.7%), and FFD (82.5%) followed by manufacturing phase, and EOL. Impact 

associated with EOL phase of MB-PP composite is marginal (less than 1.0%), except for GWP 

(2.0%); however, the negative impact was observed in the case of ODP, Smog, AP, and REP might 

be because of the benefit of energy recovery for the EOL. While examining the manufacturing 

phase of talc-PP composite, the largest impact across to ODP (105.5%) and ECT (65.0%) was 

found, but the use phase of talc-PP composite has the major contribution to GWP (85.5%), smog 

(98.0%), REP (93.0%), EP (67.0%), AP (96.0), and FFD (82.6%) (Figure 4.3). Impact associated 

with EOL phase for talc-PP composite represented less than 1.0% to total impact (EP and ECT), 

except for GWP (1.7%). Similar to the EOL of MB-PP composite, other categories depicted 

negative environmental impact. 

Figure 4.2 The contribution of MB-PP composite manufacturing, use phase, and end of life phase 
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Polylactic acid (PLA), polyhydroxyalkanoate (PHA), and other starch-based polymers used less 

non-renewable energy and reduced GWP compared to other conventional polymers; however, they 

had significantly more significant localized effects. A recent study also found that kenaf fiber was 

favorable across all impact categories (Wu et al. 2018) with improving properties and optimized 

manufacturing processes. The widespread use of bio-composites has become increasingly likely 

due to their perceived environmental benefits. Another study on PHA biodegradable material 

which was compared with locally made PP and they found that during the manufacturing process, 

PHA had a worse environmental impact, particularly in GWP and terrestrial eutrophication due to 

the type of energy sources used (Khoo et al. 2010). It was suggested that these effects could be 

reduced with the improving state of technology and optimization (Yates and Barlow 2013). 

 

Figure 4.3 The contribution of different phases of the life cycle of the talc-PP composite 

4.7.2 The Contribution of Each Unit Process in Manufacturing Use and EOL Phase 

In the manufacturing process of MB-PP composite, the PP production and injection molding 
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contributed a severe environmental impact to FFD (72.7%) followed by GWP (43.5%), Smog 

(41.5%), AP (38.5%), REP (27.8%), ECT (12.6%), and EP (1.5%), respectively. The contribution 

of the injection molding process to ODP, EP, ECT, REP, GWP, Smog, and FFD were found to be 

91.0%, 61.5%, 51.2%, 41.9%, 37.9%, 27.4%, and 20.0%, respectively. However, the contribution 

of other processes such as extrusion, transportation, MB, and electricity is the marginal (Figure 

4.4). The talc-PP composite manufacturing process also showed that the injection molding process 

takes a large burden of ODP (90.6%), EP (62.7%), ECT (51.8%), REP (41.2%), Smog (38.2%), 

AP (35.5%), GWP (28.7%), and FFD (20.3%). The PP production is the second contributor to 

FFD, GWP, Smog, AP, REP, ECT, and ODP which accounted for 73.1%, 43.9%, 43.5%, 39.5%, 

28.7%, 12.3%, 4.7%, and 0.04% respectively. Similar to the MB-PP composite, other processes 

had a lower contribution. Similar to the MB-PP composite, other processes had a lower 

contribution. The contribution of different sub-process of talc-PP composite manufacturing has 

been reported in (Appendix B, Table B-23). 

 

  Figure 4.4 The contribution of different unit processes in MB-PP composite manufacturing 

process 
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processes contributed 99.6%, and 0.4% to GWP, respectively (Appendix B, Table B-24). Talc-PP 

composite also depicted a similar trend of MB-PP composite. The worst environmental burden’s 

come from the diesel use followed by transportation of composite to use phase (Appendix B, Table 

B-25). The environmental impact of the EOL phase varies depending on the impact category. The 

waste incineration and landfill of PP had the most considerable effects in GWP at 79.0% and 4.2% 

to EOL of MB-PP composite. However, MB landfill contributed 13.0% to GWP.  The landfill of 

MB-PP showed worse than the talc-PP composite in several categories. This is because of talc-PP 

does not degrade, while the MB in the MB-PP degrade and resulted in GHG emission. Incineration 

of talc-PP composite had the highest impacts in GWP, EP, and ECT, but it appears better than the 

MB-PP composite in other impact categories. Possibly, because of the inert nature of talc-PP, it 

does not release many pollutants, while MB-PP can combust to form pollutants that have effects 

across several categories. The EOL of MB-PP showed slightly higher global warming potential, 

but comparable impacts across other categories. The contribution of each sub-processes of MB-

PP and talc-PP composite EOL phase are reported in (Appendix B, Table B-26 to B-27). 

4.7.3 Effect of Transportation Mode 

The environmental impacts are found to be affected by the mode of transportation of composite 

materials (Figure 4.5). Environmental burdens of road transportation of talc-PP and MB-PP 

composites 29.69 kg CO2eq and 23.74 kg CO2eq. respectively. On the other hand, the 

environmental impact from rail transport of talc-PP and MB-PP composites were 26.4 kg CO2eq 

and 20.6 kg CO2eq, respectively. The results showed that rail transport is a favorable option 

compared with road transport may be due to the better fuel-efficiency of rail transport. 
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Figure 4.5 Effect of transportation modes 

4.7.4 The Effect of Transportation Distance 

The effect of transportation distance has been determined to investigate the environmental impact 

of MB-PP and talc-PP composites. In this case, only the GWP was considered for assessing 

environmental performance. The variation in GWP is calculated while transportation distance 

changed by ±10%, ±20%, and ±30% for both MB-PP and talc-PP composite (Figure 4.6). The 

GWP varies with the transportation distance. The GWP ranged from 29.51-29.78 kg CO2 eq for 
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that transportation and has a marginal effect on the life cycle GWP. 
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Figure 4.6  Sensitivity analysis of transportation distance effects for MB-PP and talc-pp 

composites (BL: Base Line) 

The results of this study indicate that MB-PP composite is a viable alternative to talc-PP composite 

to minimize the environmental impacts of the automotive industry via component weight reduction 

and improved fuel economy during the use phase. All impact categories considered in this study 

showed a reduced environmental burden’s approximately by 25% with MB-PP composite 

compared to talc-PP composite. It has also been noted that, in the manufacturing phase, the main 

contributor to the environmental impacts during the life cycle of the composite is the use of PP 

and injection molding processes. Therefore, the substitution of PP with biomaterials in the 

manufacturing phase can bring additional environmental benefits. 
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Chapter 5:  

Conclusion and Future Work  

General conclusions from the study and recommendations for future work are summarised below. 

 Conclusion  

In this study, the life cycle of miscanthus biochar (MB), and biochar and talc reinforced 

polypropylene composite are evaluated. The study carried out from environmental impact 

perspective in different life cycle phases (e.g., material production, manufacturing, use, and EoL) 

across the midpoint categories using the TRACI method.  

The LCA of MB reveals that environmental impacts depend on the miscanthus yield, and the 

cultivation stage is found to be the main contributor to the life cycle of biochar. Consequently, any 

reduction of the use of resources and improvement of yield would lead to reducing the 

environmental impacts of the life cycle of biochar. 

The MB reinforced PP composite is a viable alternative to talc-PP composite to reduce 

environmental impacts from the automotive parts mainly because of the weight reduction resulting 

in fuel saving during the use phase. The manufacturing phase emerges as the primary contributor 

in the life cycle of the composite where the significant contributors are PP and injection molding. 

Consequently, this study indicates that special attention needs to be placed in selecting materials 

and their compositions for improving the environmental performance of bio-composite for 

automotive parts without compromising their thermal and mechanical properties.   
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 Future Work 

Based on the results obtained from this study, the following recommendations are made for further 

research.  

• LCA of other energy crops may lead to identifying more environmentally favorable 

biomass for biochar production.   

• Various other midpoint LCIA methodologies (CML 2001, ReCiPe) can be used to improve 

the reliability of the results.  

• Other matrix materials such as PHA/PHB, PE, etc. can also be used for producing bio-

composites. 

• Also, the statistical analysis may lead to determining possible interactions between 

variables and processing parameters, thus help in material selection processes for bio-

composites.  

 

 

 

 

 

 

 

 

 

 

 

 

 



  

52 

  

Reference 

Ahmetli G, Kocaman S, Ozaytekin I, Bozkurt P (2013) Epoxy Composites Based on Inexpensive 

Char Filler Obtained From Plastic Waste and Natural Resources. doi: 10.1002/pc 

Akhshik M, Panthapulakkal S, Tjong J, Sain M (2017) Life cycle assessment and cost analysis of 

hybrid fiber-reinforced engine beauty cover in comparison with glass fiber-reinforced 

counterpart. Environ Impact Assess Rev 65:111–117. doi: 10.1016/j.eiar.2017.04.005 

Al-Ma’adeed M, Ozerkan G, Kahraman R, et al (2011) Life cycle assessment of particulate 

recycled low density polyethylene and recycled polypropylene reinforced with talc and 

fiberglass. In: Key Engineering Materials. Trans Tech Publ, pp 999–1004 

Allison GG, Morris C, Clifton-brown J, et al (2011) Genotypic variation in cell wall composition 

in a diverse set of 244 accessions of Miscanthus. Biomass and Bioenergy 35:4740–4747. 

doi: 10.1016/j.biombioe.2011.10.008 

Bare J (2011) TRACI 2 . 0 : the tool for the reduction and assessment of chemical and other 

environmental impacts 2 . 0. 687–696. doi: 10.1007/s10098-010-0338-9 

Barth M, Carus M (2015) Carbon footprint and sustainability of different natural fibres for 

biocomposites and insulation material. Hürth Nova-Institute Available online http//eiha 

org/media/2017/01/15-04-Carbon-Footprint-of-Natural-Fibres-nova1 pdf (Accessed Sept 5, 

2017) 

Behazin E, Misra M, Mohanty AK (2017a) Sustainable biocarbon from pyrolyzed perennial 

grasses and their effects on impact modified polypropylene biocomposites. Compos Part B 

Eng 118:116–124. doi: 10.1016/j.compositesb.2017.03.003 

Behazin E, Misra M, Mohanty AK (2017b) Compatibilization of toughened 

polypropylene/biocarbon biocomposites: A full factorial design optimization of mechanical 

properties. Polym Test 61:364–372. doi: 10.1016/j.polymertesting.2017.05.031 

Behazin E, Mohanty AK, Misra M, et al (2017c) SUSTAINABLE LIGHTWEIGHT 

BIOCOMPOSITES FROM TOUGHENED POLYPROPYLENE AND BIOCARBON 

FOR. 20–25 

Behazin E, Mohanty AK, Misra M (2017d) Sustainable lightweight biocomposite from 



  

53 

  

toughenned polypropylene and biocarbon for automobile applications. Xian, pp 20–25 

Birat KC, Panthapulakkal S, Kronka A, et al (2015) Hybrid biocomposites with enhanced 

thermal and mechanical properties for structural applications. J Appl Polym Sci 132:1–8. 

doi: 10.1002/app.42452 

Boland C, Dekleine R, Moorthy A, et al (2014) A Life Cycle Assessment of Natural Fiber 

Reinforced Composites in Automotive Applications. SAE Tech Pap 1959:. doi: 

10.4271/2014-01-1959 

Boland CS, De Kleine R, Keoleian GA, et al (2016a) Life Cycle Impacts of Natural Fiber 

Composites for Automotive Applications: Effects of Renewable Energy Content and 

Lightweighting. J Ind Ecol 20:179–189. doi: 10.1111/jiec.12286 

Boland CS, De Kleine R, Keoleian GA, et al (2016b) Life Cycle Impacts of Natural Fiber 

Composites for Automotive Applications: Effects of Renewable Energy Content and 

Lightweighting. J Ind Ecol 20:179–189. doi: 10.1111/jiec.12286 

Brassard P (2017) Biochar production in an auger pyrolysis reactor and its amendment to soil as 

a tool to mitigate climate change 

Brassard P, Godbout S, Pelletier F, et al (2018) Pyrolysis of switchgrass in an auger reactor for 

biochar production: A greenhouse gas and energy impacts assessment. Biomass and 

Bioenergy 116:99–105. doi: 10.1016/j.biombioe.2018.06.007 

Bridgwater A V. (2012) Review of fast pyrolysis of biomass and product upgrading. Biomass 

and Bioenergy 38:68–94. doi: 10.1016/j.biombioe.2011.01.048 

Bridgwater A V, Meier D, Radlein D (2008) Fast pyrolysis of biomass:: a handbook. [Vol. 1]: 

[...] 

Carrillo-Hermosilla J, del Río González P, Könnölä T (2009) Eco-Innovation: When 

Sustainability and Competitiveness Shake Hands 

Cecchel S, Chindamo D, Collotta M, et al (2018) Lightweighting in light commercial vehicles: 

cradle-to-grave life cycle assessment of a safety-relevant component. Int J Life Cycle 

Assess 23:2043–2054 

Cheah L (2010) Cars on a diet: The material and energy impacts of passenger vehicle weight 



  

54 

  

reduction in the U.S. Doctor of Philosophy in Engineering Thesis, Engineering Systems 

Division 

Civancik-Uslu D, Ferrer L, Puig R, Fullana-i-Palmer P (2018) Are functional fillers improving 

environmental behavior of plastics? A review on LCA studies. Sci Total Environ 626:927–

940. doi: 10.1016/j.scitotenv.2018.01.149 

Clifton-brown J, Hastings A, Mos M, et al (2017) Progress in upscaling Miscanthus biomass 

production for the European bio-economy with seed-based hybrids. 6–17. doi: 

10.1111/gcbb.12357 

Corbière-Nicollier T, Gfeller Laban B, Lundquist L, et al (2001) Life cycle assessment of 

biofibres replacing glass fibres as reinforcement in plastics. Resour Conserv Recycl 33:267–

287. doi: 10.1016/S0921-3449(01)00089-1 

Cuthbertson DM (2018) The Production of Pyrolytic Biochar for Addition in Value-Added 

Composite Material 

Czaplicka-Kolarz K, Burchart-Korol D, Korol J (2013) Environmental assessment of 

biocomposites based on LCA. Polimery 58:476–481 

Delogu M, Zanchi L, Dattilo CA, Pierini M (2017) Innovative composites and hybrid materials 

for electric vehicles lightweight design in a sustainability perspective. Mater Today 

Commun 13:192–209. doi: 10.1016/j.mtcomm.2017.09.012 

Delogu M, Zanchi L, Maltese S, et al (2016) Environmental and economic life cycle assessment 

of a lightweight solution for an automotive component: A comparison between talc-filled 

and hollow glass microspheres-reinforced polymer composites. J Clean Prod 139:548–560. 

doi: 10.1016/j.jclepro.2016.08.079 

Deng Y (2014) Life Cycle Assessment of Biobased Fibre-Reinforced Polymer Composites 

(Levenscyclusanalyse van biogebaseerde, vezelversterkte polymeercomposieten). Leuven, 

Science, Engineering & Technology 

Dominique Maxime SF (2013) Ontario Switchgrass and Miscanthus Farm Gate Carbon 

Footprints 

Dutta B, Raghavan V (2014) A life cycle assessment of environmental and economic balance of 



  

55 

  

biochar systems in Quebec. Int J Energy Environ Eng 5:1–11. doi: 10.1007/s40095-014-

0106-4 

Erik, Sharples M, Sutherland R (2017) Life Cycle Assessment of Biochar Systems: Estimating 

the Energetic, Economic, and Climate Change Potential. 827–833. doi: 10.1021/es902266r 

Europe P (2005) Eco-profiles of the European Plastics Industry LOW DENSITY 

POLYETHYLENE. 1–19 

Falano T, Jeswani HK, Azapagic A (2014) Assessing the environmental sustainability of ethanol 

from integrated biorefineries. 753–765. doi: 10.1002/biot.201300246 

Faruk O, Bledzki AK, Fink H-P, Sain M (2014) Progress Report on Natural Fiber Reinforced 

Composites. Macromol Mater Eng 299:9–26. doi: 10.1002/mame.201300008 

Fogorasi M, Barbu I (2017) The potential of natural fibres for automotive sector - review. IOP 

Conf Ser Mater Sci Eng 252:012044. doi: 10.1088/1757-899X/252/1/012044 

Gasol CM, Gabarrell X, Rigola M, et al (2011) Environmental assessment: (LCA) and spatial 

modelling (GIS) of energy crop implementation on local scale. Biomass and Bioenergy 

35:2975–2985. doi: 10.1016/j.biombioe.2011.03.041 

Gaunt, J., Lehmann J (2008) Energy balance and emissions associated with biochar sequestration 

and pyrolysis bioenergy production. Environ. Sci. Technol. 42, 4152- 4158. Glaser,. 

Environ Sci Technol Sci Technol 42:4152–4158 

George M, Chae M, Bressler DC (2016) Composite materials with bast fibres: structural, 

technical, and environmental properties. Prog Mater Sci 83:1–23 

Government of Canada (2018) Environment and Climate Change Canada (2018) Canadian 

Environmental Sustainability Indicators: Greenhouse gas emissions. 

Gray M, Johnson MG, Dragila MI, Kleber M (2014) Water uptake in biochars: The roles of 

porosity and hydrophobicity. Biomass and Bioenergy 61:196–205. doi: 

10.1016/j.biombioe.2013.12.010 

Gurunathan T, Mohanty S, Nayak SK (2015) A review of the recent developments in 

biocomposites based on natural fibres and their application perspectives. Compos Part A 

Appl Sci Manuf 77:1–25. doi: 10.1016/j.compositesa.2015.06.007 



  

56 

  

Hastings A, Mos M, Yesufu JA, et al (2017) Economic and Environmental Assessment of Seed 

and Rhizome Propagated Miscanthus in the UK. 8:1–16. doi: 10.3389/fpls.2017.01058 

Hervy M, Evangelisti S, Lettieri P, Lee K-Y (2015a) Life cycle assessment of nanocellulose-

reinforced advanced fibre composites. Compos Sci Technol 118:154–162. doi: 

10.1016/J.COMPSCITECH.2015.08.024 

Hervy M, Evangelisti S, Lettieri P, Lee KY (2015b) Life cycle assessment of nanocellulose-

reinforced advanced fibre composites. Compos Sci Technol 118:154–162. doi: 

10.1016/j.compscitech.2015.08.024 

Hilla Kludza, Bill Deen AD (2011) Review of Agronomic Practices for Energy Crop Production 

Under Ontario Conditions 

Ho MP, Wang H, Lee JH, et al (2012) Critical factors on manufacturing processes of natural 

fibre composites. Compos Part B Eng 43:3549–3562. doi: 

10.1016/j.compositesb.2011.10.001 

Hodgson E, Lewys-James A, Rao Ravella S, et al (2016) Optimisation of slow-pyrolysis process 

conditions to maximise char yield and heavy metal adsorption of biochar produced from 

different feedstocks. Bioresour Technol 214:574–581. doi: 10.1016/j.biortech.2016.05.009 

Hogue D (2017) Evaluating the Benefits of Flax Bio-Composites in Automotive Applications 

using Life Cycle Assessment by. University of Manitoba 

ISO (1999) Internationale International Standard 

ISO (2006) INTERNATIONAL STANDARD assessment — Requirements and guilelines. Int J 

Life Cycle Assess 2006:652–668. doi: 10.1007/s11367-011-0297-3 

Jahirul MI, Rasul MG, Chowdhury AA, Ashwath N (2012) Biofuels production through biomass 

pyrolysis- A technological review. Energies 5:4952–5001. doi: 10.3390/en5124952 

Jahirul MI, Saidur R, Masjuki HH (2010) Predictability of artificial neural network (ANN) in 

performance prediction of a retrofitted CNG engine. Int J Mech Mater Eng 5:268–275 

Joseph S, Scott NR, Lehmann J (2010) Life Cycle Assessment of Biochar Systems : Estimating 

the Energetic , Economic , and Climate Change Potential. 827–833 

Khoo HH, Tan RBH, Chng KWL (2010) Environmental impacts of conventional plastic and bio-



  

57 

  

based carrier bags Part 1 : Life cycle production. 284–293. doi: 10.1007/s11367-010-0162-9 

Khoshnava SM, Rostami R, Ismail M, Rahmat AR (2018) A cradle-to-gate based life cycle 

impact assessment comparing the KBFw EFB hybrid reinforced poly hydroxybutyrate 

biocomposite and common petroleum-based composites as building materials. Environ 

Impact Assess Rev 70:11–21 

Kim HC, Wallington TJ (2013) Life-cycle energy and greenhouse gas emission benefits of 

lightweighting in automobiles: Review and harmonization. Environ Sci Technol 47:6089–

6097. doi: 10.1021/es3042115 

Koffler C, Rohde-Brandenburger K (2010) On the calculation of fuel savings through 

lightweight design in automotive life cycle assessments. Int J Life Cycle Assess 15:128–

135. doi: 10.1007/s11367-009-0127-z 

Kong S (2014) ( 12 ) United States Patent. 2:12–15 

Kong S, Application F, Data P (2011) ( 12 ) United States Patent. 2:12–15. doi: 10.1016/j.(73) 

Korol J, Burchart-Korol D, Pichlak M (2016a) Expansion of environmental impact assessment 

for eco-efficiency evaluation of biocomposites for industrial application. J Clean Prod 

113:144–152. doi: 10.1016/j.jclepro.2015.11.101 

Korol J, Burchart-Korol D, Pichlak M (2016b) Expansion of environmental impact assessment 

for eco-efficiency evaluation of biocomposites for industrial application. J Clean Prod 

113:144–152. doi: 10.1016/j.jclepro.2015.11.101 

La Mantia FP, Morreale M (2011) Green composites: A brief review. Compos Part A Appl Sci 

Manuf 42:579–588. doi: 10.1016/j.compositesa.2011.01.017 

Laghari M, Hu Z, Mirjat MS, et al (2016) Fast pyrolysis biochar from sawdust improves the 

quality of desert soils and enhances plant growth. J Sci Food Agric 96:199–206 

Lask J, Wagner M, Trindade LM, Lewandowski I (2018) Life cycle assessment of ethanol 

production from miscanthus : A comparison of production pathways at two European sites. 

1–20. doi: 10.1111/gcbb.12551 

Le Duigou A, Deux J-M, Davies P, Baley C (2012) PLLA/flax mat/balsa bio-sandwich—

environmental impact and simplified life cycle analysis. Appl Compos Mater 19:363–378 



  

58 

  

Leong YW, Bakar MBA, Ishak ZAM, Ariffin A (2005) Effects of filler treatments on the 

mechanical, flow, thermal, and morphological properties of talc and calcium carbonate 

filled polypropylene hybrid composites. J Appl Polym Sci 98:413–426. doi: 

10.1002/app.21507 

Lu HR, Hanandeh A El (2019) Life cycle perspective of bio-oil and biochar production from 

hardwood biomass ; what is the optimum mix and what to do with it ? J Clean Prod 

212:173–189. doi: 10.1016/j.jclepro.2018.12.025 

Luz SM, Caldeira-Pires A, Ferrão PMC (2010) Environmental benefits of substituting talc by 

sugarcane bagasse fibers as reinforcement in polypropylene composites: Ecodesign and 

LCA as strategy for automotive components. Resour Conserv Recycl 54:1135–1144. doi: 

10.1016/j.resconrec.2010.03.009 

Marsh G (2003) Next step for automotive materials. Mater Today 6:36–43 

Mashouf Roudsari G, Mohanty AK, Misra M (2017) A statistical approach to develop 

biocomposites from epoxy resin, poly(furfuryl alcohol), poly(propylene carbonate), and 

biochar. J Appl Polym Sci 134:1–11. doi: 10.1002/app.45307 

Maxime D (2013) Miscanthus and switchgrass carbon footprints. Ontario Feration Agric 

McCalmont JP, Robson P, McNamara NP, et al (2015)  Environmental costs and benefits of 

growing Miscanthus for bioenergy in the UK . GCB Bioenergy 9:489–507. doi: 

10.1111/gcbb.12294 

McNamara NP, Whitaker J, Davies CA, et al (2016)  A Miscanthus plantation can be carbon 

neutral without increasing soil carbon stocks . GCB Bioenergy 9:645–661. doi: 

10.1111/gcbb.12397 

Michael George, Michael Chae DCB (2016) Composite materials with bast fibres: Structural, 

technical, and environmental properties. Prog Mater Sci 83:1–23. doi: 

10.1016/j.compositesb.2017.03.003 

Mimmo T, Panzacchi P, Baratieri M, et al (2014) ScienceDirect Effect of pyrolysis temperature 

on miscanthus ( Miscanthus 3 giganteus ) biochar physical , chemical and functional 

properties. Biomass and Bioenergy 62:149–157. doi: 10.1016/j.biombioe.2014.01.004 



  

59 

  

Mishra U, Torn MS, Fingerman K (2013) Miscanthus biomass productivity within US croplands 

and its potential impact on soil organic carbon. GCB Bioenergy 5:391–399. doi: 

10.1111/j.1757-1707.2012.01201.x 

Mohanty, A., Mohini S (2013) Hybrid Biocomposites for Automotive Applications 2013. 

Mohanty A, Vivekanandhan S, Anstey A, Misra M (2015) Sustainable Composites From 

Renewable Biochar and Engineering Plastic. 20th Int Conf Compos Mater 

Moravskyi. DĽ and V (2015) Evaluation of properties of injected polymer composite filled with 

talc mineral filler. 19–23 

Moussa H (2014) Life Cycle Assessment of a Hybrid Poly Butylene Succinate Composite 

Muench S, Guenther E (2013) A systematic review of bioenergy life cycle assessments. Appl 

Energy 112:257–273. doi: 10.1016/j.apenergy.2013.06.001 

Murphy F, Devlin G, McDonnell K (2013) Miscanthus production and processing in Ireland: An 

analysis of energy requirements and environmental impacts. Renew Sustain Energy Rev 

23:412–420. doi: 10.1016/j.rser.2013.01.058 

Narayan R (2011) Carbon footprint of bioplastics using biocarbon content analysis and life-cycle 

assessment. MRS Bull 36:716–721. doi: 10.1557/mrs.2011.210 

Neufeld R, Massicotte PJ (2017) Decarbonizing Transportation in Canada. 

https://sencanada.ca/content/sen/committee/421/ENEV/reports/ENEV_TransportationRepor

t_FINAL_e.pdf 

Ogunsona EO (2017) Studies on Engineered Bio-composites from Polyamides and Bio-based 

Carbonaceous Fillers 

Ogunsona EO, Misra M, Mohanty AK (2017) Sustainable biocomposites from biobased 

polyamide 6,10 and biocarbon from pyrolyzed miscanthus fibers. J Appl Polym Sci 134:1–

11. doi: 10.1002/app.44221 

Penciuc D, Le Duigou J, Daaboul J, et al (2016) Product life cycle management approach for 

integration of engineering design and life cycle engineering. AI EDAM 30:379–389 

Peters JF (2015a) Pyrolysis for biofuels or biochar? A thermodynamic, environmental and 

economic assessment. University Rey Juan Carlos 



  

60 

  

Peters JF (2015b) Pyrolysis for biofuels or biochar? A thermodynamic, environmental and 

economic assessment. University Rey Juan Carlos 

Petrović ZS, Guo A, Javni I, Zhang W (2004) Plastics and composites from soybean oil. In: 

Natural fibers, plastics and composites. Springer, pp 167–192 

Poulikidou S, Schneider C, Björklund A, et al (2015) A material selection approach to evaluate 

material substitution for minimizing the life cycle environmental impact of vehicles. Mater 

Des 83:704–712. doi: 10.1016/j.matdes.2015.06.079 

Ramesh M (2016) Kenaf (Hibiscus cannabinus L.) fibre based bio-materials: A review on 

processing and properties. Prog Mater Sci 78–79:1–92. doi: 10.1016/j.pmatsci.2015.11.001 

Ravishankar B, Nayak SK, Kader MA (2019) Hybrid composites for automotive applications–A 

review. J Reinf Plast Compos 

Rodriguez-Uribe A, Misra M, Behazin E, et al (2016) Mechanical, Chemical, and Physical 

Properties of Wood and Perennial Grass Biochars for Possible Composite Application. 

BioResources 11:1334–1348. doi: 10.15376/biores.11.1.1334-1348 

Roy P, Dutta A, Deen B (2015) Miscanthus : a promising feedstock for lignocellulosic ethanol 

industry in Ontario , Canada. 3:562–575. doi: 10.3439/energy.2015.4.562 

Sanscartier D, Deen B, Dias G, et al (2014a) Implications of land class and environmental factors 

on life cycle GHG emissions of Miscanthus as a bioenergy feedstock. Gcb Bioenergy 

6:401–413 

Sanscartier D, Deen B, Dias G, Maclean HL (2014b) Implications of land class and 

environmental factors on life cycle GHG emissions of Miscanthus as a bioenergy feedstock. 

401–413. doi: 10.1111/gcbb.12062 

Schut Jan (2010) First Commercial Applications for Three New ’ Eco ’ Fillers. 0–4 

Shemfe MB, Whittaker C, Gu S, Fidalgo B (2016) Comparative evaluation of GHG emissions 

from the use of Miscanthus for bio-hydrocarbon production via fast pyrolysis and bio-oil 

upgrading. Appl Energy 176:22–33. doi: 10.1016/j.apenergy.2016.04.113 

Snowdon MR, Mohanty AK, Misra M (2017) Miscibility and Performance Evaluation of 

Biocomposites Made from Polypropylene/Poly(lactic acid)/Poly(hydroxybutyrate-



  

61 

  

cohydroxyvalerate) with a Sustainable Biocarbon Filler. ACS Omega 2:6446–6454. doi: 

10.1021/acsomega.7b00983 

Taherymoosavi S, Joseph S, Munroe P (2016) Characterization of organic compounds in a mixed 

feedstock biochar generated from Australian agricultural residues. J Anal Appl Pyrolysis 

120:441–449. doi: 10.1016/j.jaap.2016.06.017 

Teuber L, Osburg VS, Toporowski W, et al (2016) Wood polymer composites and their 

contribution to cascading utilisation. J Clean Prod 110:9–15. doi: 

10.1016/j.jclepro.2015.04.009 

Timmis AJ, Hodzic A, Koh L, et al (2015) Environmental impact assessment of aviation 

emission reduction through the implementation of composite materials. Int J Life Cycle 

Assess 20:233–243. doi: 10.1007/s11367-014-0824-0 

Tseng S (2013) Scholarship at UWindsor Using bio-based materials in the automotive industry 

Väisänen T, Das O, Tomppo L (2017) A review on new bio-based constituents for natural fiber-

polymer composites. J Clean Prod 149:582–596. doi: 10.1016/j.jclepro.2017.02.132 

Vidal R, Martínez P, Garraín D (2009) Life cycle assessment of composite materials made of 

recycled thermoplastics combined with rice husks and cotton linters. Int J Life Cycle Assess 

14:73–82. doi: 10.1007/s11367-008-0043-7 

Wang J, Shi SQ, Liang K (2013) Comparative life-cycle assessment of sheet molding compound 

reinforced by natural fiber vs. glass fiber. J Agric Sci Technol B 3:493 

Wang T, Rodriguez-Uribe A, Misra M, Mohanty AK (2018) Sustainable Carbonaceous Biofiller 

from Miscanthus: Size Reduction, Characterization, and Potential Bio-composites 

Applications. BioResources 13:3720–3739. doi: 10.15376/biores.13.2.3720-3739 

Wise M, Dooley J, Luckow P, et al (2014) Agriculture, land use, energy and carbon emission 

impacts of global biofuel mandates to mid-century. Appl Energy 114:763–773. doi: 

10.1016/j.apenergy.2013.08.042 

Witik RA, Payet J, Michaud V, et al (2011) Assessing the life cycle costs and environmental 

performance of lightweight materials in automobile applications. Compos Part A Appl Sci 

Manuf 42:1694–1709. doi: 10.1016/j.compositesa.2011.07.024 



  

62 

  

Wright MM, Daugaard DE, Satrio JA, Brown RC (2010) Techno-economic analysis of biomass 

fast pyrolysis to transportation fuels. Fuel 89:S2–S10. doi: 10.1016/j.fuel.2010.07.029 

Wu Y, Xia C, Cai L, et al (2018) Development of natural fiber-reinforced composite with 

comparable mechanical properties and reduced energy consumption and environmental 

impacts for replacing automotive glass-fiber sheet molding compound. J Clean Prod 

184:92–100. doi: 10.1016/j.jclepro.2018.02.257 

Yates MR, Barlow CY (2013) Life cycle assessments of biodegradable, commercial biopolymers 

- A critical review. Resour Conserv Recycl 78:54–66. doi: 10.1016/j.resconrec.2013.06.010 

(2010) Assessing the environmental impacts of consumption and production: priority products 

and materials. A Report of the Working Group on the Environmental Impacts of Products 

and Materials to the International Panel for Sustainable Resource Management. E. Her. 

Anim Genet Resour génétiques Anim genéticos Anim 47:145. doi: 

10.1017/s207863361000113x 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

63 

  

Appendix A: Supporting Information for renewable filler material (biochar) produced from 

perennial grass (Miscanthus) 

Table A-6 Inputs in Miscanthus cultivation phase (year 1) 

 Activities Inputs and 

other values 

Diesel 

use 

(L/ha) 

Diesel use (L/dry 

tonne of baled 

Miscanthus) 

Year one - Stand establishment       

Rhizome production 

 

12.23 1.18 

Rhizome required (tonne/ha) 0.80 

 

  

Rhizome delivery 

 

3.29 0.32 

Distance rhizome producer to farm (km) 100.00 

 

  

Rhizome planting  

 

69.06 6.65 

Pesticides 

  

  

Pesticide production and distribution 

(input application rate in kg/ha)  

10.00 

 

1.28 

Application of pesticides 

 

0.88 0.08 

Mowing  

  

  

Mowing only  

 

6.39 0.62 
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Table A-7  Inputs in Miscanthus cultivation phase (year 2) 

 Activities Inputs 

and 

other 

values 

Diesel use (L/ha) Diesel use (L/dry tonne 

of baled Miscanthus) 

Year two       

Stand failure (%) 10% 

 

  

Rhizome production and delivery 

 

1.55 0.15 

Rhizome planting (by hand, assumption: 

5% of energy required for machine 

planting) 

 

0.35 0.03 

N (input = application rate in kg/ha) 60.00 

 

0.08 

P (input = application rate in kg/ha) 12.00 

 

0.20 

K (input = application rate in kg/ha) 105.00 

 

0.07 

Application of fertilizers  

 

2.26 0.22 

Pesticide production and distribution 

(input = application rate in kg/ha)  

4.00 

 

0.51 

Application of pesticides 

 

0.88 0.08 

Harvesting and storage   

  

  

Harvest  

 

40.25 3.88 

Transport to on-farm storage  

  

1.61 
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Table A-8 Inputs in Miscanthus cultivation phase (year 3-20) 

Activities Inputs 

and 

other 

values 

Diesel use 

(L/ha) 

Diesel use (L/dry tonne of baled 

Miscanthus) 

Year 3 to 20       

Harvesting and storage   

  

  

Harvest  

 

40.25 3.88 

Transport to on-farm storage  

  

1.61 

Fertilizers 

  

  

N (input = application rate in kg/ha) 60.00 

 

0.08 

P (input = application rate in kg/ha) 12.00 

 

0.20 

K (input = application rate in kg/ha) 105.00 

 

0.07 

Application of fertilizers  

 

2.26 0.22 

Pesticides 

  

  

Pesticide production and distribution 

(input = application rate in kg/ha)  

4.00 

 

0.51 

Application of pesticides 

 

0.88 0.08 

 

Activities 

Inputs 

and other 

values 

Diesel use 

(L/ha) 

Diesel use (L/dry tonne of baled 

Miscanthus) 
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crop residue contribution to total 

biomass 

0.30 

 

  

Total crop residue (above ground and 

below ground) returned to soil (dry 

ton/ha) 

13.13 

 

  

Herbicides 

  

  

Herbicide production and distribution 

(input = application rate in kg/ha)  

4.00 

 

0.51 

Application of pesticides 

 

0.88 0.08 

Ploughing 

 

11.61 1.12 

 

 

Table A-9 Environmental impact (GWP; kg CO2 eq/dt) from energy crop cultivation reported in 

the literature 

Feedstock  Amount  Reference  

Miscanthus  104 (Dominique Maxime 2013) 

Miscanthus  40 (Lask et al. 2018) 

Miscanthus  93 This study  

Miscanthus  158.43 (McNamara et al. 2016) 

Switch grass 145.0 Brassard et al. 2017 

Miscanthus  76 SimaPro Ecoinvent database v8 
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Table A-10 Effect of Miscanthus yield on the impacts of the life cycle of Miscanthus biochar 

Impact 

category 

Miscanthus yield (8.35 

ton/ha) 

Miscanthus yield (10 

ton/ha) 

Miscanthus yield (12 

ton/ha) 

ODP 1.56E-06 1.53E-06 1.5E-06 

GWP 1.14E+02 1.02E+02 8.9E+01 

Smog 1.06E+01 9.36E+00 8.3E+00 

AP 6.80E-01 6.14E-01 5.6E-01 

EP 6.09E-02 5.32E-02 5.0E-02 

CP 2.76E-07 1.40E-07 1.3E-07 

NCP 3.14E-06 2.58E-06 2.5E-06 

REP 3.65E-02 3.35E-02 3.1E-02 

ECT 1.50E+04 1.25E+04 1.0E+04 

FFD 1.53E+02 1.36E+02 1.2E+02 
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Table A-11 Effect of Miscanthus biochar with 30 % yield on the impacts of the life cycle of Miscanthus biochar 

Impact 

category 

Unit Total Pre-

treatment 

Transportation Pyrolysis 

unit 

Water use Electricity 

consumption 

ODP kg CFC-11 

eq 1.44E-06 2.62E-07 1.15E-06 2.69E-09 1.66E-08 3.11E-09 

GWP kg CO2 eq 1.33E+02 1.13E+02 4.22E+00 2.34E-01 4.81E-02 1.59E+01 

Smog kg O3 eq 1.19E+01 9.54E+00 7.54E-01 7.07E-03 3.10E-03 1.55E+00 

AP kg SO2 eq 7.47E-01 4.98E-01 2.87E-02 8.11E-04 2.45E-04 2.19E-01 

EP kg N eq 5.99E-02 2.70E-02 5.73E-03 3.27E-05 2.44E-02 2.71E-03 

CP CTUh 1.48E-07 4.83E-08 3.02E-08 4.00E-09 3.56E-09 6.17E-08 

NCP CTUh 2.57E-06 4.22E-07 8.42E-07 1.40E-08 1.59E-08 1.28E-06 

REP kg PM2.5 eq 3.94E-02 2.37E-02 3.64E-03 8.58E-05 4.82E-05 1.19E-02 

ECT CTUe 1.75E+04 1.74E+04 1.34E+01 5.25E-02 6.77E-02 3.67E+01 

FFD MJ surplus 1.70E+02 1.28E+02 1.02E+01 8.10E-02 4.20E-02 3.21E+01 
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Table A-12 Effect of Miscanthus biochar with 40 % yield on the impacts of the life cycle of Miscanthus biochar 

Impact 

category 

Unit Total Pre-

treatment 

Transportation pyrolysis 

unit 

Water use Electricity 

consumption  

ODP kg CFC-11 eq 1.57E-06 2.25E-07 1.32E-06 3.07E-09 1.90E-08 3.55E-09 

GWP kg CO2 eq 1.20SE+02 9.66E+01 4.83E+00 2.68E-01 5.50E-02 1.82E+01 

Smog kg O3 eq 1.08E+01 8.18E+00 8.62E-01 8.08E-03 3.54E-03 1.77E+00 

AP kg SO2 eq 7.11E-01 4.27E-01 3.28E-02 9.27E-04 2.80E-04 2.51E-01 

EP kg N eq 6.07E-02 2.31E-02 6.55E-03 3.73E-05 2.79E-02 3.09E-03 

CP CTUh 1.55E-07 4.14E-08 3.45E-08 4.57E-09 4.07E-09 7.05E-08 

NCP CTUh 2.82E-06 3.62E-07 9.62E-07 1.60E-08 1.82E-08 1.46E-06 

REP kg PM2.5 eq 3.82E-02 2.03E-02 4.16E-03 9.80E-05 5.50E-05 1.36E-02 

ECT CTUe 1.50E+04 1.50E+04 1.54E+01 6.00E-02 7.73E-02 4.20E+01 

FFD MJ surplus 1.58E+02 1.10E+02 1.16E+01 9.25E-02 4.80E-02 3.67E+01 
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Table A-13 Effect of energy based allocation method on the cycle impacts of biochar 

Impact 

category 

Unit Total Pre-

treatment 

Transportation Pyrolysis 

unit 

Water use Electricity 

consumption 

ODP kg CFC-11 eq 2.10E-06 3.02E-07 1.77E-06 4.13E-09 2.23E-08 4.17E-09 

GWP kg CO2 eq 1.58E+02 1.30E+02 6.48E+00 3.60E-01 6.46E-02 2.14E+01 

Smog kg O3 eq 1.42E+01 1.10E+01 1.16E+00 1.09E-02 4.16E-03 2.08E+00 

AP kg SO2 eq 9.13E-01 5.73E-01 4.40E-02 1.24E-03 3.29E-04 2.94E-01 

EP kg N eq 7.63E-02 3.11E-02 8.79E-03 5.01E-05 3.28E-02 3.64E-03 

CP CTUh 1.96E-07 5.56E-08 4.64E-08 6.13E-09 4.78E-09 8.28E-08 

NCP CTUh 3.53E-06 4.86E-07 1.29E-06 2.15E-08 2.14E-08 1.71E-06 

REP kg PM2.5 eq 4.91E-02 2.73E-02 5.58E-03 1.32E-04 6.47E-05 1.60E-02 

ECT CTUe 2.01E+04 2.01E+04 2.06E+01 8.06E-02 9.09E-02 4.93E+01 

FFD MJ surplus 2.06E+02 1.47E+02 1.56E+01 1.24E-01 5.64E-02 4.31E+01 
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Appendix B Supporting Information for Talc and Biochar Reinforced Composites for Lightweight 

Automotive Parts 

This supporting information contains additional detail information about the life cycle assessment 

LCA of biochar and talc reinforced polypropylene composites.  

 Table B-14 Mechanical properties of MB-PP and talc-PP composites 

Materials  

Tensile 

strength 

(Mpa) 

Flexural 

strength 

(Mpa) 

Tensile 

Module 

(Mpa) 

Density, 

g/cm3  

Source 

MB-PP 32 70 3500 1.008 (Wang et al. 2018) 

Talc-PP 31.7 53.1 3720 1.05 http://www.matweb.com/ 

Wang T, Rodriguez-Uribe A, Misra M, Mohanty AK (2018) Sustainable Carbonaceous Biofiller 

from Miscanthus: Size Reduction, Characterization, and Potential Bio-composites Applications. 

S-1 Calculation of the weight of composites (982 cm3) and the weight of their components. 

Functional Unit  = 982 cm3 

Density of biochar =1.35 g/cm3 

Density of talc = 2.6 g/cm3 

Density of polypropylene = 0.9 g/cm3 

Volume of biochar in 1kg composite = (0.3*1000/1.35) =222.22 cm3 

Volume of talc in 1kg composite = (0.3*1000/2.6) =115.38 cm3 

Volume of polypropylene in 1kg composite = (0.7*1000/0.9) =777.78 cm3 

Volume of 1 kg (PP+Biochar) composite = (222.2222+777.7778) = 1000 cm3 

Volume of 1 kg (PP+Talc) composite = (115.3846+777.7778) = 893.16 cm3  

Mass of PP+Biochar composite for a FU = (982/1000) = 0.982 kg 

Mass of PP+Talc composite for a FU = (982/893.1624) = 1.09 kg 

http://www.matweb.com/
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Mass of biochar for a FU = (30/70*0.982) = 0.29 kg 

Mass of Talc for a FU = (30/70*1.099464) = 0.33 kg 

Mass of polypropylene (in biochar composite) for a FU = 70/100*0.982 =0.69 kg 

Mass of polypropylene (in talc composite) for a FU = 70/100*1.099464 = 0.77 kg 

Table B-15  Inventory data for a pyrolysis unit (50 ton /day) 

Material inputs  Amount Unit 

Stainless steel 5000 kg 

Carbon steel 25000 kg 

Rock wool 500 kg 

Cement 2000 kg 

Welding 500 m 
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Table B-16  Inventory data for 1kg of talc filler production (Badino et al.1994) 

Input Amount Unit 

Explosive (GD & tutagex) 0.00021 kg 

Gravel  0.00041 kg 

Cement 0.075 kg 

Wood 0.00003 m3 

Bolts 0.000007 unit 

Reinforcement (steel) 0.00095 kg 

Water 0.00064 m3 

Lubricant oil 0.000052 kg 

Electric power 0.1569 kWh 

Diesel oil 0.0049 l 

Gasoline  0.0002 l 

Nylon 0.00056 kg 

Bags (PP) 0.026 units 
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Table B-17   Model for MB production unit process (1kg biochar, 1 kg bio-oil, 0.85 kg syngas) 

Input Amount unit Sources 

Miscanthus, chopped {RoW}| miscanthus 

production | Conseq, U 

3.14 kg Ecoinvent 

Electricity, at eGrid, AZNM, 2008/RNA 

Ontario 2017 pyrolysis unit 

0.00047205 

 

MJ/kg author defined 

Electricity, at eGrid, AZNM, 2008/RNA 

Ontario 2017q2, for chopping 

0.09428571 

 

kWh/kg  author defined 

Water, ultrapure {CA-QC} | production | 

Conseq, U 

0.08463855 

 

kg Ecoinvent  

Transport, truck >20t, EURO4, 80%LF, 

empty return/GLO Mass 

0.0629 tkm Ecoinvent  

Pyrolysis unit 9.52381E-09 units author defined 
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Table B-18  Model for 1 kg talc production process 

Input  Amount  Unit 

Explosive, tovex {RoW}| production | Conseq, U  0.00021  kg 

Gravel, round {GLO}| market for | Conseq, U  0.00041  kg 

Cement mortar {GLO}| market for | Conseq, U  0.075  kg 

Spruce wood, timber, production mix, at saw mill, 40% water 

content DE S 

 0.00003  m3 

Turned product and screw, nut, and bolt manufacturing  0.000007  unit 

Aerated concrete block, type P4 05 reinforced, production mix, 

at plant, average density 485 kg/m3 RER S 

 0.00095  kg 

De-ionised water, reverse osmosis, production mix, at plant, 

from surface water RER S 

 0.00064  m3 

Lubricating oil {RoW}| production | Conseq, U  0.000052  kg 

Electricity, at eGrid, AZNM, 2008/RNA Ontario 2017q2  0.1569  kWh 

Diesel, burned in building machine {GLO}| processing | 

Conseq, U 

 0.0049  l 

Gasoline (regular), from crude oil, consumption mix, at 

refinery, 100 ppm sulphur EU-15 S 

 0.0002  l 

Nylon 6-6 {GLO}| market for | Conseq, U  0.00056  kg 

All other paper bag and coated and treated paper manufacturing 

SE 

 0.026  units 
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Table B-19  Model for the EOL OF MB-PP composite 

   

Process Amount Unit Source 

Transport, freight train, diesel, bulk, 100%LF, hilly terrain, default/GLO Mass 0.1 tkm Ecoinvent 

Diesel {RoW}| market for | Conseq, U 5.57783856 kg Ecoinvent 

Incineration of plastics (PE, PP, PS, PB) 412.2 

 

g Ecoinvent 

Waste landfill (PE, PP, PS, PB), EU-27 S 274.8 

 

g Ecoinvent 

Waste incineration of wood products (OSB, particle board), EU-27 177 

 

g Ecoinvent 

Landfill of biodegradable waste EU-27 118 g Ecoinvent 
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Table B-20   Model for Talc-PP composite manufacturing process 

Input/Process name in the database Amount Unit Database 

Polypropylene granulate {RoW}| production | Conseq, U 770 g Ecoinvent 

Talc filler production 330 g author 

defined 

Transport, freight, lorry >32 metric ton, EURO3 {RER}| transport, 

freight, lorry >32 metric ton, EURO3 | Conseq, U 

0.05445 tkm Ecoinvent 

Extrusion, plastic film {RER}| production | Conseq, U 1100 g Ecoinvent 

Electricity, at eGrid, AZNM, 2008/RNA Ontario 2017q2 0.745446845 

 

kWh/FU 

 

author 

defined 

Injection moulding {RER}| processing | Conseq, U 1100 g Ecoinvent 
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Table B-21   Model for the EOL of talc-PP composite 

 

 

 

 

 

Process Amount  Unit  Sources 

Transport, freight train, diesel, container, 100%LF, hilly terrain, 

default/GLO Mass 

0.1 tkm Ecoinvent 

Incineration of plastics (PE, PP, PS, PB) 462 

 

g Ecoinvent 

Waste landfill of plastics (PE, PP, PS, PB), EU-27 S 308 

 

g Ecoinvent 

Waste incineration of glass/inert material, EU-27 S 198 

 

g Ecoinvent  

Landfill of glas/inert waste EU-27 132 g  Ecoinvent  
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Table B-22   Model for Canadian electricity generation mix 

Process Amoun

t  

Unit  Sources  

Electricity, natural gas, at power plant/US 0.02 kWh US LCI 

Electricity, nuclear, at power plant/US 0.629 kWh US LCI 

Dummy_Electricity, solar, unspecified, at power 

plant/kWh/RNA 

0.005 kWh US LCI 

Dummy_Electricity, hydropower, at power plant, 

unspecified/kWh/RNA 

0.292 kWh US LCI 

Electricity, biomass, at power plant/US 0.003 kWh US LCI 

Dummy_Electricity, at wind power plant, 

unspecified/kWh/RNA 

0.051 kWh US LCI 
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Table B-23   Contribution of different unit processes in talc-PP composite manufacturing process 

Impact category Unit Total Talc  PP  Transport of 

PP 

Transport of 

Talc 

Extrusion Injection 

moulding  

Electricity 

use 

ODP kg CFC-11 eq 8.97E-07 1.83E-08 3.15E-10 2.52E-08 1.21E-09 3.92E-08 8.12E-07 3.17E-12 

GWP kg CO2 eq 3.454 0.021 1.52 0.08 0.0042 0.48 1.32 0.016 

Smog kg O3 eq 0.14 0.00094 0.063 0.016 0.00078 0.020 0.041 0.0016 

AP kg SO2 eq 0.012 6.74E-05 0.0047 0.00061 2.94E-05 0.0021 0.0042 0.00022 

EP kg N eq 0.012 1.87E-05 0.00058 0.00015 7.18E-06 0.0038 0.0078 2.76E-06 

REP kg PM2.5 eq 0.0012 6.28E-06 0.00036 7.75E-05 3.72E-06 0.00025 0.0005 1.21E-05 

ECT CTUe 19.59 0.067 2.41 0.86 0.041 6.0 10.16 0.037 

FFD MJ surplus 10.59 0.041 7.74 0.29 0.010 0.39 2.15 0.032 
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Table B-24   Contribution of use phase of MB-PP composite 

Impact category Unit Total Diesel 

used 

Transportation 

ODP kg CFC-11 

eq 4.89E-08 4.68E-08 2.18E-09 

GWP kg CO2 eq 20.23 20.22 0.007 

Smog kg O3 eq 4.29 4.28 0.001 

AP kg SO2 eq 0.13 0.13 5.3E-05 

EP kg N eq 0.008 0.008 1.29E-05 

REP kg PM2.5 

eq 0.010 0.010 6.71E-06 

ECT CTUe 0.79 0.72 0.075 

FFD MJ surplus 40.91 40.89 0.0189 
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Table B-25   Contribution of use phase of talc-PP composite 

Impact category Unit Total Transportation Diesel Used 

ODP kg CFC-11 eq 5.89E-08 2.42E-10 5.86E-08 

GWP kg CO2 eq 25.37 0.0008 25.37 

Smog kg O3 eq 5.37 0.0002 5.37 

AP kg SO2 eq 0.16 6.01E-06 0.16 

EP kg N eq 0.009 1.66E-06 0.009 

REP kg PM2.5 eq 0.012 7.62E-07 0.012 

ECT CTUe 0.90 0.008 0.89 

FFD MJ surplus 51.29 0.002 51.29 
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Table B-26   EOL phase contribution of MB-PP composite 

 

 

 

 

 

Impact 

category 

Unit Total Transportation Electricity 

use 

Landfill of 

PP 

Landfill of 

MB 

Incineration 

of MB 

Incineration 

of PP 

ODP kg CFC-11 eq -9.0E-08 2.17E-09 4.25E-13 8.87E-10 3.81E-10 5.63E-10 -9.41E-08 

GWP kg CO2 eq 0.45 0.0076 0.0022 0.019 0.060 0.0070 0.36 

Smog kg O3 eq -0.022 0.0014 0.00021 0.00075 0.00064 0.0029 -0.027 

AP kg SO2 eq -0.0049 5.28E-05 3.0E-05 6.7E-05 4.19E-05 0.0001 -0.005 

EP kg N eq 0.00011 1.29E-05 3.7E-07 5.8E-05 0.00012 9.46E-06 -8.73E-05 

REP kg PM2.5 eq -0.0003 6.69E-06 1.6E-06 2.63E-05 1.160E-05 2.69E-06 -0.0003 

ECT CTUe 0.056 0.075 0.0050 0.0046 0.00037 0.00024 -0.029 

FFD MJ surplus -0.70 0.018 0.0044 0.036 0.015 0.011 -0.79 
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Table B-27   EOL phase contribution of talc-PP composite 

 

Impact 

category 

Unit Total Transportation Electricity 

use 

Landfill of 

PP 

Landfill of 

Talc 

Incineration 

of Talc 

Incineration of 

PP 

ODP kg CFC-11 eq -1E-07 2E-09 4.3E-13 4.64E-11 9.94E-10 -1.05E-07 1.87E-09 

GWP kg CO2 eq 0.47 0.009 0.00218 0.0016 0.022 0.41 0.024 

Smog kg O3 eq -0.027 0.002 0.00021 0.00015 0.00084 -0.031 0.0013 

AP kg SO2 eq -0.0056 6E-05 3E-05 1.16E-05 7.50E-05 -0.006 0.0001 

EP kg N eq 1.2E-06 2E-05 3.7E-07 1.25E-05 6.51E-05 -9.78E-05 4.33E-06 

REP kg PM2.5 eq -0.0004 8E-06 1.6E-06 6.38E-06 2.94E-05 -0.0004 6.99E-06 

ECT CTUe 0.066 0.086 0.0050 0.0012 0.0052 -0.032 0.0008 

FFD MJ surplus -0.79 0.021 0.0044 0.0027 0.040 -0.88 0.024 


