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Abstract 

The global road transportation sector is a major greenhouse gas (GHG) emitting sector. In 2021, 

the sector generated 28% of the world’s GHG emissions, mainly due to the direct burning of fossil 

fuels. In order to reduce the adverse impacts of climate change caused by human activities, the 

global community aims to cut GHG emissions from 2005 levels by 2030. A significant GHG 

emission contributor, the transportation sector has a crucial role to play in achieving this target. 

Decarbonizing the sector by fuel switching (replacing conventional diesel vehicles [CDVs] with 

battery electric vehicles [BEVs] and hydrogen fuel cell vehicles [HFCVs]) can make it more 

sustainable and environmentally friendly. BEVs and HFCVs are emerging as important options as 

they can significantly reduce GHG emissions, especially when coupled with a decarbonized power 

sector. The GHG emission savings of BEVs and HFCVs have been estimated in many studies. 

However, the environmental benefits of BEVs and HFCVs rely considerably on driving behavior 

and the climatic conditions of a given location. The global use of BEVs and HFCVs increased by 

70% in 2018 from 2017 and is projected to increase further in the coming decades. Several studies 

have evaluated the environmental performance of BEVs and HFCVs, but few consider the impact 

of the key parameters that affect performance: climatic condition, drag coefficient, rolling 

coefficient, speed, acceleration, and road type. Nor is the environmental impact of lightweight 

materials such as carbon fiber reinforced plastic (CFRP) manufactured from bitumen-based 

asphaltene included in the studies. Mass can be reduced significantly by substituting conventional 

materials (steel, aluminum, copper, etc.) with lightweight CFRP. That said, CFRP brings its own 

set of production and economic challenges. This study, therefore, explores the impacts of these 

parameters on the overall life cycle performance of BEVs and HFCVs. In other words, this study 
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investigates in depth the influence of these missing parameters on the overall life cycle 

environmental performance of lightweight BEVs, HFCVs, and conventional BEVs and HFCVs.  

Nine operational scenarios for BEVs and two for HFCVs were established based on prevalent road 

types and climatic conditions. The life cycle GHG emissions for BEVs range from 93 g CO2 eq/km 

(city in summer scenario) to 258 g CO2 eq/km (highway in severe winter scenario) for conventional 

BEVs, and for CFRP BEVs, from 72 g CO2 eq/km (city in summer scenario) to 163 g CO2 eq/km 

(highway in severe winter scenario). The life cycle GHG emissions for HFCV range from 107 g 

CO2 eq/km (city in summer scenario) to 382 g CO2 eq/km (highway in severe winter scenario) for 

conventional HFCVs, and for CFRP HFCVs, from 85 g CO2 eq/km (city in summer scenario) to 

254 g CO2 eq/km (highway in severe winter scenario). The manufacturing emissions for 

conventional BEVs are 19 g CO2 eq/km and 22 g CO2 eq/km for CFRP BEVs. The manufacturing 

emissions for conventional HFCVs are 18 g CO2 eq/km and 20 g CO2 eq/km for CFRP HFCVs.  

Often, considerably more energy is required to produce CFRP than to produce conventional raw 

materials such as steel, aluminum, etc. The operation phase is the largest GHG emissions 

contributor among the life cycle phases (manufacturing, assembly, maintenance, end of life). The 

operation emissions for the considered scenarios range from 50 g CO2 eq/km (city in summer) to 

175 g CO2 eq/km (highway in severe winter scenario) for conventional BEVs and for CFRP BEVs, 

from 32 g CO2 eq/km (city in summer scenario) to 102 g CO2 eq/km (highway in severe winter 

scenario). The operation emissions for conventional HFCVs range from 78 g CO2 eq/km (city in 

summer scenario) to 353 g CO2 eq/km (highway in severe winter scenario), and for CFRP HFCVs, 

from 54 g CO2 eq/km (city in summer scenario) to 223 g CO2 eq/km (highway in severe winter 

scenario). However, the environmental performance of both CFRP BEVs and CFRP HFCVs 

depends highly on the CFRP production method. For HFCVs, the hydrogen production process 
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and the efficiency of the fuel cell highly influence production. For all the considered scenarios, 

however, the life cycle GHG emissions decreased significantly when conventional raw materials 

were replaced with CFRP for both BEVs and HFCVs. The GHG savings from the use of CFRP 

were highest in the highway in severe winter scenario and lowest in the city in summer scenario 

for both BEVs and HFCVs. This information is beneficial to those making investments and policy 

decisions related to BEVs and HFCVs.  
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Chapter 1 

1. Introduction 

1.1. Background 

The transportation sector is responsible in large part for the steady increase in anthropogenic CO2 

emissions. Between 1990 and 2020, growth in the sector increased global energy demand by 22% 

and greenhouse gas (GHG) emissions by 25% [1, 2]. Diesel and gasoline vehicle ownership is 

expected to increase dramatically in the coming years, contributing to extreme dependence on 

fossil fuels [3]. Fossil fuel combustion emits GHGs and increases the average temperature of the 

earth’s surface [4]. The road transportation sector, therefore, is unsustainable  [4, 5]. To counter 

these issues, researchers and policy makers are looking for sustainable means of decarbonizing the 

sector [2, 6]. Some suitable options are smart vehicle design, driving efficiency, and smart fuel 

choices (biofuel-fueled vehicles, electrification of vehicles, and hydrogen-fueled vehicles) [3, 7, 

8]. Among these, smart fuel choice (especially battery electric vehicles [BEVs] and hydrogen fuel 

cell vehicle [HFCVs]) could be realistic and strategic option, as it can significantly reduce GHG 

emissions, especially when coupled with decarbonizing the power sector [3, 8]. Unlike internal 

combustion engine vehicles (ICEVs), BEVs and HFCVs do not produce GHG emissions during 

their operation [9]. However, the energy consumption of the operation phase depends on the 

composition of the fuel mix, driving range, battery type, and the efficiency of electricity grid mix 

for BEVs [10-12]. For HFCVs, the amount of GHG emissions in the operation phase depends on 

the hydrogen production process and the efficiency of the fuel cell [13, 14]. The battery is the 

powerhouse of BEVs and the fuel cell is the powerhouse of HFCVs [11, 13].  



2 

 

 There is a scarcity of research studies on how the battery electric vehicles (BEVs) and hydrogen 

fuel cell vehicles (HFCVs) perform under extreme climatic conditions, different type of roads 

particularly in Canada, Alberta. Maintenance and recycling phases of both BEVs and HFCVs 

needs a lot of exploration [15]. This research considers evaluating the environmental performance 

of BEVs and HFCVs using life cycle assessment (LCA) approach, considering Alberta, Canada as 

the base geographic location. The prime phases of this study includes raw material extraction, 

vehicle assembly, vehicle operation, vehicle maintenance, and end of life. The prime objective of 

this work focuses on evaluating the environmental performance of BEVs and HFCVs under 

different climatic conditions and road patterns.   The prime factors that affect the energy efficiency 

of BEVs and HFCVs are drag coefficient, rolling coefficient, driving pattern, climatic condition, 

and vehicle mass [16]. The drag and rolling forces are greater for heavier and larger BEVs and 

HFCVs, hence the driving energy consumption is higher than for smaller and lighter BEVs [16, 

17]. Weight and size play a major role in determining the energy efficiency and environmental 

performance of both vehicles [12] and are highly relevant to both, given that the electric motor, 

traction battery, electronic controller, fuel cell, hydrogen storage tank (for HFCVs), and other 

electronic components make these vehicles heavier than similar internal combustion engine 

vehicles (ICEVs) [18]. A 15% weight reduction in a BEV increases its driving range by 20% and 

the efficiency of the fuel cell by 6% [19]. Substituting conventional raw materials such as steel, 

copper, aluminum, etc., with lightweight materials like carbon fiber reinforced plastic (CFRP) can 

increase the energy efficiency and environmental performance of BEVs and HFCVs considerably 

[20]. CFRPs are fibers with 92 wt. % carbon. The carbon fibers are formed by spinning a carbon 

precursor to align the carbon atoms parallel to the longer axis of the fiber. This process is followed 

by controlled pyrolysis to remove nearly all the non-carbon atoms. Thousands of filaments 5 to 15 
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µm in diameter are bundled together to form a carbon fiber tow, which can be used by itself or 

woven into fabrics. CFRP is a strong, durable, and lightweight composite material used in 

manufacturing automobile bodies [20]. However, manufacturing it is complex and time 

consuming, making it incompatible for the mass production of CFRP vehicle parts [21]. Thus, the 

environmental benefits of using CFRP highly depend on the precursors and manufacturing process 

[21]. The most generic precursor is polyacrylonitrile (PAN); more than 90% of CFRP is produced 

from PAN [22]. PAN is produced through a chain of processes (crude oil production, crude oil 

refining to produce naphtha, ammonia production, propylene production, acrylonitrile production, 

polyacrylonitrile production) that depends on conventional crude oil or natural gas-based processes 

using either propylene or propane as a raw material [22, 23].  Asphaltenes are non-volatile and 

non-polar components of crude oil that dissolve in aromatics [24]. The main process of asphaltene 

production includes the production of bitumen, the separation of asphaltene from bitumen, and the 

production of asphaltene [22]. Asphaltenes from oil sands are becoming more cost effective than 

PAN [24]. They consist of polar components from condensed aromatics and naphthenic rings. 

Processed asphaltene can produce carbon fiber with high modulus and strength [20]. Given their 

lower mass and higher carbon percentage, bitumen-based asphaltenes are extensively used in the 

production of CFRPs [24]. The GHG emissions from background processes (those designated to 

provide the raw materials to produce the precursor) are lower in the asphaltene pathway because 

it has fewer energy-consuming processes (precursor and carbon fiber production) [25]. PAN 

production requires the recovery of solvent used for dope production. This operation consumes 

83% of the total energy consumption of the process and is responsible for 73% of the GHG 

emissions from PAN production [23]. The asphaltene-based precursor does not require solvent 

recovery operations like in the production of PAN, thus the difference in GHG emissions from 
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precursor production between the pathways [24]. The economic value of asphaltene is low, and in 

current oil sand operations it is stockpiled. Because of their high carbon content and low value, 

bitumen-derived asphaltenes are a promising precursor for making carbon fibers [23].             

 

1.2. Literature review and research gap  

Several studies suggest that BEVs have lower GHG emissions and operating costs than internal 

combustion engines (ICEs) and include a wide range of estimates on the potential GHG emissions 

savings from replacing ICEVs with BEVs [26-29]. A few studies determined that a BEV’s GHG 

emissions should be evaluated based on battery storage capacity, rather than considering battery 

life, which might lead to inconsistent results [10, 11, 30]. Thus battery life, in terms of drive range, 

plays a vital role in determining the operation efficiency of the battery [10]. Most recent studies 

conduct life cycle comparisons of BEVs, plug-in hybrid electric vehicles (PHEVs), hybrid electric 

vehicles (HEVs), and ICEVs, considering different phases like raw material extraction, vehicle 

assembly, operation, and end of life to evaluate environmental performance in terms of GHG 

emissions savings [31-33]. Some LCA studies consider only specific and core components of 

BEVs such as traction battery and traction motor, leaving out the details of the fluids, auxiliary 

battery, and electronic controller (minor components) while formulating life cycle inventories [2, 

12, 34]. Leaving out descriptions of minor components during inventory formulation can lead to 

difficulties in computing the exact amount of each material used in manufacturing a BEV [18, 35, 

36]. Most of the reviews discuss lithium-ion batteries as having lithium iron phosphate and lithium 

manganese oxide as precursors, the most used precursors [37-40]. Few studies consider the next-

generation precursor nickel manganese cobalt oxide (NMC).  
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BEVs have grown and adapted remarkably in different countries. Recently, Hedegaard et al. 

assessed the environmental impacts of EV adaption in Denmark, Finland, Norway, Sweden, and 

Germany [41]. De Tena and Preggers provided deep insight into the adaption of EVs in Germany 

in the context to EV growth and the generation of renewable energy sources [42]. Most LCA 

studies focus on the use phase because it is considered that vehicle assembly, maintenance, and 

end of life are not significant as together they contribute to only 10% of the total life cycle 

emissions [10, 11, 43, 44]. But without these phases we do not learn the actual GHG emissions 

saving potential of BEVs, because of the incomplete quantification of inventory data and raw 

material production data [10, 11]. Bellocchi et al. show a positive correlation between BEVs and 

different renewable sources of energy (wind, solar, hydro, etc.), with the aim of reducing GHG 

emission generation while producing electricity for EV charging, in Italy [45]. The environmental 

performance or GHG emissions of an EV depend mostly on the type of energy source producing 

electricity for the grid mix for the considered geographic location (for the operation phase) [46], 

[15]. EVs do not reduce GHG emissions if the grid mix is composed of high GHG-emissive energy 

sources like coal and natural gas [15]. McCarthy et al.'s study assessed the impacts of BEV 

performance based on California’s electricity grid mix in a well-to-wheel (WTW) analysis that 

included different phases like fuel extraction, processing, distribution, storage, and use [47]. A few 

studies analyzed other environmental issues, such as non-exhaust particulate emissions and noise 

[9]. Some studies discussed the impacts of crucial parameters like driving pattern (speed and 

acceleration, drag coefficient), type of road (flat, hill), and climatic conditions (summer, winter) 

on the overall environmental performance of EVs [9, 12, 17].  

Candelaresi et al. conducted a comprehensive comparative life cycle assessment of ICEVs and 

HFCVs and provided a wide range of estimates on the potential GHG emissions savings in 
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different environmental and road conditions [48]. Other studies explored the energy requirement 

and GHG emissions in the production of the prime components of HFCVs such as the powertrain, 

chassis, fuel cell, body, etc. [49]. Mehmeti et al. determined the efficiency and effectiveness of 

conventional and emerging technologies used for hydrogen production [50]. The efficiency of 

hydrogen production from coal gasification ranges from 50% to 80%, depending on the 

technology, quantity and quality of coal used. The efficiency of hydrogen production from natural 

gas ranges from 65% to 80% depending on the composition of the fuel mix. Ptasinski et al. stressed 

the importance of producing hydrogen from biomass because it is renewable source [51]. Valente 

et al. discussed the role of hydrogen as fuel in every life cycle phase of HFCVs (especially the 

operation phase), considering different hydrogen production pathways. They predicted that the 

choice of hydrogen production pathway significantly impacts the overall life cycle performance of 

the HFCV. The hydrogen production pathways considered were water electrolysis, biomass 

conversion, coal gasification, natural gas reforming, and steam methane reforming (SMR). SMR 

was identified as the preferred production pathway [52]. Pehnt et al. discussed the theoretical and 

real efficiency of the fuel cell considering transportation losses, auxiliaries losses, and hydrogen 

storage losses [53].  

Several studies indicate that lightweight vehicles can be fabricated with CFRP, which is both light 

and mechanically strong and durable [54]. Reducing a vehicle’s weight will increase driving 

efficiency, reduce energy consumption (especially during operation), and increase overall 

environmental performance [19], [55], [56]. Witik et al. conducted detailed life cycle and techno-

economic assessments of different lightweight materials such  as CRFP and glass fiber reinforced 

plastic (GFRP) [57]. Das et al. estimated that enhanced vehicle lightweighting could save 66.1 

billion Gj of primary energy by 2050 [58]. Belingardi et al. reduced the weight of a passenger 
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ICEV by 55% by substituting steel and aluminum (conventional raw materials) with CFRP [59]. 

However, weight saving and strength are not fully reliable factors while examining the 

environmental performance of vehicles [21]. Recent studies found that compared to conventional 

raw materials (steel, aluminum, etc.), CFRP generally increases the environmental impact during 

the vehicle production phase because of CFRP’s high cumulative energy demand [21]. Ghosh et 

al. studied the impact of carbon nanofiber composites through life cycle analysis and noted the 

challenges associated with the production of carbon nanofiber and the lack of inventory data for 

these lightweight materials [20]. In commercial vehicles, CFRP is used to manufacture the 

powertrain, transmission, chassis, etc., to reduce its overall weight and improve environmental 

performance [60].  

Geographic location plays a vital role in determining the overall environmental performance of 

both BEVs (especially the performance of the battery) and HFCVs (especially the fuel cell and 

hydrogen production process) [28]. Few studies consider the impact of severe temperature 

conditions (like those in Alberta, Canada) on the life cycle performance of BEVs and HFCVs. 
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1.3. Research motivation  

The following statements best summarize the factors that motivated this research:  

1. There is very limited research on determining the environmental performance of BEVs and 

HFCVs in public domain. 

2. There is no comprehensive, bottom-up data-intensive models nor customized data sets; 

these are required to understand the environmental feasibility of BEVs and HFCVs.  

3. The need for a cradle-to-grave life cycle analysis to examine the GHG emissions of BEVs 

and HFCVs throughout their life cycle.   

4. There is very limited on research on the impact of life cycle GHG emissions of BEVs and 

HFCVs considering the impact of driving pattern and climatic conditions.  

5. There is very limited research on the life cycle GHG emissions of BEVs and HFCVs with 

light weight material such as carbon fiber. 

 

1.4. Research objectives 

The prime objective of this research is to develop a life cycle framework to examine the 

environmental impacts and determine the GHG footprints of BEVs and HFCVs considering the 

driving patterns and climatic conditions. The specific objectives are as follows:  

1. To develop an LCA framework to estimate the total energy consumption and life cycle 

GHG footprint of conventional BEVs and HFCVs throughout their life cycle.  
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2. To develop the life cycle GHG emissions of BEVs and HFCVs considering the driving 

patterns and climatic conditions. 

3. To compare in detail conventional BEVs and HFCVs with CFRP BEVs and HFCVs in 

order to identify the impacts of a weight decrease on overall and individual life cycle phase 

environmental performance.  

4. To conduct detailed sensitivity and uncertainty analyses to determine and predict the 

crucial input parameters that significantly impact energy consumption and overall GHG 

emissions. 

5. To calculate the total energy requirement of conventional and CFRP BEVs and HFCVs 

throughout their life cycle, including computing energy indices like net energy ratio. 

6. To identify the key components and processes in every life cycle phase that produce GHG 

emissions. 

 

1.5. Scope and limitations of the thesis 

This research focuses only on BEVs and HFCVs. The study evaluates the life cycle 

performance of BEVs and HFCVs in Alberta, Canada. Only the major greenhouse gases like 

CO2, CH4, and N2O are considered to compute GHG emissions. In the sensitivity and 

uncertainty analyses, only the more sensitive parameters are considered. The scope and 

limitations of this study are discussed further in chapters 2 and 3. In this study, conventional 

(manufactured from steel, aluminum, copper, etc.) vehicles and CFRP BEVs (manufactured 

from CFRP) as well as conventional and CFRP HFCVs were compared to investigate the 
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impacts of a weight decrease on the environmental performance of each life cycle phase, 

especially the operation phase. The base geographic location for this study is Alberta, Canada.  

 

1.6. Organization of the thesis  

This thesis is in a paper-based format and is organized in such a way that each chapter can be read 

independently. Because of this, some background information is repeated in the chapters. There 

are four chapters. Chapters 2 and 3 are independent papers.  

Chapter 2, The life cycle assessment of a battery electric vehicle (BEV): The impact of driving 

pattern and climatic conditions on environmental performance. A comprehensive LCA framework 

of a conventional BEV was developed to evaluate its environmental impacts in different driving 

and climatic conditions and road types, and to compare it with a CFRP-based BEV. The 

assumptions and data requirement of the considered life cycle phases are explained in detail. The 

research includes battery replacement and the factors impacting it such as driving range and depth 

of discharge. The chapter also explains how the climatic conditions, types of roads, use of CFRP, 

and the dynamic aspect of Alberta’s electricity grid mix impact the overall environmental 

performance of BEVs. The work includes sensitivity and uncertainty analyses for transparent 

results.  

Chapter 3, the life cycle assessment of a hydrogen fuel cell vehicle (HFCV): The impact of driving 

pattern and climatic conditions on environmental performance. A comprehensive LCA framework 

of a conventional HFCV was developed to evaluate its environmental impacts considering 

different driving conditions, hydrogen production pathways, fuel cell efficiency, climatic 
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conditions, and road types and compared it with a CFRP-based HFCV. The assumptions and data 

requirement of all the considered life cycle phases are explained in detail. The chapter also explains 

how climatic conditions, road type, CFRP use, hydrogen production pathways, and fuel cell 

efficiency impact the overall environmental performance of the HFCV. This chapter includes 

sensitivity and uncertainty analysis for transparent results.  

Chapter 4, Conclusions and recommendations for future work. This chapter concludes the thesis 

with the main findings and significant observations. It also identifies key areas where further 

investigation can be conducted along with some recommendations to refine the current model. 

  



12 

 

 

 

 

 

Chapter 2  

2. Life cycle assessment of an electric vehicle: The 

impact of driving pattern and climatic conditions on 

environmental performance 

2.1. Introduction  

The global transportation sector is among the major greenhouse gas (GHG)-emitting sectors and 

is responsible for almost 14% of emissions [61]. The largest portion of GHG emissions is from 

fossil fuels use in road transportation, which accounts for 72% of the sector’s GHG emissions [61]. 

In 2018, 90% of the vehicles operating on the road globally were gasoline- and diesel-fueled [62]. 

As a result of the steady growth of the transportation sector, energy demand increased by 9.3% 

and GHG emissions by 20% from 2015 to 2020 [63]. In response to the threats of climate change, 

governments around the world are making combined efforts under the Paris Agreement, which 

aims to restrict the temperature rise of the earth’s surface to well below 2 Co [64]. Deep 

decarbonization of the transportation sector could play a critical role in achieving this target [65-

67]. Some of the best approaches to decarbonizing the road transportation sector are technology 

efficiency improvement, electrification, and a shift to low-carbon fuel [68, 69]. Electrification of 

vehicles is emerging as one of the key options [69, 70], as it can significantly reduce GHG 
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emissions compared to gasoline vehicles and serves as a long-term solution especially when 

coupled with the decarbonized power sector [69, 71]. Unlike conventional internal combustion 

engine (ICE) vehicles, battery electric vehicles (BEVs) do not directly emit carbon dioxide during 

operation. However, BEVs could have significant GHG emissions depending on how the 

electricity stored in the battery is sourced (from renewable energy or a fossil fuel-dominated grid 

mix) [33]. In addition to the grid mix, other factors such as energy efficiency, battery type and size 

[71], driving range [71], and driving conditions and pattern also influence the overall performance 

of an EV [72, 73].  

The amount of energy recovered by regenerative braking strongly affects the energy performance 

of BEVs, especially on steep uphill and downhill roads. Aggressive driving patterns cannot provide 

the desired outcome of regenerative braking in terms of energy savings, because of the sudden 

acceleration and deceleration [11]. The energy required by auxiliary systems for heating and air 

conditioning also affects the energy efficiency of a BEV. Unlike internal combustion engine (ICE) 

vehicles, which use waste heat from the engine, BEVs draw energy from the battery. Depending 

on the climate conditions, the heating could increase energy consumption by up to 40% in 

extremely cold weather compared to normal conditions [31, 46].  

Vehicle size and weight are other key factors that affect energy efficiency. Rolling and air 

resistance are greater for large and heavy vehicles, hence the driving energy consumption is higher 

for light and small vehicles [11, 33]. Reducing the weight by using alternative materials can 

improve energy efficiency and GHG performance. This is more relevant for BEVs since the 

requirement of batteries and additional electrical components makes them heavier than similar ICE 

vehicles. A 10% weight reduction in a BEV increases its driving range by 13.7% [74]. Using 

lightweight materials such as carbon fiber reinforced plastic (CFRP) or glass fiber reinforced 
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plastic (GFRP) can improve energy efficiency in BEVs [75]. CFRP is a composite material 

produced by impregnating carbon fibers with a thermosetting resin. CFRP is one-quarter the 

weight and ten times stronger than conventional steel [74]. CFRP is used in a wide range of vehicle 

structural and non-structural components [76]. However, the net environmental benefits of CFRP 

use in BEVs are highly dependent on the precursors used and the manufacturing process involved 

in CFRP production. Polyacrylonitrile (PAN) is the most widely used precursor; it accounts for 

around 90% of current carbon fiber production. Asphaltene from the oil sands process recently 

emerged as a cost-effective alternative to PAN. Asphaltenes are heavy fractions of bitumen and 

crude oil that are soluble in n-heptane. Because of their high carbon content and low value, 

bitumen-derived asphaltenes are promising precursors for carbon fiber manufacturing. Recently 

Loreto et al. developed a process model to evaluate the life cycle GHG emissions and cost of 

asphaltene-based carbon fiber [77].  

Studies on BEVs mainly compare their environmental performance with internal combustion 

engine vehicles (ICEVs), plug-in hybrid electric vehicles (PHEVs), and hybrid electric vehicles 

(HEVs) through life cycle assessment (LCA) [2, 5, 9, 31, 66, 78, 79]. A wide range of estimates 

on the potential energy and GHG emissions savings is reported in the literature. For example, 

Hawkins et al. found that BEVs can reduce GHG emissions by 9 and 29% compared to ICEVs in 

an average European Union (EU) electricity mix [44]. Garcia et al., on the other hand, found a 

GHG reduction of 30-39% when they considered the electricity mix and climate conditions in 

Portugal [80]. The GHG emission savings from BEVs highly depend on climatic conditions, roads, 

and driving patterns. Vehicle and battery lifetime are also important parameters that significantly 

affect life cycle GHG emissions [15, 44, 80-82]. Depending on driving patterns and climatic 

conditions in a particular geographic location, a BEV’s battery may need to be replaced several 
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times [15, 82, 83]. Hence, the overall environmental performance of BEVs is highly dictated by 

electricity mix, driving patterns, and climatic conditions.  

Several BEV LCA studies have been conducted for specific jurisdictions. Weis et al. computed 

the effects of BEV charging on cost and GHG emissions in the US [84], and Onat et al. conducted 

a state-based comparative energy and carbon footprint in the US [85]. The latter study concluded 

that BEVs are the least energy-intensive options in 24 of 50 states. The production of the electricity 

by low emission energy sources leads to lower GHG emissions in 24 of 50 states. Recently, 

Andersson and Börjesson evaluated the impacts of renewable fuel use on the life cycle GHG 

performance of electric vehicles in the EU [86]. Renewable fuels appear to offer higher GHG 

reduction than a low carbon electricity mix.  

On the material side, only a few studies demonstrate replacing conventional materials with 

lightweight alternatives such as CFRP as an effective strategy to enhance vehicle efficiency, 

reduce vehicle weight, and reduce overall environmental impacts. CFRP provides necessary 

mechanical strength and significant weight reduction compared to conventional materials such as 

steel and aluminum [76]. While using CFRP instead of steel and aluminum offers weight-saving 

and strength, the GHG emissions associated with the energy and material requirements in the 

manufacturing of CFRP are problematic. CFRP conversion processes are known to be energy- and 

GHG-intensive [21]. Hence, it is important to look at the environmental benefit from the full life 

cycle perspective. Furthermore, the life cycle GHG effect of environmental asphaltenes-based 

carbon fiber CFRP has not yet been explored in the literature. This study, therefore, primarily aims 

to address these knowledge gaps. The overall aim of the paper is to develop an LCA framework 

to evaluate the impacts of asphaltene-based CFRP use, driving conditions, and climate factors on 

the overall GHG performance of a lightweight BEV. The specific objectives are: 

https://www.sciencedirect.com/science/article/pii/S0306261921001562#!
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• To develop an LCA framework to estimate the total energy consumption and life cycle 

GHG footprint of a conventional BEV throughout its life cycle.  

• To study the GHG emission footprint of BEVs based on climatic conditions, roads, and 

driving patterns. 

• To compare in detail a conventional BEV with a CFRP BEV in order to identify the impacts 

of a weight decrease on overall and individual life cycle phase environmental performance.  

• To conduct detailed sensitivity and uncertainty analyses to determine and predict the 

crucial input parameters that can significantly impact the energy consumption and overall 

GHG emissions. 

• To calculate the total energy requirement of the conventional and CFRP EVs throughout 

their life cycle, including computing energy indices like net energy ratio. 

• To identify the key components and processes in every life cycle phase that produce GHG 

emissions. 

 

2.2. Method  

This section presents the method followed to evaluate the environmental performance of a carbon 

fiber-based lightweight battery electric vehicle (BEV) and a conventional BEV. We used LCA, an 

internationally standardized approach (as per the International Organization for Standardization 

[ISO]), to evaluate the environmental impacts of the BEV systems [87, 88]. LCA, according to the 

ISO framework, has four phases: goal and scope definition, life cycle inventory analysis, life cycle 

impact assessment, and interpretation of results [88, 89]. LCA is implemented to define the goal 

and scope of a project; compile all the relevant energy of the required raw materials, and quantify 
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the associated GHG emissions produced in each of the considered life cycle phases [90, 91]. Each 

stage of the LCA is discussed below in detail.  

2.2.1. Goal and scope definition 

The primary goal of this study is to evaluate the life cycle GHG emissions of a lightweight BEV 

vehicle produced using carbon fiber from bitumen-based asphaltene. This study also compares the 

GHG performance of a lightweight BEV with a conventional BEV (steel- and aluminum-based 

BEV). 1 km is used as a functional unit, a measured performance of a product that can be used as 

a reference unit [90, 91]. The life cycle GHG emissions are expressed in terms of g CO2 eq/km. 

The lifetime of a vehicle depends on factors such as survival rate (defined by the manufacturer 

[92]), climatic conditions, driving patterns, and road conditions [93]. A mid-size five-seat 

passenger car with a lifetime driving distance of 200,000 km is considered in this study. The choice 

of vehicle lifetime is based on specific climate and driving conditions and three studies [9, 71, 94]. 

Alberta, Canada, is used as the location for a case study. LCA uses a cradle-to-grave system, 

including different product phases such as raw material extraction, vehicle production, vehicle 

assembly, operation, maintenance, recycling, and disposal. Raw material extraction incudes the 

extraction of different raw materials required to produce BEVs. The emissions factor of the 

required raw materials is calculated in the GREET model considering Canada as the prime 

geographic location. The assembly phase involves the use of the different equipment and 

machinery to assemble the prime components of BEVs to form complete assembled BEV [18]. 

Indirect inputs include the transportation of the vehicle’s equipment from the manufacturing 

location to the appropriate assembly location, etc. [29]. The operation phase incorporates the 

calculation of energy consumption for different scenarios formulated based on different road types 

and seasons in Alberta, Canada. The replacement and maintenance of batteries, tires, fluids, 
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traction motors, and fluids are considered in the operation and maintenance phases of this study 

[95]. Recycling and disposal are the two prime categories of the end-of-life phase and are further 

classified into sorting or dismantling, shredding, transportation, and landfilling [96]. All the above-

mentioned life cycle phases include the calculation of equivalent CO2 emissions. 

2.2.2. Alberta and Canada context 

      Canada’s transportation sector is the second-largest contributor to GHG emissions   and in 

2017 generated 174.3 Mt CO2 eq, mostly from fossil fuel consumption [63]. There is a 

need to find suitable alternatives that can mitigate the threats from extreme dependence on 

gasoline and diesel [97]. In 2018, BEV sales in Canada made up to 2.2% of vehicle sales 

[97]. To promote the growth of BEV sales and ownership, the Government of Canada 

provides incentives and rebates; the Government of Canada’s EV  Incentive Program, for 

example, offers a $2,500 to $5,000 rebate on EV purchases [98]. The federal government 

has also invested $437 million to build BEV charging infrastructure [99]. In Alberta, 90% 

of registered vehicles use gasoline and diesel [100] and emit 30.7 Mt CO2 eq of GHG 

emissions, which accounted for 11% of the province’s GHG emissions in 2017 [63]. 

Alberta’s transportation sector generates far more GHG emissions than the other provinces’ 

transportation sectors do. So, there is a need to replace gasoline and diesel engine vehicles 

with BEVs in Alberta to meet GHG emissions reduction targets. 

      The highlights from our LCA results is critical for Alberta’s Bitumen Beyond Combustion 

program, which presents technological advancements by creating high-value and non-

combustion products from bitumen [101]. The use of carbon fiber as a steel and aluminum 

alternative is viewed as an environmentally sustainable solution in the transportation 

sector. However, it is important to quantify the benefit by considering the entire life cycle 
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from the extraction of resources to vehicle manufacturing, assembly, vehicle operation, 

maintenance, and end of life [24]. 

      Alberta is unique in its climate. It has cold climate with long winters with several months 

of below zero temperature [102]. It is critical to understand the GHG performance of the 

BEVs in these kinds of colder countries. 

      Figure 1 depicts the system boundary that specifies the life cycle stages and unit processes 

involved in the product system. A cradle-to-grave analysis was performed. The complete 

life cycle of a vehicle comprises vehicle production, vehicle use, end of life, and the 

upstream process. Each life cycle stage along with the data requirements are discussed in 

the inventory analysis.  
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Figure 1: System boundary of a battery electric vehicle life cycle 
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Figure 2: Key parameters and the process for GHG emissions calculations in each life cycle 

phase  
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2.2.3. Inventory analysis 

2.2.3.1. Vehicle production 

Two pathways were considered for vehicle production: a conventional steel and 

aluminum-based BEV and a carbon fiber-based lightweight BEV made from asphaltene. 

The main vehicle components in both cases are the body in white, interior and exterior, 

chassis, controller, powertrain system, traction battery, traction motor, and transmission 

system [18]. First, we developed the vehicle inventory, which includes the prime 

components of a BEV mentioned above [18]. The gross mass of a conventional vehicle 

is 1,511 kg, of which 150 kg is the lithium-ion battery and 1361 kg are for the remaining 

components.  [103-105]. Basic raw materials associated with the manufacturing of the 

key components of both conventional and carbon fiber BEVs are steel, wrought 

aluminum, cast aluminum, cast iron, copper, magnesium, rubber, plastic, carbon fiber 

reinforced plastic, and glass fiber reinforced plastic. The carbon fiber vehicle weighs 

877 kg, of which 120 kg is the lithium-ion battery and 757 kg are for the remaining 

components. The weight can be reduced by around 42% by replacing steel and 

aluminum with carbon fiber. Table 1 summarizes the materials for the main components 

of conventional and carbon fiber-based BEVs. Steel and aluminum, the main materials 

in a conventional vehicle, together account for more than 64% of the total mass 

contribution. Most of the steel is used to make the body (415 kg), chassis (252 kg), 

transmission system (44 kg), and traction motor (60 kg). Aluminum is evenly distributed 

over several components [18]. Average plastic is used to produce most of the body and 

some of the chassis. CFRP is used mainly in the body interior and the body in white. A 

significant portion is also used in the chassis. Carbon fiber makes up 26% of the total 
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mass of the carbon fiber-based lightweight vehicle [55]. Table 2 lists the mass 

distribution by key components. CFRP and plastic materials constitute a high mass 

fraction in the carbon fiber-based vehicle.    

             Table 1: Bill of materials for conventional and carbon fiber reinforced plastic (CFRP)-

based BEVs based on raw materials [18] 

  

Materials 

Conventional vehicle CFRP-based vehicle 

Mass, kg Mass, % Mass, kg Mass, % 

Steel/cast iron 735 48 67 8 

Aluminum 241 16 80 9 

Copper/brass 92 6 40 5 

Magnesium 4 0 4 0 

Glass 32 2 32 4 

Average 

plastic 

159 11 159 18 

Rubber 92 6 92 11 

Carbon fiber 0 0 225 26 

Glass fiber 0 0 20 2 

Others 156 10 152 18 

Total 1511 100 877 100 
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          Table 2: Bill of materials for conventional and carbon fiber reinforced plastic (CFRP)-

based BEVs based on components [18] 

Components 

Conventional vehicle CFRP-based vehicle 

Mass, kg Mass, % Mass, kg Mass, % 

Transmission 

system  72 5 20 2 

Body (body in 

white, interior, 

exterior) 

623 41 282 32 

Chassis (without 

battery) 439 29 253 29 

Powertrain 

system 70 5 46 5 

Traction motor  56 4 56 6 

Electronic 

controller 69 5 69 8 

Fluids  25 2 25 3 

Battery Li ion 151 10 120 14 

Battery Pb acid 6 0 6 1 

Total 1511 100 877 100 
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A lithium nickel manganese cobalt oxide (Li-NMC) battery with 86.4 MJ or 24 kilowatt-

hours (kWh) and an efficiency of 90% is assumed [18, 103, 105]. Li-NMC is among the 

most efficient alternatives and has a higher energy density and lower environmental 

burden than traditional batteries currently used in EVs [39, 40]. Carbon fiber, aluminum, 

steel, glycol insulation, graphite, lithium, Nickel manganese cobalt (NMC) precursor 

(powder), and coolant are the major components in the battery. A conventional (Li-

NMC) battery with a mass of 151 kg (manufactured from conventional metals) and 

battery capacity of around 24 kilowatt-hours (kWh) and an efficiency of 90% is 

considered [15, 18, 105]. A Li-NMC battery produces fewer toxic elements or metals 

(i.e., iron, copper, manganese) after disposal [15, 39, 40]. We calculated energy 

consumption and GHG emissions for each of the key components of the battery. A 

lightweight lithium nickel manganese cobalt oxide battery with a mass of 120 kg, battery 

capacity of 24 kWh, and efficiency of 90% is considered in this study [18]. The weight 

of the Li-NMC battery can be reduced by around 21% by replacing steel and aluminum 

with carbon fiber [18, 55]. Table 3 below shows the detailed percentage mass 

composition comparison and the key components for both conventional and carbon 

fiber-based Li-NMC batteries.  
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                Table 3: Mass distribution of lithium NMC battery by key components for conventional 

and CFRP-based BEVs [18, 74] 

 

Components of 

Li-NMC 

battery  

Conventional vehicle CFRP-based vehicle 

Mass, kg Mass, % Mass, kg Mass, % 

Active material 

(MNC powder) 39 26 39 32 

Graphite/carbon  24 16 24 20 

Binder (PVDF) 3 2 3 3 

Copper 18 12 0 0 

Wrought 

aluminum 37 24 0 0 

Electrolyte: 

ethylene 

carbonate 7 5 7 6 

Electrolyte: 

dimethyl 

carbonate 7 5 7 6 

Plastic: 

polypropylene 2 1 2 1 

Plastic: 

polyethylene 1 0 1 1 

Plastic: 

polyethylene 

terephthalate 0 0 0 0 

Steel 1 1 0 0 

Thermal 

insulation 1 1 1 1 

Coolant glycol 7 4 7 5 

Carbon fiber 0 0 25 21 

Electronic parts  6 4 6 5 

Total 151 100 120 100 
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2.2.3.2. BEV assembly 

This phase is the assembly of the key components mentioned above. The assembly stage 

requires different processes such as paint production, vehicle component assembly, 

painting, heating, ventilation and air conditioning (HVAC) and lighting, heating, 

material handling, welding, and lithium-ion and lead-acid battery assembly [106]. We 

calculated the energy consumption and GHG emissions for each process with 

information based on Burnham et al. [18].  

 

2.2.3.3. Vehicle operation 

Unlike internal combustion engine vehicles, BEVs use electricity to propel the wheels. 

The operational-related environmental performance is, hence, highly dependent on the 

greenness of the grid mix where the vehicle is operated. Because the electricity mix is 

one of the critical parameters in modeling life cycle GHG emissions, it is important to 

consider a grid mix that reflects the actual current situation as well as the potential 

change in the future [11]. In this study, Alberta is used as a reference location. Alberta’s 

current grid mix is highly dominated by fossil fuels, which account for nearly 90% of 

the total electricity; renewable energy sources make up only 10% [107]. Moreover, the 

province generates around 60% of Canada’s electricity sector GHG emissions [108]. 

Currently, there is a focus on phasing out coal and increasing shares of renewables such 

as solar and wind to ensure the transition to a low-carbon grid system. The composition 

of Alberta’s grid mix will change significantly in the coming years, and this change will 

lead to a change in grid mix GHG emissions factors for the years considered in this 

study. The dynamic aspect of the electricity-mix and associated GHG intensities in 
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Alberta is, hence, considered in the analysis. The analysis allows us to accurately 

estimate the overall GHG emissions generated by a BEV throughout its lifetime during 

its operation phase. The electricity GHG emission intensity values were derived from 

Davis et al. [108, 109]. We used the Low Emissions Analysis Platform (LEAP) model 

to incorporate the dynamic aspect of GHG emission factors based on Alberta’s grid mix 

for the 11 years between 2020 and 2030. This will help to precisely estimate the overall 

GHG emissions generated by the vehicle throughout its lifetime, during its operation 

phase. The low emission analysis platform (LEAP) is a widely used software tool for 

energy policy analysis and climate change mitigation assessment [109].  

                 

       Table 4: GHG emission factors of Alberta’s electricity grid mix for the considered years 

[109] 

Year range Emission factors (g CO2 eq/MJ) 

1 151 

2 141 

3 134 

4 110 

5 114 

6 122 

7 117 

8 113 

9 100 

10 92 

11 85 
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All the use phase energy requirements are based on the regulations of the world 

harmonized  light-duty vehicle test cycle (WLTC) [110]. The WLTC takes into 

consideration different climatic conditions, driving behavior, regenerative charging, 

type of road, and energy loss during charging to compute the net energy required to 

operate a BEV feasibly [111]. Energy is mainly required to drive the wheels but also for 

auxiliary activities such as air conditioning, heating, lighting, and so on. The net energy 

requirement per km travelled is the sum of all the energy consumed. However, the value 

of energy constraints for a particular scenario will be different from other scenarios 

because of the differences in specifications and characteristics of driving [29]. The 

amount of energy consumed by each energy constraint mentioned above depends on 

factors such as speed, acceleration, drag coefficient, rolling coefficient (which in turn 

depends on the type of road [rural, urban, highway]), and the prevalent climatic 

conditions (severe winter, mild winter, summer) [29]. Based on the type of road and 

climatic conditions in Alberta, Canada under which the vehicle is assumed to operate, 

nine scenarios were developed. These are city in summer, highway in summer, rural in 

summer, city in severe winter, highway in severe winter, rural in severe winter, city in 

mild winter, highway in mild winter, and rural in mild winter. A fundamental science-

based equation was used in each operational scenario to compute the energy 

consumption and GHG emissions of the driving force to propel the vehicle. The equation 

of force is a combination of three forces: linear force, drag force, and rolling force. The 

total force is multiplied by the average travel distance to get the net energy consumption 

of our vehicle [29]. Linear force depends on acceleration and mass and speed of 

operation. The greater the value of the force, the higher the energy consumption [12]. 
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The mass of the car is the same in each scenarios, so the scenario in which the car 

operates at a higher speed will correspond to a higher value of linear force. Because we 

travel at much higher speeds on highways than in cities and rural areas [12], energy 

consumption due to linear force will be higher on highways than in cities and rural areas. 

Drag force  depends on the speed, drag coefficient, density of air, and mass of the car. 

The higher the speed, the greater the drag coefficient. There is more drag force on 

highways than in cities and rural roads, so drag force will consume more energy on 

highways than on cities and rural roads [17]. Rolling depends on rolling friction or the 

coefficient of road, mass, and acceleration due to gravity; these are the same in each 

scenario [17]. The rolling coefficient depends on road conditions;  icy and snowy roads 

have more rolling coefficient than dry roads. Alberta, the considered geographic 

location, is covered with snow most of the winter. So, the rolling force energy 

consumption will be greater in severe winter scenarios than in mild winter conditions 

and will be lowest in summer [12]. Drag and rolling coefficient values for both 

conventional BEVs and CFRP BEVs are shown below in Table 6 and Table 7. A bottom-

up energy requirement model was developed for each scenario. The key parameters are 

summarized in Table 5. The equations used to determine the drag force and rolling force 

are discussed in the supporting information (section 2). 
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Table 5: Scenarios and key parameters for the BEV energy requirement model  

 

Scenarios Key parameters 

City in summer: 

City_Summer 

• Operational time [112] 

• Temperature 15oC to 35oC [15, 106, 107] 

• Drag coefficient [10] 

• Rolling coefficient[106, 108] 

• Average speed and acceleration [25, 106] 

City in mild winter: 

City_Mild_Winter 

• Operational time [112] 

• Temperature -14oC to 14oC [15, 112, 113] 

• Rolling coefficient [10, 114] 

• Drag coefficient [10, 114] 

• Average speed and acceleration [27, 112] 

City in severe winter: 

City_Severe_Winter 

• Operational time [112] 

• Temperature -40oC  to -15oC  [15, 112, 113] 

• Rolling coefficient [10, 114] 

• Drag coefficient [112, 114] 

• Average speed and acceleration [27, 112] 

Highway in summer: 

Highway_Summer 

• Operational time [106] 

• Temperature 15oC to 35oC  [15, 112, 113] 

• Rolling coefficient [10, 114] 

• Drag coefficient [10, 114] 

• Average speed and acceleration [10, 27] 

Highway in mild winter: 

Highway_Mild_Winter 

• Operational time [112] 

• Temperature -14oC to 14oC  [15, 112, 113] 

• Rolling coefficient [10, 114] 

• Drag coefficient [10, 114] 

• Average speed and acceleration [27, 112] 

Highway in severe 

winter: 

Highway_Severe_Winter 

• Operational time [112] 

• Temperature -40oC to -15oC  [15, 112, 113] 

• Rolling coefficient [10, 114] 

• Drag coefficient [10, 114] 

• Average speed and acceleration [27, 112] 

Rural area in summer: 

Rural_Summer 

• Operational time [112] 

• Temperature -40oC  to -15oC  [15, 112, 113] 

• Rolling coefficient [10, 114] 

• Drag coefficient [10, 114] 

• Average speed and acceleration [27, 112] 
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Scenarios Key parameters 

Rural area in mild 

winter: 

Rural_Mild_Winter 

• Operational time [112] 

• Temperature -40oC  to -15oC  [15, 112, 113] 

• Rolling coefficient [10, 114] 

• Drag coefficient [10, 114] 

• Average speed and acceleration [27, 112] 

Rural area in severe 

winter: 

Rural_Severe_Winter 

• Operational time [112] 

• Temperature -40oC  to -15oC  [15, 112, 113] 

• Rolling coefficient [10, 114] 

• Drag coefficient [10, 114] 

• Average speed and acceleration [27, 112] 

 

 

Table 6: Values of drag and rolling coefficients for conventional BEVs [16] 

 

Scenarios Drag Coefficient Rolling Coefficient  

City in severe winter 0.29 0.00175 

City in mild winter 0.29 0.00315 

City in summer 0.29 0.007 

Highway in severe winter 0.67 0.0025 

Highway in mild winter 0.45 0.0025 

Highway in summer 0.35 0.0076 

Rural in severe winter 0.29 0.00175 

Rural in mild winter 0.29 0.00315 

Rural in summer  0.29 0.005 
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Table 7: Values of drag and rolling coefficients for CFRP BEVs [16, 55] 

Scenarios Drag Coefficient Rolling Coefficient  

City in severe winter 0.24 0.00155 

City in mild winter 0.24 0.0028 

City in summer 0.24 0.00623 

Highway in severe winter 0.34 0.00223 

Highway in mild winter 0.30 0.00223 

Highway in summer 0.31 0.00676 

Rural in severe winter 0.25 0.00155 

Rural in mild winter 0.25 0.0028 

Rural in summer  0.25 0.00445 

 

The efficiencies of the electric motor and the controller are supposed to be 85 and 95%, 

respectively [27]. The efficiency of the motor and controller differs by scenario. The 

efficiency of the motor and controller are highest in city in summer and lowest in 

highway in severe winter because less energy is used to maintain the thermal comfort 

of the motor and the controller in summer than in severe winter where considerable 

energy is used to maintain the thermal comfort of the motor and controller. The eddy 

current and friction loss of the motor is directly proportional to its rotational speed. The 

rotational speed of the motor is directly proportional to the translational speed of the 

vehicle. The rotational speed of the motor is higher on highways than in cities, so more 

eddy current and friction loss occurs on highways than in cities. Motor and controller 

efficiency values for each scenario for both conventional BEVs and CFRP BEVs are 

shown below in Table 8.  
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  Table 8: Motor and controller efficiency values for both conventional and CFRP BEVs [29]  

 

Scenarios Efficiency of motor Efficiency of controller 

City in severe winter 85 93 

City in mild winter 87 93 

City in summer 90 95 

Highway in severe winter 82 87 

Highway in mild winter 84 89 

Highway in summer 85 90 

Rural in severe winter 83 88 

Rural in mild winter 84 90 

Rural in summer 87 93 

 

The maximum rating demands for the AC and heat are assumed to be 1.40 kW and 2.30 

kW, respectively. The rolling and drag coefficient values for each condition were 

compiled from the literature [16, 94, 115]. The drag and rolling coefficients increase 

with an increase in the weight of the vehicle. So, the rolling and drag coefficient values 

for a conventional BEV will be relatively higher than for a lightweight carbon fiber-

based BEV, for a particular scenario. The total mass of a carbon fiber-based BEV is 955 

kg, constituting a deadweight of 875 kg and a passenger weight of 80 kg [27, 116], and 

for the conventional BEV the value is 1585 kg, constituting a deadweight of 1505 kg. 

The operational time required to travel 50 km is different in every scenario because of 

varying traffic rules and speed limits. Operational time is highest for a city in severe 

winter and lowest for a highway in summer (75 minutes and 35 minutes, respectively) 

[112, 117, 118]. The energy required to drive or provide the required torque to the wheel 

varies by scenario depending on speed, acceleration, drag coefficient, rolling coefficient, 

and the slope of the road. We developed a model to estimate the highest energy of 0.83 
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MJ/km for a highway in severe winter and the lowest energy of 0.25 MJ/km for a city 

in summer for a carbon fiber EV. The corresponding energy requirements for a 

conventional EV are 1.58 MJ/km on a highway in severe winter and 0.40 MJ/km in a 

city in summer [29]. AC and heat energy constraints will be different for each scenario 

because of the different climatic conditions and will be reflected by the average power 

demand [29]. The AC or heater average power demand is expressed as a % of max rating 

and is lowest in summer and highest in severe winter, or 75% and 25% of max rating, 

respectively: and it is the same for both conventional and carbon fiber BEVs [29]. The 

auxiliaries’ energy consumption is determined by summing the energy required for the 

LED light, radio & navigation, and preheating. The auxiliaries’ energy consumption is 

highest in city in severe winter and lowest in city in summer, or 0 MJ/km and 0.02 

MJ/km, respectively; and is the same for both conventional and carbon fiber BEVs [29, 

55]. Stopping at traffic signals, aggressive braking, and uneven roads dissipate energy, 

the amount of which will vary by scenario depending on traffic maps, the frequency of 

stops or traffic lights, and the type of road [11]. Dissipated energy is highest in city and 

lowest in highway in severe winter (0.09 MJ/km and 0.02 MJ/km, respectively,) and is 

the same for both conventional and carbon fiber EVs [11]. The energy required to 

provide the necessary wheel torque will also vary for each scenario depending on the 

speed, acceleration, drag coefficient, rolling coefficient, and slope of the road. This 

energy constraint is highest for highway in severe winter and lowest for city in summer 

for both conventional and carbon fiber BEVs [10]. But the range of values of drive 

energy for a carbon fiber BEV is lower than for a conventional BEV because there is 

less applicable drag and rolling force due to the lower weight of a carbon fiber BEV. 
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The drive energy for conventional and carbon fiber BEVs ranges from 0.32 MJ/km to 

0.98 MJ/km and 0.20 MJ/km to 0.54 MJ/km, respectively [10].  

The energy consumption in vehicle operation is the sum of the energy consumption of 

each activity. AC consumption will be greater in summer than in severe and mild winter. 

Energy consumed in LED lighting, radio, and navigation will be almost the same in each 

scenario [10]. The energy dissipated in stopping and braking at traffic signals will be 

higher in city scenarios than in highway and rural ones because there are more traffic 

lights or stops in cities than on rural roads and highways [119]. Net energy consumption 

is computed by summing each of the above energy constraints for a considered scenario 

and is usually expressed in terms of kWh/km. Energy consumption and GHG emissions 

are highest in highway in severe winter and lowest in city in summer (1.50 MJ/km and 

0.43 MJ/km for conventional EVs and 0.88 MJ/km and 0.28 MJ/km for carbon fiber 

EVs) [29].  

The battery is the powerhouse of a BEV and stores energy from the grid mix to propel 

the engine and for other activities. The battery can be recharged after traveling a certain 

distance. Each scenario developed here considers a different number of battery 

replacements depending on battery lifetime and performance [120]. The battery 

performance and its driving range (the number of kilometers traveled by the vehicle on 

one full battery charge) depends on driving pattern, speed, acceleration, type of road, 

and prevalent climatic conditions. The cooler the ambient temperature, the shorter the 

driving range of the vehicle. Under the same climatic conditions, the drive range of a 

BEV will be longer in a city than on a highway or a rural road because the drive range 

is shorter when the operational speed is higher. Among the scenarios, the drive range of 
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a BEV is highest in a city in summer and lowest on a highway in severe winter, 200 km, 

and 66 km, respectively [111, 121]. 

The other two factors that significantly affect battery performance are the depth of 

discharge and the number of charging cycles. Depth of discharge refers to the portion of 

the energy stored in a battery that can be used feasibly. For initial cycles, the depth of 

discharge is 100%, after which it decreases to 95%, 85%, and so on. For this study, 80% 

was considered the lowest depth of discharge under which a BEV can operate [11, 122] 

as it is not technically feasible to use the battery once its depth of discharge falls below 

80% [122]. Charging cycles refer to the number of times the battery can be charged after 

being fully or partially drained. 800 charging cycles were assumed in this study [119]. 

One of the critical factors that influence the performance of EVs is drive range. Drive 

range is the number of kilometers travelled by a BEV on one full battery charge and is 

dependent on the ambient temperature, type of road, speed, and acceleration. The cooler 

the ambient temperature, the shorter the drive range of the BEV, which implies that the 

drive range of BEVs in summer is considerably greater than in mild and severe winter 

conditions [71]. Under the same prevalent climatic conditions, the drive range of an EV 

will be greater in the city than on highways and rural roads, because the drive range is 

shorter when the operational speed is higher [12]. Of all the considered scenarios, the 

drive range of an EV will be highest in the city in summer and lowest in the highway in 

severe winter: 200 km and 66 km, respectively [12]. Drive range values for both 

conventional BEVs and CFRP BEVs are shown below in Table 9. The number of battery 

replacements will be higher in severe winter scenarios than in mild winter and summer 

scenarios. The number of battery replacements is highest in the highway in severe winter 
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scenario, 8 times, and lowest in the city in summer (2 times) for conventional BEVs. 

The battery lifetime and replacement rate were calculated for each scenario. More 

information is available in the supporting information (section 3).  

Table 9: Detailed values of drive range for both conventional BEVs and CFRP BEVs [121] 

 

Scenarios 
Drive range 

(Conventional BEV) [km] 

Drive range (CFRP BEV) 

[km] 

City in severe winter 83 121 

City in mild winter 117 180 

City in summer 200 281 

Highway in severe winter 66 89 

Highway in mild winter 75 114 

Highway in summer 93 140 

Rural in severe winter 77 93 

Rural in mild winter 92 132 

Rural in summer  143 203 

 

 

2.2.3.4. Maintenance of an EV  

Some essential components like batteries, fluids, and tires lose their peak performance 

after being operated for a certain number of kilometers and need to be serviced or 

replaced to maintain the vehicle’s desired performance and fuel economy. The 

replacement interval of different components or fluids varies because of differences in 

specifications and applications. For example, tires, brake fluid, and powertrain coolant 

are assumed to be replaced three times over the life cycle of an EV [9, 123]. For 

windshield fluids and engine oil, 19 and 39 replacements are considered, respectively 

[44, 123]. GHG emissions for each serviced or replaced component were estimated from 

earlier work [123].  
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2.2.3.5. End of life  

Recycling and disposal are the two prime categories of the end-of-life phase. The 

recycling phase is uncertain because we do not know how the recycled product will be 

used (either open-loop or closed-loop recycling). So, for clear and transparent results, 

the recycling phase is omitted from this study. Only the disposal portion is examined in 

the end-of-life phase [9]. The disposal phase of a vehicle includes sorting or dismantling, 

shredding, transportation, and landfilling [96]. The disposed portion of the vehicle is 

classified as glider or battery; the techniques involved in battery disposal are very 

different from those used for the disposal of the glider. It is assumed that all parts of the 

glider and battery are disposed of in the same manner. Sorting or dismantling is assumed 

to take place in Vancouver, BC, 40 km from the shredding facility [96]. Dismantled 

components are transported by heavy truck to a shredding facility. Energy requirements 

and GHG emissions for sorting, dismantling, and transportation were extracted from a 

study conducted by the City of Vancouver on the disposal of BEVs [96]. For the 

shredding phase, data for the calculation of energy requirement and GHG emissions was 

gathered from literature [120]. The disposal of the glider was formulated from several 

studies [96, 120, 124]. The energy requirement and GHG emissions for the disposal of 

Li-ion batteries were modeled according to literature [124, 125]. This phase is described 

in detail in the tables below.  
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                  Table 10: Steps involved in the end-of-life phase for both conventional and CFRP 

BEVs [95]  

Steps included in end of 

life 
Description  

Disassembly of the 

vehicle 

This step includes dismantling the car into different 

portions such as the powertrain, residual car body, motor, 

battery. etc.  

Recycling of the battery 

This step includes recycling the case material, battery 

management system, battery cells, critical materials (e.g., 

lithium).  

Recycling of the electric 

motor 

This step includes recycling metals, recycling or reusing 

magnets, recycling scarce materials (e.g., rare earth 

metals). 

Recycling of power 

electronics 

This category includes power electronics, non-propulsion 

electrical systems: recycling cables, electronics, and 

valuable materials. 

Recycling of wheels and 

tires 

This category includes recycling the wheels and tires. 

Shredding of residual car 

body 

This step includes shredding, separation, and treatment of 

the heavy and light fractions, respectively.  

Use of transport services 
This category includes the transport of the residual car 

body by truck to a shredder facility. 

Waste flows 

This step includes the waste flows during sorting and 

processing. Waste is separated from the recyclable 

portion. 

Powertrain  

This category includes the battery, electric motor, 

electronic controller (inverter, converter), and powertrain 

system (PDU, cables, and charger). 

Glider  

This category includes the remaining components of 

BEVs except the powertrain. 
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2.3. Results and discussion 

This section presents the GHG emissions estimates of conventional and CFRP-based BEVs. The 

GHG emissions are evaluated in g CO2 eq per km assuming a lifetime of 200,000 km. First, the 

GHG emissions from the manufacturing of major vehicle components are discussed, followed by 

the operational emissions for the nine scenarios. The life cycle GHG emissions for each scenario 

are compared later. The climatic and road conditions and the driving behaviors are normalized to 

selected provinces in Canada to understand the overall GHG emission performances of 

conventional and CFRP-based EVs. Finally, the sensitivity analysis results are discussed.  

 

2.3.1. Vehicle production GHG emissions 

Figures 3 and 4 show the manufacturing GHG emission contributions by key components 

and materials, respectively. A conventional vehicle emits 12.4% fewer GHGs than CFRP-

based vehicles. In both cases, the highest GHG emissions are due to the production of the 

body (body in white, interior, and exterior) and the chassis, which together account for more 

than 76% of vehicle production emissions. For a conventional vehicle, the materials with 

high GHG contributions are steel and aluminum, 49%, and 22%, respectively. The high 

GHG emissions are in proportion to the materials’ large mass contributions as well as the 

energy-intensive processes in their supply chains. Plastic, rubber, and copper also have 

important GHG emissions contributions. In the case of the CFRP-based vehicle, the largest 

contribution is from the use of carbon fiber, which alone accounts for around 64% of the 

manufacturing emissions. Carbon fiber production involves a series of energy-intensive 

processes that result in high GHG emissions per kg of carbon fiber.  
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Figure 3: Vehicle production GHG emissions contribution by key components: conventional vs. 

CFRP BEVs 

 

0

10

20

Conventional BEV CFRP BEV

V
eh

ic
le

 p
ro

d
u
ct

io
n
 G

H
G

 e
m

is
si

o
n
 (

g
 C

O
2

 e
q
/k

m
) Fluids

Body in

white/interior/exterior

Electronic controller

Traction motor

Chassis

Transmission

Powertrain



43 

 

 

Figure 4: Vehicle production GHG emissions contribution by key raw materials: conventional vs. 

CFRP BEVs  
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winter scenario. The battery lifetime is computed based on its energy consumption. Battery 

energy consumption and battery replacement are higher in severe winter than in mild winter 

and summer because of the internal battery loss, battery degradation, and rapid loss of depth 

of discharge in severe winters [12]. Similarly, battery energy consumption and battery 

replacement are higher in highways than in rural areas or cities because more energy loss 

occurs at high speed, acceleration, and aggressive driving behavior on highways; more 

energy is dissipated in the battery at high speeds [12]. So, from the above statements it is 

concluded that highway in severe winter requires the most batteries and the city in summer 

requires the least. The most battery replacements are in highway in severe winter and the 

least in city in summer: 8 and 2 for conventional and 1 and 4 for CFRP BEVs, respectively. 

The GHG emissions due to battery requirements range from 2.02 to 8.04 g CO2 -eq/km for 

a CFRP-based BEV and from 2.7 to 10.6 g CO2 eq/km for a conventional BEV.    
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Figure 5: GHG emissions due to battery requirements in the life cycle of the BEV: conventional 

vs. carbon fiber reinforced plastic 
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considering the mass, acceleration, drag coefficient, rolling coefficient, density, velocity, 

traveling distance, and frontal area of the EV [29]. The coefficients differ by scenario 

depending on road and climatic conditions. The overall emissions in the summer scenarios 

are lower than in the mild and severe winter scenarios because there is less internal battery 

loss. Based on the type of road, the percentage contribution of operation emissions is higher 

in cities than in rural areas and on highways [29]. The overall operational and life cycle 

emission in cities is lower than on rural and highway roads because of calm driving speeds 

and acceleration [12]. 

The energy consumed by heaters and air conditioning (AC) is calculated by multiplying the 

highest heater/AC demand, operational time, and average use of the maximum power of the 

heater and AC. The maximum power demand of the heater and AC is the same in each 

scenario, 2.30 KW and 1.40 KW, respectively [126]. Operational time is defined as the time 

required to travel the considered travelling distance, 50 km/day [29]. Operational time 

differs by scenario because of different climatic conditions, road, and traffic. Operational 

time on highways is lower than on rural and city roads because on highways the speed limit 

is higher and traffic obstructions fewer. Operational time ranges from 50 minutes on 

highways to 75 minutes in cities [11, 111]. The average use of the maximum power of AC 

and heaters is calculated based on the thermal drive cycle and is usually expressed in 

percentage (%). The thermal drive cycle defines the temperature range for each scenario 

taking into account the prevalent climatic conditions of Alberta, Canada. The temperature 

ranges are -35oC to – 15oC in severe winter, -14oC to 10oC in mild winter, and 11oC to 35oC 

in summer [31]. The comfortable temperature inside the EV is from 18oC to 22oC; this range 

and the range of climatic conditions are incorporated as input values to compute the average 
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demand of AC or heat in each scenario. For each temperature value applicable to a particular 

climatic condition, the use of AC or heat is calculated in terms of a % of maximum power 

demand using a basic thermal equation from the World harmonized Light  Duty Vehicle 

Test Cycle (WLTC) [31]. All the % values are plotted, and the final average value is 

computed using regression analysis defined by the Urban Dynamometer Driving Schedule 

(UDDS). The % average heat demand is highest in severe winter; AC’s % average is highest 

in summer and in both cases is independent of road type. The % average demand of the 

heater or AC ranges from 25% to 75% [121]. So, the average consumption of AC or heat is 

computed by multiplying the three variables defined above and then dividing the result by 

the lifetime of EV to express the consumption in MJ/km. The average consumption of 

AC/heat ranges from 0.03 MJ/km city in summer to 0.16 MJ/km city in severe winter. The 

average consumption of AC/heat is directly proportional to operational time, and 

operational time is higher in cities given the higher traffic obstructions and lower speed 

limits, leading to more energy consumption than on highways and rural roads [121]. The 

GHG emission values for the energy consumed by AC/heaters for all the considered 

scenarios are shown below in Table 11.  

Energy consumed by auxiliaries includes the energy consumption of LED lights used for 

lighting, radio, and navigation, and seat preheating (mostly used in severe climatic 

conditions) [29]. The rating of conventional and power LED lights is 140W and 50W, 

respectively . The rating of radio navigation and preheating devices is 20W and 70W, 

respectively [29]. The calculation of energy consumption for each device is similar to that 

of the AC/heater consumption, in that the drive cycle for each temperature value to compute 

the % average demand of LED lights, radio navigation, and preheating device is considered. 
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The total energy consumed by auxiliaries is the sum of the energy consumed by LED lights, 

radio navigation, and the preheating devices [29]. The energy consumption of the auxiliaries 

ranges from 0 MJ/km in city in summer to 0.02 MJ/km in city in severe winter. The energy 

consumption of radio navigation is almost the same in every scenario, but the energy 

consumption of LED lights and the preheating device is higher in severe winter than in mild 

winters and summer because of the cold climatic conditions and early sunset in Alberta, 

Canada. The GHG emission values of the energy consumed in auxiliaries for all the 

considered scenarios is shown below in Table 12. 

Energy lost in the motor and controller is defined as the energy loss for maintaining the 

desired temperature of the internal circuit and also considers the eddy current and 

inefficiency loss. The efficiencies of the electronic controller and traction motor are 

considered to be 95% and 85%, respectively, as per the study by Müller et al. [127]. The 

efficiency of the motor and controller depends on the scenario [29]. The efficiency of the 

motor and controller will be highest in city in summer and lowest in highway in severe 

winter because less energy is dissipated in maintaining the thermal comfort of the motor 

and controller in summer than in severe winter, where considerable energy is lost to the 

surroundings to maintain the thermal comfort of the motor and controller [29]. The eddy 

current and friction loss of the motor are directly proportional to its rotational speed [95]. 

The rotational speed of the motor is directly proportional to the translational speed of the 

vehicle. The rotational speed of the motor is higher on highways than in cities, so more eddy 

current and friction loss occurs on highways than in cities [95]. Motor and controller 

efficiency values for each scenario for both conventional BEVs and CFRP are shown in  

Table 8.  Energy lost by the motor and controller is calculated by multiplying the 
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inefficiency loss of each, 15% and 5%, by the energy consumed to obtain the required wheel 

torque [95]. Energy lost in the motor and controller ranges from 0.06 MJ/km in city in 

summer to 1.18 MJ/km on the highway in severe winters for conventional BEVs. The 

energy lost in the motor and controller is directly proportional to the energy requirement to 

obtain the desired wheel torque for driving the car [29]. The energy requirement to obtain 

the desired torque for city summer is far less given the lower speed load and for highway in 

severe winter it is because of the high speed load compared to other scenarios [29]. Based 

on the above explanation, the energy lost in the motor and controller will be lowest for city 

scenarios and highest for highway scenarios and in between for rural scenarios. The energy 

lost in the motor and controller will be lowest in summer scenarios and highest in severe 

winter scenarios and in between for mild winter scenarios because less energy is dissipated 

in maintaining the thermal comfort of the motor and controller in summer than in severe 

winter where considerable energy is lost to the surroundings in maintaining the thermal 

comfort of motor and controller [29]. GHG emissions lost in the motor and controller range 

from 8 g CO2 eq/km in city in summer to 45 g CO2 eq/km in highway in severe winter for 

conventional BEVs to 6 g CO2 eq/km in city in summer to 35 g CO2 eq/km for CFRP BEV.  

The GHG emissions values for the energy lost in the motor and controller for all the 

considered scenarios are shown below in Table 13. 

Energy is lost in each scenario because of curves, sudden braking or stopping, the frequency 

of traffic signals, traffic obstructions, and speed limits. Energy dissipation is represented as 

the percentage of driving energy required to obtain the desired wheel torque [29]. The % of 

energy dissipation is different for city and highway or rural roads in Alberta, Canada 

because of the difference in the number of curves, traffic signals, and traffic obstructions 
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[15]. The % energy dissipation factor for city and highway / rural is considered to be 25% 

and 20% as per the WLTC based on the driving patterns of Alberta, Canada  [12, 15]. 

Regenerative braking is one of the most crucial accessories of the EV considered in this 

study [128]. This study thus considers regeneration efficiency, which recovers some portion 

of dissipated energy. A regeneration efficiency of 69% is considered for every scenario; in 

other words, 69% of energy dissipated is recovered, for every scenario [29]. The greater the 

dissipated energy, the greater the energy recovery from the regenerative braking. The net 

energy dissipated is the difference between the original energy dissipation without 

regenerative efficiency and the energy recovered by regeneration efficiency [12]. The net 

energy dissipation ranges from 0.02 MJ/km in city in summer to 0.09 MJ/km in highway in 

severe winter. The GHG emissions values for the dissipated energy for every scenario is 

shown below in Table 15.  

The equation used to compute the energy consumption required to provide the required 

torque to the wheels is the basic physics energy equation reflecting the relation between 

energy and different forces applicable while driving an EV; the equation is shown below in 

section 2 in the supporting information. But the value of the parameters in the energy 

equation differs by scenario because the driving patterns, climatic conditions, and battery 

performance differ [12]. The parameters included in the energy equation are mass, 

acceleration, drag coefficient, rolling coefficient, density, velocity, travelling distance, and 

frontal area of the EV [12]. The mass, air density, travelling distance, and frontal area are 

the same for each scenario with values of 1511 kg, 1.2 kg/m3, 50 km/day, 2.27 m2, 

respectively [12]. The remaining parameters  (i.e., acceleration, speed, rolling coefficient, 

and drag coefficient) vary based on the scenario’s prevalent road and climatic conditions 
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[12]. Acceleration, for instance, varies with road type, climatic conditions, traffic signals 

etc., and is greater on highways than in cities and on rural roads because speed limits are 

higher and there are fewer traffic obstructions on highways [12].  Acceleration ranges from 

0.14 m/sec2 in city in summer to 0.52 m/sec2 in rural areas in severe winter considering all 

the factors mentioned above [12].  

Operation speed depends on the type of road and is minimally affected by climatic 

conditions. The operation speeds for each considered road are taken from the Alberta 

Household Travel Survey (AHTS) considering applicable road and climatic conditions for 

each scenario [129]. The operational speed is higher on highways than in cities and on rural 

roads because there are fewer traffic obstructions and higher speed limits. The operational 

speed is 12.50 m/sec in cities and 25 m/sec on highways [12]. The operational speed for 

each scenario is determined by considering road and climatic conditions applicable [12]. 

The drag coefficient depends on the speed, density of air, and mass of the car. Operational 

speed differs by road type, thus leading to the differences in drag coefficient values [16].  

The drag coefficient ranges from 0.29 in all city road scenarios to 0.77 in all highway road 

scenarios [17]. Drag and rolling coefficient values are given in Tables 6 and 7. The drag 

coefficient value is greater on hilly roads than flat roads because of the greater air resistance 

on hilly roads [17].  The rolling coefficient depends on the type of road, climatic conditions, 

mass of the EV, density of air, frontal area of the EV, and acceleration due to gravity [16]. 

Icy and snowy roads have a lower rolling coefficient than dry roads because they generate 

less static and kinetic friction than dry roads do, indicating that the rolling coefficient value 

will be higher in summer than in mild and severe winter [16]. Possible rolling coefficient 

values  are 0.001 in severe winter and 0.0076 in summer [16].   
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The energy required to provide the desired torque to the wheels is the sum of all three forces 

multiplied by the travelling distance [10]. The energy required to provide the desired torque 

ranges from 0.34 MJ/km to 0.92 MJ/km. In winter and on highways, the energy required to 

achieve desired torques is higher than in summer and in the city because of the higher speed 

loads and greater friction from snowy roads [16].  

The net energy consumption is the sum of all the energy constraints mentioned above. The 

net energy consumption of the operations phase ranges from 0.51 MJ/km to 2.51 MJ/km. 

The GHG emissions values of the dissipated energy for all the considered scenarios is shown 

below in Table 14. Figure 6 shows the net energy consumption of operation phase for all 

the scenarios in a graph. The GHG emissions for the operation phase are calculated by 

multiplying the net energy consumption with the relevant emission factor of Alberta’s grid 

mix.  

Figure 6 shows the GHG emission results for all scenarios. A CFRP-based BEV emits fewer 

GHG emissions than a conventional BEV in every scenario. A CFRP-based BEV has 42% 

less mass than a conventional BEV. The lower mass enables a CFRP-based BEV to operate 

at high efficiency as the total energy demand in the powertrain is lower. A CFRP-based 

BEV emits 30-45% fewer total operational GHG emissions. The highest reduction is in the 

case of highway in severe and mild winter scenarios. The largest portion of the energy 

saving is from the energy required to drive the powertrain, followed by the losses from the 

motor and controller. Energy in the powertrain accounts for 58-79% of demand in all cases. 

Among the scenarios, highway in severe winter shows the highest operational GHG 

emissions, 200.4 g CO2 eq/km for the conventional EV. The lowest operational emissions 
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are observed in the case of the CFRP-based EV when operated in a city in summer, 36.8 g 

CO2 eq/km.  

 

 

Figure 6: Operational GHG emissions for all scenarios: conventional vs. carbon fiber reinforced 

plastic (CFRP)  
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       Table 11: GHG emissions of AC/heater consumption for both conventional and CFRP BEVs 

[29] 

Scenarios 
GHG emissions (g CO2 

eq/km) (conventional) 

GHG emissions (g CO2 

eq/km) (CFRP) 

City in severe winter 20 20 

City in mild winter 7 7 

City in summer 3 3 

Highway in severe winter 11 11 

Highway in mild winter 4 4 

Highway in summer 2 2 

Rural in severe winter 15 15 

Rural in mild winter 6 6 

Rural in summer  3 3 

 

 

      Table 12: GHG emissions of auxiliaries’ consumption for both conventional and CFRP BEV 

[29] 

Scenarios 
GHG emissions (g CO2 

eq/km) (conventional) 

GHG emissions (g CO2 

eq/km) (CFRP) 

City in severe winter 1.98 1.98 

City in mild winter 0.61 0.61 

City in summer 0.34 0.34 

Highway in severe winter 1.12 1.12 

Highway in mild winter 0.36 0.36 

Highway in summer 0.21 0.20 

Rural in severe winter 1.49 1.49 

Rural in mild winter 0.99 0.99 

Rural in summer  0.29 0.29 
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 Table 13: GHG emissions of energy lost in the motor and controller for both conventional and 

CFRP BEV [29] 

Scenarios 
GHG emissions (g CO2 

eq/km) (conventional) 

GHG emissions (g CO2 

eq/km) (CFRP) 

City in severe winter 15 9 

City in mild winter 12 8 

City in summer 8 5 

Highway in severe winter 45 26 

Highway in mild winter 33 18 

Highway in summer 30 17 

Rural in severe winter 22 15 

Rural in mild winter 17 11 

Rural in summer  11 7 

 

 

       Table 14:  GHG emissions of energy consumed in driving for both conventional and CFRP 

BEVs [11] 

Scenarios 
GHG emissions (g CO2 

eq/km) (conventional) 

GHG emissions (g CO2  

eq/km) (CFRP) 

City in severe winter 80 49 

City in mild winter 64 40 

City in summer 43 26 

Highway in severe winter 130 72 

Highway in mild winter 95 62 

Highway in summer 71 49 

Rural in severe winter 116 75 

Rural in mild winter 85 57 

Rural in summer  55 38 
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Table 15: GHG emissions of energy dissipated for both conventional and CFRP BEVs [11] 

Scenarios 
GHG emissions (g CO2 

eq/km) (conventional) 

GHG emissions (g CO2 

eq/km) (CFRP) 

City in severe winter 6 4 

City in mild winter 4 2 

City in summer 3 1 

Highway in severe winter 13 7 

Highway in mild winter 11 6 

Highway in summer 10 5 

Rural in severe winter 7 5 

Rural in mild winter 5 4 

Rural in summer  4 2 

 

Table 16: Total GHG emissions of the operation phase [11, 12] 

Scenarios 
GHG emissions (g CO2 

eq/km) (conventional) 

GHG emissions (g CO2 

eq/km) (CFRP) 

City in severe winter 124 84 

City in mild winter 88 58 

City in summer 57 37 

Highway in severe winter 200 117 

Highway in mild winter 143 90 

Highway in summer 112 74 

Rural in severe winter 162 111 

Rural in mild winter 114 78 

Rural in summer  72 51 

 

 

2.3.4. End of life  

For this phase, Vancouver, British Columbia is considered as the geographic location. The 

end-of-life has four parts: sorting, shredding, recycling, and disposal [120]. For each of 

these, the EV is divided into the glider and the powertrain (battery, motor, controller, 

powertrain system cables, and charger), then summed to compute the energy demand for 

whole EV for each category [96]. This study computes disposal and recycling energy 
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separately. The energy required for sorting or dismantling the glider or powertrain is the 

product of three parameters: 1) The distance travelled to take our vehicle from the place of 

operation to the shredding facility, 2) the energy required to transport the vehicle to the 

shredding facility, and 3)  The mass of the glider. The values of these parameters are from 

Kukreja’s report [96]. Thus, the energy required to sort, dismantle, and transport the glider 

is 73.39 MJ [96]. After this value has been calculated, every component of the glider is 

either disposed or recycled based on the technical considerations. The energy required to 

dispose or recycle the sorted portion of glider can be calculated by multiplying the total 

energy by the fraction of the disposed or recycled portion of glider [120]. The energy 

required to sort, dismantle, and transport the disposed and recycled portions of the glider 

are 52.23 MJ and 21.16 MJ [96]. The energy required to sort, dismantle, and transport the 

disposed or recycled portions of the powertrain is calculated in the same way and are 

4179.10 MJ/km and 691 MJ/km, respectively [130].  

The shredding energy required to shred the glider at shredding facility can be calculated as 

the product of energy required to operate the shredder and the mass of the glider, which is 

322.09 MJ [130]. This shredding energy is categorized into the recycled and disposed 

portions using their respective mass fractions. The shredding energy required to shred the 

disposed or recycled portions of glider is computed as 259 MJ and 62 MJ [130]. Similarly, 

the energy required to shred the disposed or recycled portions of powertrain is computed as 

112 MJ and 18MJ, respectively. The energy consumption and GHG emissions for the 

disposed and recycled portions of the battery or glider are computed on the basis of the 

recycled value of each metal per kg, taken from Kukreja’s study, and the disposed portion 

can be calculated by subtracting the recycled portion from the original bill of material of 
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each metal [130]. The energy required to dispose and recycle a glider is calculated by the 

product of the mass fraction of the disposed or recycled glider and the  total energy required 

to treat (either dispose or recycle) the glider [130]. Based on the above statement, the energy 

required to dispose or recycle a glider is 1344 MJ or 326 MJ, based on Kukreja’s net values 

of recycling and disposing of a glider [130].  

Similarly, for the powertrain, the energy required to dispose or recycle the glider (all the 

components of the BEV except the battery) is 4179 MJ or 691 MJ, respectively, based on 

Kukreja’s net values of recycling and disposing a powertrain of 4870 MJ [96]. The values 

for all four categories – sorting, shredding, disposal, and recycling – taken from Kukreja’s 

study were summed to calculate the net GHG emissions involved in this phase. 

Similarly, the GHG emissions calculations for the end of life of CFRP BEVs are categorized 

into four stages and the powertrain and glider are considered separately [55].  
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Table 17: Values of the parameters involved in end of life for conventional and CFRP BEVs [55, 

96, 130] 

Parameter 

 Value 

(conventional 

BEV) 

Unit 
Value (CFRP 

BEV) 
 Formulas used 

Distance travelled to 

take our vehicle to 

shredding facility 

40 km 40  Referred 

Energy required to 

transport vehicle to 

shredding facility 

and sorting and 

dismantling 

1.5 MJ/ t.km 1.5  Referred 

Mass of vehicle 1511 kg 877  Referred 

Mass of glider  1160 kg 580  
Mentioned above in vehicle 

production phase 

Mass of powertrain  351 kg 297  
Calculated above in vehicle 

production phase 

Mass of glider that is 

disposed 
520.14 kg 205  

Total mass of glider - mass of 

recovered glider 

Mass of glider that is 

recovered or 

recycled 

482.77 kg 375  

Mass of raw materials 

recovered (shown in table 12) * 

mass of glider 

Mass of powertrain 

that is disposed 
301.80 kg 268  

Total mass of powertrain - 

mass of recovered glider 

Mass of powertrain 

that is recovered or 

recycled 

49.82 kg 29  

Mass of raw materials 

recovered (shown in table 13) * 

mass of powertrain 

Energy required to 

operate the shredder 
0.37 MJ/kg 0.37  Referred 

Energy required for 

only recycling  and 

disposal of glider 

1297.33 MJ 1568  Referred 

Energy required for 

only disposal of 

glider 

672.83 MJ 756  

Total energy required for 

recycling and disposal of glider 

* (disposed mass of glider/ 

total mass of glider) 

No. of batteries base 

case (city in 

summer) 

1 Unit less 1  
Mentioned in supporting 

section 3 

Weight of 

powertrain 
351.62 kg 297  

Mentioned above in vehicle 

production phase 
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Table 18: Energy consumption and GHG emissions of parameters involved in end of life for 

conventional and CFRP BEVs [55, 74, 96, 120]   

Parameter 

Value  

(CFRP 

BEV) 

 

Value 

(conventional 

BEV) 

Unit Formulas used 

Net energy required to 

transport glider to 

shredding facility along 

with sorting and 

dismantling 

42.14  60.17 MJ  

Distance travelled to take 

our vehicle to shredding 

facility * Energy required 

to transport vehicle to 

shredding facility and 

sorting and dismantling * 

Mass of glider  

Net energy required to 

transport disposed portion 

of glider 

21.22  31.21 MJ  

Net energy required to 

transport glider to 

shredding facility along 

with sorting and 

dismantling * (mass of 

disposed glider/ total mass 

of glider) 

Net energy required to 

operate the glider at 

shredder and sorting, 

dismantling  

223.43  371.08 MJ  

Energy required to operate 

the shredder * mass of 

glider 

Net energy required to sort, 

dismantle, and shred the 

disposed portion of glider 

123.43  192.45 MJ  

Net energy required to 

operate the glider at 

shredder and sorting, 

dismantling * (mass of 

disposed glider/ total mass 

of glider)  

Energy required to 

transport the powertrain to 

shredding facility along 

with sorting and 

dismantling  

13.24  21.10 MJ  

Distance travelled to take 

our vehicle to shredding 

facility * Energy required 

to transport vehicle to 

shredder facility and 

sorting and dismantling * 

Mass of powertrain  

Energy required to 

transport the disposed 

portion of the powertrain to 

shredding facility 

11.23  18.11 MJ  

Energy required to 

transport disposed portion 

of powertrain to shredding 

facility * (Mass of 

powertrain that is disposed/ 

Mass of powertrain) 

Energy required to operate 

the powertrain at shredder 

and sorting facility  

67.87  130.10 MJ  

Mass of powertrain * 

Energy required to operate 

the shredder 
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Parameter 

Value  

(CFRP 

BEV) 

 

Value 

(Conventional 

BEV) 

Unit Formulas used 

Energy required to operate 

the disposed powertrain at 

shredder and sorting 

facility  

56.98  111.67 MJ  

Energy required to operate 

the powertrain at shredder 

and sorting facility * (Mass 

of powertrain that is 

disposed / Mass of 

powertrain) 

Emissions in transportation  25.6  43.1 kg  

Distance travelled to take 

our vehicle to the shredding 

facility * Mass of vehicle * 

Emission factor of 

transportation  

Energy required to only 

dispose and recycle the 

powertrain  

3814  4870.10 MJ  [74, 96] 

Energy required to only 

dispose the powertrain 
3457  4180.10 MJ 

Energy required to only 

dispose and recycle the 

powertrain * (Mass of 

powertrain that is disposed/ 

Mass of powertrain) 

Emissions generated 

during disposal and 

recycling of the glider 

42.14  53.51 kg CO2 eq  [74, 96] 

Emissions in shredding, 

sorting, and dismantling of 

car 

29  20 kg CO2 eq  [74, 96] 

Emissions generated in the 

disposed portion of glider 

during its transportation, 

shredding, sorting, 

dismantling, and recycling 

157  234 kg CO2 eq 

(Emissions in shredding, 

sorting, and dismantling of 

car + Emissions in 

transportation) * (Mass of 

glider that is disposed / 

Mass of vehicle) + 

Emission generated during 

disposal and recycling of 

glider * (Mass of glider 

that is disposed/  Mass of 

glider) 

Emissions required to only 

dispose powertrain  
0.58  0.76 

Kg CO2 

eq/ kg of 

powertrain  

 [74, 96] 
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   Table 19: Raw material recovery of glider for conventional and CFRP BEVs [96] 

 

Material recovered per 

kg of glider 
Units  Value 

Aluminum scrap  kg 0.0042 

Copper scrap kg 0.0066 

Ferrous scrap kg 0.654 

Plastic  kg 0.155 

Residue kg 0 

Electronic components 

scrap  
kg 0 

CFRP kg 0 

                                  

          Table 20: Raw material recovery of powertrain for conventional and CFRP BEVs [96] 

Material recovered per 

kg of powertrain) 
Units  Value 

Aluminum scrap  kg 0.27 

Copper scrap kg 0.125 

Ferrous scrap kg 0.411 

Plastic  kg 0 

Residue kg 0 

Electronic components 

scrap  
kg 0.194 

 

 

2.3.5. Life cycle GHG emissions 

Figure 7 shows life cycle GHG emissions. The emissions for a CFRP-based BEV range 

from 72.7 g CO2 eq/km in the city summer to 165.7 g CO2 eq/km in the highway severe 

winter scenarios. The corresponding values for a conventional BEV are 93.0 g CO2 eq/km 
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and 258.3 g CO2 eq/km. In all cases, operation emissions have the largest contribution (51% 

to 78%), followed by the manufacturing GHG emissions (11% to 33%). The impacts from 

other life cycle stages are below 10%. Although manufacturing GHG emissions for CFRP-

based BEVs are higher than for conventional BEVs in all scenarios, mainly because of the 

high emissions intensity of carbon fiber processing compared with steel and aluminum, 

there is a large trade-off with operational stage emissions. The life cycle GHG emission 

savings with the replacement of CFRPs are more prominent in the cases where operational 

emissions are significant either because of climatic conditions, topography, or grid 

electricity emission factors. Among the nine scenarios considered, the highest GHG 

emissions reduction is observed in the highway in severe and mild winter scenarios. The 

advantage of CFRP over conventional is marginal in the city and rural summer conditions 

cases. The end-of-life phase comprises the energy requirements for transporting the used 

vehicle to a recycling facility, dismantling, sorting, shredding, and disposal of non-

recyclable components. Due to the high uncertainty in the end of life of the vehicle, 

recycling and using the same scrap metals in vehicle manufacturing were not considered in 

the analysis for either CFRP or conventional vehicles. The GHG emissions associated with 

the end of life of BEVs account for 2% to 4% of the total emissions. The use of recycled 

metals is presumed to reduce the GHG emissions from the manufacturing phase depending 

on the recycling process. Similarly, using recycled CFRP instead of virgin carbon fiber 

would significantly affect manufacturing emissions. However, because the technology and 
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applications are still emerging, large-scale carbon fiber recycling facilities are not yet well 

established.  

 

Figure 7: Life cycle GHG emissions: conventional vs. carbon fiber reinforced plastic 

(CFRP)-based BEVs 

 

To evaluate the relevance of the GHG performance of conventional vs. CFRP-based EVs in 

a particular city, the life cycle emissions from all nine scenarios were normalized to the 

climatic and road conditions of two cities. For severe and mild winter climates, the city of 

Edmonton was used, and for broader summer and moderate climate conditions, the city of 

Vancouver was used in a case study [15, 102, 129]. Data on annual average climate were 

obtained from Literature [12, 130-132] and household road driving patterns from household 

survey data from the literature [12, 132, 133]. The normalized results are presented in Figure 

8. In both Edmonton and Vancouver, the CFRP-based BEV emits fewer life cycle GHGs. 
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BEVs emit fewer GHGs in Vancouver than in Edmonton, which can be explained by the 

lower grid GHG intensity (an average of 40 g CO2 eq/kWh) due to a high share of 

hydropower. Furthermore, Vancouver is characterized by a short winter and long summer 

climates, which result in low operational emissions compared with jurisdictions with long, 

severe, or mild winter climates. GHG emissions savings from the use of a CFRP-based EV 

vs. conventional steel and aluminum-based BEV in Vancouver are minimal compared with 

the use of a CFRP in Edmonton. Substituting steel and aluminum with lightweight carbon 

fiber has a significant advantage in Edmonton and can reduce life cycle GHG emissions by 

30%. 

  



66 

 

 

Figure 8: Normalized life cycle GHG emissions 

 

 

2.3.6. Sensitivity and uncertainty analyses 

The LCA study involves several modeling procedures and assumptions that could affect the 

certainty of the output results used as a decision support tool. Uncertainty in LCA results 

arises from different sources. They are broadly categorized as parameter-related uncertainty 

(related to the use of data to model the life cycle inventory), uncertainty due to modeling 

choice (associated with the choice of allocation rules, the definition of the functional unit, 

setting the system boundary), and uncertainty due to temporal and spatial variabilities in the 

inventor and impact assessments [134, 135]. To avoid any misleading conclusions in an 
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LCA study-based decision, the robustness of the results needs to be evaluated through 

sensitivity and uncertainty analyses. The Regression, Uncertainty, and Sensitivity Tool 

(RUST) model, an Excel-based tool developed by Di Lullo et al. [135], was used in this 

study. A sensitivity analysis was conducted to identify the key parameters that have 

significant impacts on the model output results. Morris’s statistical method was 

implemented for this purpose [136]. Morris’s method identifies important parameters from 

a high number of model inputs, as in this case. Once key sensitive input parameters were 

identified, an uncertainty analysis was run using a Monte Carlo simulation to provide the 

likely range of life cycle GHG emissions for each scenario, for both CFRP and conventional 

BEVs.  

The Morris plot for the city in the summer scenario is shown in Figure 9; all the scenarios 

show similar trends. Parameters with high Morris mean and standard deviation values (those 

far from the origin of the plot) are the most sensitive ones. The lifetime of the vehicle, mass, 

average travel distance per day, efficiency of the controller, rolling, and dragging coefficients 

appear to be the most critical parameters dictating the energy required for driving the wheel. 

The parameters in the red box (closer to the origin of the plot) appears to have a negligible 

effect on the output results and hence were ignored.  

The data for the most sensitive parameters were refined to include the maximum and 

minimum values in determining the uncertainty ranges. Table 21 summarizes the key 

parameters with their corresponding maximum and minimum values considered. Figure 10 

shows the box plot of the life cycle GHG emissions for all scenarios for both CFRP and 

conventional EVs. The GHG emissions for the highway in severe winter scenarios range 
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from 257−65
+99   g CO2 eq/km for conventional BEVs to 163−34

+48 g CO2 eq/km for CFRP-based 

BEVs. For the city in summer case, the emissions range from 93−18
+25 g CO2 eq/km for 

conventional to 72−12
+17 g CO2 eq/km for CFRP-based BEVs, respectively. 

 

Table 21: Range of values for sensitive parameters 

Parameters Minimum Maximum Reference 

Vehicle lifetime, km 100000 220,000 [9, 44] 

Average distance per day, 

km/day 
20 80 [15, 112, 113] 

Efficiency of motor,  75 95 [115] 

Efficiency of controller,  85 98 [115] 

Rolling coefficient (city in 

summer for conventional) 
0.00235 0.76 [16, 94, 115] 

Rolling coefficient 

(highway in severe winter 

for conventional) 

0.00175 0.00448 [16, 94, 115] 

Rolling coefficient (city in 

summer for conventional) 
0.00235 0.76 [16, 94, 115] 

Rolling coefficient 

(highway in severe winter 

for conventional) 

0.00175 0.00448 [16, 94, 115] 

Drag coefficient (city in 

summer in severe winter 

for conventional 

0.2 0.524 [94, 137] 

Drag coefficient (highway 

in severe winter for 

conventional) 

0.2 0.812 [94, 137] 

Drag coefficient (city in 

summer for CF) 
0.2 0.524 [94, 137] 

Drag coefficient (highway 

in winter CF) 
0.2 0.812 [94, 137] 

Average speed (city), 

km/hr 
30 55 [112, 137] 

Average speed (highway), 

km/hr 
70 100 [112, 137]` 

Average acceleration 

(city) m/sec2 
0.1 0.4 [112, 137] 
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Parameters Minimum Maximum Reference 

Average acceleration 

(highway) m/sec2 
0.14 0.67 [112, 137] 

Steel conventional mass, 

kg 
283 803 [18, 34, 94, 138] 

CFRP emission factor, kg 

CO2 eq/kg 
15.25 34.4 [18, 94, 139] 

Frontal area, m2 1.5 3.5 [130, 140] 

Density, kg/m3 1 1.4 [130, 140] 

Rating power heater, kW 1 3.4 [12] 

 

 

 

 

Figure 9: Morris plot for city in summer scenario  
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Figure 10: Life cycle GHG emissions: Uncertainty results 
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2.4. Conclusion 

The study was conducted to evaluate the environmental benefits of using carbon fiber to produce a 

lightweight electric vehicle. The life cycle GHG emissions of a carbon fiber reinforced plastic 

(CFRP)-based EV produced using carbon fiber made from asphaltene were compared with those 

from a conventional steel and aluminum vehicle. The study focused on understanding the 

environmental trade-offs along the life cycle of an EV from the extraction of resources to the 

vehicle’s end of life. Nine scenarios based on climatic and driving conditions were developed: 

operation in city in summer, operation on highway in summer, operation in rural area in summer, 

operation in city in severe winter, operation on highway in severe winter, operation in rural area in 

severe winter, operation in city in mild winter, operation on highway in mild winter, and operation 

in rural area in mild winter.  

The results highlight that substituting steel and aluminum in the key components of EVs by CFRP 

has a GHG emissions advantage. The magnitude of emissions saving differs among the scenarios. 

A high GHG emission reduction is observed in the scenarios with relatively high operational 

emissions.   The highway in severe winter scenario shows life cycle GHG emissions of 258.3 g CO2 

eq/km for a conventional vehicle and 165.7 g CO2 eq/km for a CFRP. The lowest GHG emissions 

are in the city in summer scenario, 93.0 g CO2 eq/km and 72.7 g CO2 eq/km for conventional and 

CFRP-based EVs, respectively. The operational phase has a high GHG contribution in all cases, 

followed by the manufacturing phases. The impacts from other vehicle phases are minimal.  

The study highlights that the use of a CFRP-based EV has a high GHG advantage in the City of 

Edmonton, which is characterized by severe or mild long winters. Sensitivity and uncertainty 

analysis are performed to determine the most sensitive parameters and deduce a possible range of 
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GHG emissions in all cases. The life cycle GHG emissions range from 72−12
+17 g 𝐶𝑂2  eq/km  for a 

CFRP-based EV in the city in summer scenario to 257−65 
+99  g 𝐶𝑂2 eq/km  for a conventional EV in 

the highway in severe winter scenario.  

The results of this study provide guidelines for technology developers on the process conditions 

that should be improved to obtain relatively low GHG emissions at a commercial scale. The results 

also help stakeholders make informed decisions on the suitability of producing asphaltene-based 

carbon fiber. 
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Chapter 3 

3. The development of life cycle environmental 

footprint of a carbon fiber-based hydrogen fuel cell 

vehicle for colder climate  

3.1. Introduction  

Of the energy-consuming sectors, the transportation sector contributes most to global GHG 

emissions and generated about 28% of anthropogenic CO2 emissions in 2021 [11, 19, 141]. Road 

transportation makes up about 72% of direct GHG emissions through the consumption of fossil 

fuels [141].. Because of the steady growth in the transportation sector, global energy demand 

increased by 2.6% and GHG emissions by 23% between 2014 and 2022 [142], leading to both the 

degradation of urban air quality and the immense increase in the average temperature of the earth’s 

surface [62]. The road transportation sector, therefore, is unsustainable [65].. Decarbonizing the 

road transportation sector can significantly reduce the sector’s overall GHG emissions [143] and 

thus has become essential in many countries in order to meet the objectives of Paris Agreement 

[35].  

 

Some of the main alternatives to decarbonizing the road transportation sector are a modal shift to a 

low-carbon system and renewable fuels through fuel switching (battery electric vehicles [BEVs], 
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hydrogen fuel cell vehicles (HFCVs), biofuels), improving driving efficiency, and smart and light 

vehicle design [8]. Of these, the HFCV is an attractive option [14, 48].  

Hydrogen can be produced in abundance from many sources of renewable energy and combined 

with oxygen in a fuel cell to power vehicles, releasing only water vapour (i.e., no direct carbon 

emission) [144]. Therefore, HFCVs can significantly reduce the GHG emissions and fossil fuel 

dependence of the transportation sector [145]. That said, HFCVs can generate considerable GHG 

emissions, depending on the way in which the hydrogen used to propel the vehicle is produced 

[144]. Hydrogen does not occur naturally on earth and hence is considered an energy carrier, not 

an energy source [146]. The basic methods of producing hydrogen are natural gas reforming, 

electrolysis of water, steam methane reforming (SMR), water splitting by photo catalysis, biomass 

conversion, and coal gasification [50, 147]. SMR is the most generic way to produce hydrogen 

[146]. Each process has its own production, storage, and delivery characteristics [148], and the 

environmental impact of each differs depending on the resource availability [144].  

In addition to the hydrogen production process, driving pattern, climatic conditions, and fuel cell 

efficiency can significantly influence the overall environmental performance of HFCVs [111, 149]. 

In an HFCV, electricity is produced by the continuous reaction of hydrogen (H2) and oxygen (O2) 

in the proton exchange membrane embedded in the fuel cell. The fuel cell is an energy converter 

(with a performance efficiency of 50%) generating electric energy from the chemical reaction of 

hydrogen and oxygen [48]. Unlike gasoline-fueled vehicles that use waste heat from the engine, 

HFCVs draw electrical energy from the fuel cell, enabling the reaction of hydrogen and oxygen to 

form water and producing electricity and heat in the process [48]. The produced electricity is used 

to propel the vehicle and charge the electric battery to store extra energy [150].  
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Battery electric vehicles (BEVs), like HFCVs, do not emit any direct carbon emissions during 

operation. The basic difference between BEVs and HFCVs is the supply source of the electric 

energy to the electric motor [48]..  

The vehicle type, size, and mass significantly affect its environmental performance and 

corresponding life cycle emissions [11]. The rolling coefficient (frictional force) and drag 

coefficient (air resistance force) values are directly proportional to the mass of the vehicle [16]. 

Hence, the rolling and drag coefficient values are high for heavy and large vehicles, leading to 

higher energy consumption and GHG emissions than for light vehicles [11, 33]. Lightweight 

vehicles, according to recent studies, generate fewer GHG emissions than heavy vehicles because 

drag and rolling force are lower [19, 54, 55]. When conventional materials (steel, aluminum) are 

replaced with lightweight materials (like CFRP) during manufacturing, there is a high potential to 

considerably decrease a vehicle’s overall GHG emissions [21].. This is significant for HFCVs since 

the requirement of a fuel cell stack, hydrogen storage tank, battery, electric motor, and additional 

electrical components makes them heavier than gasoline- and diesel-fueled vehicles [19]. Reducing 

the weight of an HFCV by 15% increases its driving range by 22% [19]. Hence, using lightweight 

materials such as CFRP can significantly improve environmental performance and mitigate the 

GHG emissions of HFCVs [75].  

Some studies examine the environmental and economic impacts of asphaltene-based carbon fiber 

through life cycle assessment (LCA), an environmental accounting and management approach [22, 

23]. Most studies on HFCVs evaluate the vehicle’s environmental performance and compare it with 

BEVs and ICEVs (internal combustion engine vehicles) through LCA [13, 35, 48, 95, 145, 151]. 

A. Granovskii et al. [6] and Hussein et al. [152] compared ICEVs and HFCVs, in particular the 

impact of fuel cell efficiency on the overall life cycle results, and concluded that HFCVs perform 
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better than ICEVs when the efficiency of the fuel cell is more than 25%. Pouria et al. [13] predicted 

that HFCVs can significantly reduce volatile organic compounds (VOCs) and GHG emissions by 

almost 90% (compared to ICEVs) in all Canadian provinces. Briguglio et al. [153] developed a 

simulation model to evaluate the viability of renewable hydrogen vehicles in Messina, Italy, 

considering hydrogen production by electrolysis using electricity produced from wind turbines. 

Jiang and Nigro [154] concluded that the transparency and validity of diversified LCA study results 

are affected by vehicle type, climatic condition, geographic location, and resource availability. 

Staffell et al. [155] discussed the drawbacks of HFCVs, i.e., low fuel cell efficiency, lack of suitable 

refueling station infrastructure, and high cost of maintaining the fuel cell stack and powertrain 

system. Collela et al. [156] analyzed the impact of three ways of producing hydrogen – water 

electrolysis using wind energy, steam reforming of natural gas, and coal gasification – on overall 

life cycle GHG emissions. Miotti et al. [157] and Simons and Bauer [158] developed an original 

and unique life cycle inventory for HFCVs considering the enormous disaggregation of prime 

components (in terms of sub-components and raw materials) such as the powertrain system, fuel 

cell on-board storage, chassis, and body. 

None of these studies assesses the life cycle environmental impacts of the operation phase of the 

HFCV life cycle. Comparative life cycle studies of energy consumption have been conducted; there 

are more for BEVs and ICEVs than for HFCVs [2, 13, 150]. The environmental impacts of HFCVs 

depend considerably on driving pattern, road type, and climatic conditions [159]. Furthermore, the 

vehicle’s and fuel cell’s lifetime significantly affect their overall life cycle emissions [13, 18]. 

HFCV component use, aggressive driving patterns, and extreme weather conditions lead to frequent 

replacements of HFCV components, especially tires and fluids [81, 82, 95, 123, 146, 148].  
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To assess the life cycle impacts of an HFCV, we quantified and evaluated its indispensable phases 

(manufacturing, assembly, operation, maintenance, and end of life). The life cycle of hydrogen fuel 

(i.e., a well-to-wheel analysis) is outside the scope of this study and has been reviewed based on 

existing literature.  

There is an increasing demand to manufacture vehicles by replacing conventional raw materials 

(aluminum, steel, etc.) with lightweight materials like CFRP to reduce vehicle weight, enhance 

vehicle efficiency, and reduce the overall environmental impact [19, 55, 56]. Commercially, some 

passenger vehicles use CFRP to manufacture the hood and internal structure [21, 56]. CFRPs are 

used in applications that require more strength, stiffness, and higher resistance to corrosion and 

fatigue [160]. Although CFRP is light and durable, it is highly energy intensive, and it is difficult 

to estimate its energy consumption, material requirement, and GHG emissions [160]. As several 

studies have noted, there is no GHG and energy consumption life cycle analysis of asphaltene-based 

CFRP. This study, therefore, developed an LCA framework to evaluate the energy consumption 

and GHG emissions of asphaltene-based CFRP considering CFRP use, driving conditions, and 

climatic aspects on the life cycle performance of a lightweight HFCV. The specific objectives of 

this study are:  

• To develop an LCA methodological framework to evaluate the net energy consumption and 

the life cycle GHG emissions of a conventional HFCV throughout its life cycle.  

• To conduct a detailed life cycle assessment model of conventional HFCVs and CFRP 

HFCVs. 

• To perform a comparative analysis of conventional HFCVs and CFRP HFCVs to understand 

the effect of weight decrease on the overall environmental performance.  
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• To perform comprehensive sensitivity and uncertainty analysis to identify the input 

parameters that most impact energy consumption and the life cycle GHG emissions.  

• To calculate the net energy consumption and net energy ratios of conventional HFCVs and 

CFRP HFCVs throughout their life cycles.  

• To identify and analyze the key components and the main processes (raw material 

quantification, operations parameters, disposal phase parameters) in each life cycle phase 

that contribute most to GHG emissions.  

 

3.2. Method  

The prime description of goal and scope is same as discussed in chapter 2. Each stage of this LCA 

is discussed below in detail. 

 

3.2.1.  Goal and scope definition 

The prime goal of this research is to examine the life cycle GHG emissions and energy 

consumption of a CFRP-based HFCV produced using carbon fiber from bitumen-based 

asphaltene. This study also aims to compare the environmental performance of a CFRP-

based HFCV with a conventional HFCV (manufactured from steel, aluminum, copper, etc.). 

Rest of the assumptions are mentioned in chapter 2.  

 

3.2.2. Alberta and Canada context 

Canada’s transportation sector is the second-largest global contributor to GHG emissions 

and generated about 205.34 Mt CO2 eq in 2021 because of the fossil fuel consumption. 
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Almost 90% of Canada’s transportation sector relies on fossil fuels [97]. Hence, it is 

essential to find a fuel substitute. HFCVs have a small share of the transportation market 

but are gaining increased attention in several countries (i.e., Italy, the United States, and 

China) because they do not generate direct carbon emissions during operating, have low 

energy consumption, and have fast charging times compared to BEVs and ICEVs [35]. 

Presently, there are 15 hydrogen refuelling platforms in China [35]. According to a Chinese 

travel survey, there will be over 1 million HFCV operating on the road by 2037 [35]. The 

federal government in China has invested $156 million to build efficient HFCV 

infrastructure for hydrogen refueling stations [155, 158].. Moreover, insights from this LCA 

could be used to enhance government programs, which proposes technical developments in 

generating non-combustible and premium products from bitumen [161]. Substituting 

conventional raw materials with CFRP is considered an environmentally sustainable option 

for the global transportation sector [19]. More details on and explanation of the 

decarbonisation of the transportation sector is mentioned in section 2.2.2. 

Figure 11 shows the system boundary indicating the individual life cycle stages along with 

flows and unit processes in each stage. We performed a cradle-to-grave analysis. The 

complete life cycle of a vehicle consists of vehicle production (raw material extraction, 

assembly), operation, maintenance, end of life (disposal), and the upstream process. Each 

life cycle stage is explained below in the inventory analysis section with all the data 

requirements and the relevant assumptions aligning with the goal and scope of this study.  
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Figure 11: System boundary of a hydrogen fuel cell vehicle life cycle 
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Figure 12: Key parameters and the process for GHG emission calculations in each life cycle 

phase 

 

3.2.3. Inventory analysis  

3.2.3.1. Vehicle manufacturing 

Two pathways are considered for vehicle manufacturing, a carbon fiber-based 

lightweight HFCV made from asphaltene and a conventional HFCV manufactured from 

steel and aluminum. The primary vehicle components considered in both cases are the 

hydrogen fuel cell on-board storage, chassis, transmission system, traction motor, 

powertrain system, body in white, interior and exterior, controller, and traction battery 

[18, 105]. We developed detailed life cycle inventories for both a conventional HFCV 
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and a CFRP HFCV, which include the breakdown of prime components of HFCVs [35, 

106]. 

The total mass of a conventional HFCV is 1,778 kg, of which 136 kg is the hydrogen 

fuel cell on-board storage and 48 kg is the lithium-ion battery [18, 35, 106]. The main 

raw materials used in the production of prime components of conventional HFCV and 

CFRP HFCVs are carbon fiber reinforced plastic (CFRP), cast aluminum, copper, steel, 

aluminum, rubber, glass fiber reinforced plastic (GFRP), cast iron, wrought aluminum, 

and plastic [18, 105]. The total mass of a CFRP HFCV is 1000 kg, of which 117 kg is 

hydrogen fuel cell on-board storage and 32 kg is the lithium-ion battery. The total mass 

is reduced by 44% by substituting steel and aluminum with CFRP [18-21, 35, 106]. 

Table 22 shows the bill of materials for the key components of both conventional 

HFCVs and CFRP HFCVs. Steel and aluminum are the main raw materials used in 

manufacturing a conventional HFCV, and together they account for more than 63% of 

the total mass contribution [18, 35]. Steel is primarily used to manufacture the body (507 

kg), chassis (330 kg), powertrain system (65 kg), and traction motor (24 kg) [18, 35, 

106]. Aluminum is uniformly distributed over all the components of a conventional 

HFCV [18, 35, 105, 106]. Plastic is used largely to produce a significant portion of the 

body (18%) and some of the powertrain system (17%) for a conventional HFCV [18, 

105]. CFRP is primarily used in manufacturing the body (body in white, interior, 

exterior; 32%) and chassis (25%) for a CFRP-based HFCV [19, 20, 55, 56]. CFRP 

makes up 30% of the total mass contribution of a CFRP-based HFCV [19, 21, 55, 56, 

162]. Table 23 shows the mass contribution of all the components of a CFRP-based 



83 

 

HFCV. CFRP (30%) and plastic (18%) make up most of the mass in a CFRP-based 

HFCV [19, 21, 56].  

 

Table 22: Bill of materials for conventional and carbon fiber reinforced plastic (CFRP)-based 

HFCVs [18] 

Materials 

Conventional vehicle CFRP-based vehicle 

Mass, kg Mass, % Mass, kg Mass, % 

Steel/cast iron 1007 57 85 9 

Aluminum 101 6 62 6 

Copper/brass 64 4 45 5 

Magnesium 0 0 0 0 

Glass 37 2 37 4 

Lead 14 1 14 1 

Average plastic 182 10 181 18 

Rubber 92 5 92 9 

Carbon fiber 89 5 295 30 

Glass fiber 10 1 9 1 

Others 182 10 179 18 

Total 1778 100 1000 100 
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Table 23: Mass distribution of key components used for conventional and CFRP-based HFCVs 

[18] 

Components 

Conventional vehicle CFRP-based vehicle 

Mass, kg Mass, % Mass, kg Mass, % 

Transmission system  44 2 12 1 

Body (body inwhite, 

interior, exterior) 

721 41 327 33 

Chassis (without 

battery) 452 25 199 20 

Powertrain system 130 7 67 7 

Traction motor  66 4 66 7 

Electronic controller 58 3 58 6 

Fluids  103 6 103 10 

Fuel cell on-board 

storage 136 8 117 12 

Li ion battery 48 3 32 3 

Pb acid battery 20 1 20 2 

Total 1778 100 1000 100 

 

We considered a lithium nickel manganese cobalt oxide (Li-NMC) battery with a 

capacity of 86.4 MJ (24 kWh) and an efficiency of 90% to store extra electrical energy 

that can be used when hydrogen is not available [37, 120, 163]. Li-NMC has a better 

energy density and less environmental burden than the traditional batteries used in 

HFCVs [7, 164]. Thermal insulation, glycol, steel, CFRP, aluminum, graphite, lithium, 
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coolant, and NMC powder (precursor) are the key components of the battery [18, 105, 

106, 164].. A conventional Li-NMC battery with a mass of 48 kg and a CFRP-based Li-

NMC battery with a mass of 32 kg and 90% efficiency were considered in this study. 

When conventional raw materials are replaced with CFRP, the weight of the Li-NMC 

battery is reduced by 33% [19, 21, 56, 165]. Table 24 presents the percentage mass 

distribution of both a conventional and a CFRP-based Li-NMC battery.  

Hydrogen fuel cell on-board storage and the powertrain system are the only components 

that distinguish an HFCV from a BEV; the remaining components (chassis, body, 

battery, motor, controller; mass composition different) are the same [18, 105, 106]. A 

compressed hydrogen tank system, fuel cell, water supply system, air supply system, 

cooling system, and the piping system are the prime components of fuel cell on-board 

storage [18, 35, 106]. We considered a fuel cell on-board storage system with a mass of 

136 kg for a conventional HFCV and 117 kg for a CFRP-based HFCV and reduced the 

weight of the HFCV by 14% when we substituted conventional raw materials with 

CFRP [18, 19, 21, 35, 106]. CFRP is the raw material most used for manufacturing fuel 

cell on-board storage system for both conventional HFCVs (65%) and CFRP-based 

HFCVs (80%) [13, 14, 19, 21]. 

In this study, the fuel cell is considered an energy converter (with a performance 

efficiency of 50%), generating electric energy from the chemical reaction of hydrogen 

and oxygen with the help of the proton exchange membrane [13, 14, 166]. To determine 

the efficiency of the fuel cell, we considered all the losses (auxiliary, hydrogen 

production, transportation and storage, and dissipated energy) [13, 14, 166]. The SMR 

process, with an emission factor of 11.35 (kg CO2 eq/kg of grey hydrogen), is used for 
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hydrogen production; the stored hydrogen is compressed up to pressure of 700 bar [167-

169]. Hydrogen is stored and HFCVs are charged in the special hydrogen refueling 

stations and, afterwards, hydrogen is stored in the storage tank (with a volume of 5 liters, 

in this study) at the compression pressure of 700 bar [35, 106, 168, 170]. We determined 

fuel consumption based on the calorific value of hydrogen (142 MJ/kg of hydrogen) and 

the efficiency of the fuel cell (50%) [35, 106, 168, 170].  
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   Table 24: Mass distribution of a lithium NMC battery by key components for both conventional 

and CFRP HFCVs [18] 

Components of a Li-

NMC battery  

Conventional vehicle CFRP-based vehicle 

Mass, kg Mass, % Mass, kg Mass, % 

Active material (NMC 

powder) 8 17 8 25 

Graphite/carbon  4 8 4 12 

Binder (PVDF) 0 1 0 0 

Copper_B 11 23 0 0 

Wrought aluminum 10 21 0 0 

Electrolyte: Ethylene 

carbonate 1 4 1 3 

Electrolyte: Dimethyl 

carbonate 2 4 2 6 

Plastic: Polypropylene 1 2 1 3 

Plastic: Polyethylene 0 1 0 0 

Plastic: Polyethylene 

terephthalate 0 0 0 0 

Steel 0 1 0 0 

Thermal insulation 0 1 0 0 

Coolant glycol 3 7 3 9 

Carbon fiber 0 0 8 25 

Electronic parts  5 10 5 16 

Total 48 100 32 100 
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        Table 25: Mass distribution of hydrogen fuel cell on-board storage by raw materials for both 

conventional and CFRP HFCVs [18] 

Components of a Li-

NMC battery 

Conventional vehicle CFRP-based vehicle 

Mass, kg Mass, % Mass, kg Mass, % 

CFRP 89 66 94 80 

Glass fiber 6 4 6 5 

Wrought aluminum 0 0 0 0 

Average plastic 11 8 11 9 

Steel 13 9 0 0 

Stainless steel 11 8 0 0 

Others 7 5 6 5 

Total 136 100 32 100 

 

 

3.2.3.2. Assembly of an HFCV 

This phase is the assembling of all the prime components (mentioned above) to form a 

complete HFCV. The assembly phase includes paint production, vehicle components 

assembly, painting, HVAC, lighting, heating, material handling, welding, and lithium-

ion battery and lead acid battery assembly [18, 106]. The energy consumption and life 

cycle GHG emissions for each of process was computed using the information from the 

GREET model [18, 106].  

 

3.2.3.3. Vehicle operation 

Unlike ICEVs, HFCVs, like BEVs, use electricity (produced by the chemical reaction 

of oxygen and hydrogen) to propel the vehicle [13]. The operation phase emissions 

depend mostly on the process used to produce hydrogen [148, 156]. Since hydrogen is 

the primary source of electric energy delivered to the electric motor to power the HFCV, 
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it is important to consider the feasibility and efficiency of the current hydrogen 

production process as well as the changes needed in the industry [50, 147]. The global 

annual production of hydrogen is more than 50 million tonnes [50, 147]. Hydrogen is 

primarily derived from natural gas (48%), refinery waste gases (30%), and coal (18%), 

and a small amount (4%) from electrolysis and biomass [50, 147]. The basic methods 

of hydrogen production are natural gas reforming, electrolysis of water, steam methane 

reforming, water splitting by photo catalysis, biomass conversion, and gasification of 

coal [50, 147]. Steam methane reforming (SMR) is the most widely used because it can 

obtain a high level of purity in the produced hydrogen at reasonable cost. In SMR, 

methane from natural gas is heated with steam and produces a carbon monoxide 

(CO)/hydrogen mixture that can be used as a fuel [50]. The effectiveness of hydrogen 

production from SMR ranges from 65% to 80% depending on the fuel mix composition 

[144, 171, 172]. Because Alberta, Canada is considered the base location for this study, 

we considered the dynamic aspect of the fuel mix used to produce of hydrogen in Alberta 

[13, 15, 100]. Considering the dynamic aspect of the fuel mix allowed us to clearly 

predict the net energy consumption and the life cycle GHG emissions generated 

throughout the lifetime of an HFCV in its operation phase.  

All the operation phase calculations and energy assumptions were implemented as per 

the directives defined in chapter 2. Drag and rolling coefficient values for both 

conventional BEVs and CFRP BEVs are shown in Table 6 and Table 7. The key 

parameters considered for the operation phase are in Table 26. The equations used to 

determine the rolling force and drag force are in the supporting information.  
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Table 26: Operational phase scenarios considered and their respective key parameters 

for an HFCV 

 

Scenarios Key parameters 

City driving in Summer 

(City_Summer) 

• Operational time [112] 

• Temperature 15oC to 35oC [15, 106, 107] 

• Rolling coefficient [10, 114] 

• Drag coefficient [10, 114] 

• Average speed and acceleration [27, 112] 

Driving on Highway in 

Severe in Winter 

(Highway_Severe_Winter) 

• Operational time [112]  

• Temperature -40oC to 14oC  [15, 112, 113]  

• Rolling coefficient [10, 114]  

• Drag coefficient [10, 114]  

• Average speed and acceleration [27, 112] 

 

The details of the energy lost in motor and controller is mentioned in chapter 2. The 

motor and controller efficiency values for each of the scenario for both conventional 

HFCVs and CFRP HFCVs are shown in Table 8 incorporated in chapter 2.  

The total considered weight of a conventional HFCV is 1858 kg, 1778 kg of which is 

vehicle weight and 80 kg passenger weight, and for a CFRP-based HFCV the weight is 

1080 kg, 1000 kg of which is the vehicle weight and 80 kg passenger weight [18, 19, 35, 

158]. The average traveling distance is considered to be 50 km in both scenarios, but the 

operational time differs given the different speed limits and traffic rules [111, 118, 129].  

. The energy consumption for city in summer is 0.96 MJ/km; this is less than highway in 

severe winter, 4.38 MJ/km for a conventional HFCV [173]. For a CFRP-based HFCV, 

the energy consumption for city in summer is 0.68 MJ/km and 2.79 MJ/km for highway 

in severe winter [12, 173]. Heating or AC energy constraints also differ because of the 

difference in the climatic conditions and is reflected in terms of average power demand 

[12, 173], expressed as a % of maximum power rating; it is lower for city in summer and 
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higher for highway in severe winter, 25% and 75% of max rating, respectively (it is the 

same for both a conventional HFCV and a CFRP HFCV) [12, 173].  

We estimated the net energy consumption of auxiliaries by summing the energy required 

for seat preheating, radio and navigation, and LED lights. The auxiliaries’ energy 

consumption is higher in highway in severe winter than for city in summer (0.01 MJ/km 

and close to 0 MJ/km, respectively) and is the same for both a CFRP HFCV and a 

conventional HFCV [111, 173]. Aggressive braking, uneven roads, and intermittent 

stopping at traffic signals are associated with dissipated energy and values will vary 

depending on the road characteristics, climatic conditions, and the frequency of traffic 

lights [34, 173]. The dissipated energy value is higher in highway in severe winter than 

city in summer (0.1 MJ/km and 0.02 MJ/km, respectively) and is the same for both a 

conventional HFCV and a CFRP-based HFCV [34, 173]. The energy consumed to 

provide the desired torque to the HFCV will differ depending on the topography of the 

road, drag coefficient, speed, rolling coefficient, and acceleration [16].The detailed 

explanation is mentioned in the chapter 2. The drive energy for a CFRP-based HFCV in 

city in summer is 0.22 MJ/km and in highway in severe winter is 0.88 MJ/km; for a 

conventional HFCV, these values are 0.36 MJ/km and 1.67 MJ/km, respectively [16, 19].  

We estimated the operation’s phase energy consumption by summing each energy 

constraint mentioned above. AC consumption is higher in the city in summer scenario 

than the highway in severe winter scenario and for heat consumption, the opposite. Energy 

consumed in seat preheating, radio and navigation, and LED lighting is almost same for 

each scenario [10, 19]. The energy dissipated due to aggressive braking, uneven roads, 

and intermittent stopping at traffic signals is higher in the city in summer scenario than 
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the highway in severe winter scenario because in the city there are more stops and traffic 

lights [119].  

Net energy consumption is expressed in terms of MJ/km. GHG emissions for highway in 

severe winter are higher than for city in summer: 54 g CO2 eq/km and 223 g CO2 eq/km, 

respectively, for a CFRP-based HFCV and 78 g CO2 eq/km and 353 g CO2 eq/km for a 

conventional HFCV.  

 

3.2.3.4. Maintenance of an HFCV 

Many vital components, like fluids, tires, battery, electric motor, fuel cell, gaskets, and 

bipolar plates, lose their peak performance after being operated for a certain number of 

kilometers and need to be inspected, serviced, or replaced to maintain the vehicle’s 

desired performance and fuel economy [18, 95]. The replacement interval of 

components and fluids differs because of differences in the characteristics and 

applications [18, 95]. For example, the powertrain coolant, brake fluid, and tires are 

assumed to be replaced three times throughout the considered lifetime of HFCV [18, 

95]. For transmission fluid and adhesives, 2 and 14 replacements are considered [18, 95, 

123]. GHG emissions for each replaced component were estimated from Bartolozzi et 

al.’s work [95, 123].    

 

3.2.3.5. End of Life  

Recycling and disposal are the two important aspects of this phase. The recycling phase 

is completely uncertain because of the high unpredictability about how the product will 

be recycled (i.e., open loop or closed loop) [120]. So, for clear and transparent results, 

we omitted this phase; only the disposal emissions were evaluated and quantified. The 
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disposal phase for both conventional and CFRP based-HFCVs is categorized into 

several processes: sorting or dismantling, transportation, shredding, and landfilling [96]. 

The disposed sections of the HFCV are sorted into the glider and powertrain, as the 

techniques involved in disposing them are different [96, 120]. That said, recent studies 

proposed that all the parts of the powertrain and glider be disposed of in the same fashion 

[96, 120].  

Sorting or dismantling is considered to be done in Vancouver, BC (this is the only 

recycling facility of its kind in Canada), 40 km from the shredding facility in Delta, BC 

[96, 120]. Dismantled portions are transported to the shredding facility in heavy trucks. 

Energy consumption and GHG emissions for sorting, transportation, and dismantling 

are directly proportional to the mass of the vehicle, as per the study conducted by the 

City of Vancouver on the disposal of BEVs [96, 120]. The concepts and techniques 

involved in disposal are same for both BEVs and HFCVs, and the BEV data from 

literature [96] was directly used for quantifying the GHG emissions of HFCVs and then 

modified by taking into account the change in mass and some alterations in the 

powertrain system (the addition of a hydrogen fuel cell on-board storage system). 

For the shredding phase, we used D. Baker’s and B. Kukreja’s data to calculate energy 

consumption and GHG emissions [96, 120]. The disposal emissions and energy 

calculations of the glider were also taken from those studies and one by Nemry et al. 

[96, 120, 124]. The energy requirement and GHG emissions for the disposal of the Li-

ion battery and powertrain system are also from these sources [96, 120, 124]. This phase 

is described in detail in Chapter 2, whose study takes a similar approach and procedure.  
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3.3. Results and discussion 

The net life cycle GHG emission estimates of conventional and CFRP-based HFCVs obtained in 

this study are shared here. The GHG emissions are given as g CO2 eq/km assuming a lifetime of 

295,095 km, starting with emissions produced during the production of prime vehicle components, 

followed by the assembly phase, the operation phase for both scenarios, maintenance, and finally 

the end of life. The GHG emissions of the two scenarios are compared later, to determine favourable 

conditions for the operation of an HFCV. The characteristics of road and climatic conditions are 

normalized for selected provinces in Canada to determine overall performance and compute the net 

life cycle GHG emissions for both the conventional and the CFRP-based HFCV. Finally, sensitivity 

and uncertainty analysis are performed for both scenarios.  

 

3.3.1. Vehicle production GHG emissions 

Figure 13 and Figure 14 show the GHG emissions generated during HFCV production from 

prime raw materials and components, respectively. A conventional HFCV generates 9.3% 

fewer GHG emissions than a CFRP-based HFCV. In both scenarios, the highest GHG 

emissions are generated in fabricating the body (body in white, exterior, and interior) and 

the chassis, which in total account for almost 55% of vehicle’s manufacturing emissions. 

For a conventional HFCV, steel and aluminum are the primary GHG contributors (48% and 

7%, respectively). The higher % of GHG emissions from steel and aluminum is due to their 

large mass contributions as well as the energy-intensive processes involved in their 

production. CFRP, copper, plastic, and rubber also have significant GHG emissions 

contributions. For the CFRP-based HFCV, CFRP contributes the highest GHG emissions, 
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accounting for almost 72% of vehicle’s total production emissions. CFRP is produced 

through a chain of highly energy-intensive processes, resulting in considerably higher GHG 

emissions per kg than conventional raw materials like steel and aluminum. 

 

 

Figure 13: Vehicle manufacturing GHG emissions contribution by key components: conventional 

vs. carbon fiber reinforced plastic (CFRP) HFCVs 
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Figure 14: Vehicle manufacturing GHG emission contribution by prime raw materials: 

conventional vs. carbon fiber reinforced plastic (CFRP) HFCVs 
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3.3.2.  Battery and hydrogen fuel cell on-board storage production:  

We used battery production emissions for a Li-NMC battery of 0.46 g CO2 eq/km for a 

CFRP-based HFCV and 0.31g CO2 eq/km for a conventional HFCV. The GHG emissions 

are higher for the CFRP-based HFCV because CFRP is the material used most in Li-NMC 

battery manufacturing for this vehicle and, as noted above, is highly energy intensive, unlike 

steel and aluminum, the material used most in conventional HFCVs. The GHG emissions 

generated in hydrogen fuel cell on-board storage in both conventional and CFRP-based 

HFCVs are 4.6 g CO2 eq/km. This is because CFRP is the primary raw material used, and 

the respective % mass contributions are almost the same in both cases.  

 

3.3.3.  Vehicle operation GHG emissions 

The GHG emissions generated in the operation phase are mainly the upstream emissions 

from hydrogen production [13]. The emissions are different in the considered scenarios (city 

in summer, highway in severe winter) mainly because of differences in driving patterns, 

road characteristics, and the prevalent climatic conditions that influence overall operational 

energy consumption [13]. Heating and air conditioning, dissipated energy loss, auxiliaries’ 

activities, and driving energy are the main energy-consuming parameters. The energy 

consumption model was developed to consider the rolling coefficient, frontal area, 

acceleration, speed, drag coefficient, mass, density, and travelling time and distance of an 

HFCV [12]. However, these parameters will change with climatic conditions and road 

specifications. The overall emissions in the summer scenarios are lower than in the mild and 

severe winter scenarios because there is less internal battery loss [10, 12]. Based on the type 

of road, the percentage contribution of operation emissions is greater in cities than in rural 



98 

 

areas and highways. The overall operational and life cycle emission in cities is lower than 

in rural areas and highway roads because of calm driving speeds and acceleration [10]. 

The energy consumed by heaters and AC is calculated by multiplying the highest heater and 

AC demand, operational time, and average use of the highest power of the heater or AC. 

The highest power demand of the heater or AC is the same in each scenario, 2.30 KW and 

1.40 KW, respectively [29]. Operational time is defined as the time required to travel the 

considered travelling distance, 50 km/day. Operational time differs among scenarios 

because of the different climatic conditions, roads, and traffic obstructions [29]. Operational 

time at highways is shorter than in rural areas and city roads because highways have higher 

speed limits and fewer traffic obstructions. Operational time ranges from 50 minutes on 

highways to 75 minutes in cities [29]. The average use of the highest power of AC or heaters 

is calculated based on the thermal drive cycle and is usually expressed in percentage (%.) 

The thermal drive cycle defines the temperature range for each scenario taking into account 

the prevalent climatic conditions of Alberta, Canada [29]. The temperature range is -35 C 

to – 15 C in for severe winter, -14 C to 10 C in mild winter, and 11 C to 35 C in summer. 

The comfortable temperature inside the EV is from 18 C to 22 C. This range and the range 

of climatic conditions are used as input to compute the average demand of AC or heater in 

each scenario [102]. For each temperature value, the use of AC or heat is calculated in terms 

of the percent of maximum power demand using a basic thermal equation from the World 

harmonized Light Duty vehicle Test Cycle). All the % values are plotted, and the final 

average value is computed using regression analysis defined by the (Urban Dynamometer 

Driving Schedule (UDDS). The % average demand of heat is highest in severe winter and 

for AC it is highest in summer and is independent of road type [29]. The % average demand 
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of the heater or AC is from 25% to 75%. The average consumption of AC or heat is 

computed by multiplying the three variables defined above and then dividing them by the 

lifetime of EV to express the consumption in MJ /km [29]. The average consumption of the 

AC/heater is 0.03 MJ/km city in summer to 0.08 MJ/km in highway in severe winter. The 

average consumption of the AC/heater is directly proportional to operational time, as the 

operational time is higher in cities because there are more traffic obstructions and lower 

speed limits, leading to more energy consumption than on highways and rural roads [29]. 

The GHG emission values for the energy consumed by AC/heaters for every scenario is 

shown below in Table 28. 

. The GHG emission values of the energy consumed by the auxiliaries of HFCV is calculated 

in same way as in BEV for every considered scenario and is shown below in Table 29  

. The GHG emission values of the energy lost in motor and controller of HFCV is calculated 

in same way as in BEV for every considered scenario and is shown below in Table 30. The 

GHG emissions lost in the motor and controller are 3 g CO2 eq/km in city in summer to 15 

g CO2 eq/km in highway in severe winter for conventional BEVs.  

. The % energy dissipation factor for city and highway / rural is considered to be 25% and 

20% as per the WLTC based on the driving patterns of Alberta, Canada [12, 15]. 

Regenerative braking is one of the most crucial accessories of the HFCV considered in this 

study. This study thus considers regeneration efficiency, which recovers some portion of 

dissipated energy. A regeneration efficiency of 69% is considered for every scenario; in 

other words, 69% of energy dissipated is recovered, for every scenario [29].The detailed 

discussion of regenerative energy savings is discussed in chapter 2. The net energy 

dissipation ranges from 0.02 MJ/km in city in summer to 0.09 MJ/km in highway in severe 
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winter. The GHG emissions values for the dissipated energy for every scenario is shown 

below in Table 31.  

The equation utilized to compute driving energy of HFCV is mentioned in chapter 2. The 

mass, air density, travelling distance, and frontal area are the same for each scenario with 

values of 1511 kg, 1.2 kg/m3, 50 km/day, 2.27 m2, respectively [12]. The remaining 

parameters (i.e., acceleration, speed, rolling coefficient, and drag coefficient) vary based on 

the scenario’s prevalent road and climatic conditions [12]. Acceleration, for instance, varies 

with road type, climatic conditions, traffic signals etc., and is greater on highways than in 

cities and on rural roads because speed limits are higher and there are fewer traffic 

obstructions on highways [12]. Acceleration ranges from 0.14 m/sec2 in city in summer to 

0.52 m/sec2 in rural areas in severe winter considering all the factors mentioned above [12].  

  

.  

The drag coefficient ranges from 0.29 in all city road scenarios to 0.77 in all highway road 

scenarios [17]. Drag and rolling coefficient values are given in Tables 6 and 7. Icy and 

snowy roads have a lower rolling coefficient than dry roads because they generate less static 

and kinetic friction than dry roads do, indicating that the rolling coefficient value will be 

higher in summer than in mild and severe winter [16]. Possible rolling coefficient values 

are 0.001 in severe winter and 0.0076 in summer [16].  

 

The energy required to provide the desired torque to the wheels is the sum of all three forces 

multiplied by the travelling distance. The energy required to provide the desired torque to 
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the wheels ranges from 0.34 MJ/km to 0.92 MJ/km [13]. In winter and on highways, the 

energy required to achieve desired torques is higher than in summer and in the city because 

of the higher speed loads and greater friction from snowy roads [16].  

 

The net energy consumption is the sum of all the energy constraints mentioned above. The 

net energy consumption of the operations phase is 0.51 MJ/km for city in summer to 2.51 

MJ/km for highway in severe winter. Figure 15 shows the net energy consumption of the 

operation phase for all the scenarios in a graph. The GHG emissions values of the dissipated 

energy for all the considered scenarios is shown below in Table 14. Figure 6 shows the net 

energy consumption of operation phase for all the scenarios in a graph. The GHG emissions 

for the operation phase are calculated by multiplying the net energy consumption with the 

relevant emission factor of Alberta’s grid mix. 

 

Figure 15 shows the operational GHG emission results for the considered scenarios for both 

the conventional HFCV and the CFRP-based HFCV. A CFRP-based HFCV produces fewer 

GHG emissions than a conventional HFCV for both the city in summer and highway in 

severe winter scenarios. A CFRP-based HFCV weighs 44% less than a conventional HFCV. 

The lower mass value lowers its overall energy consumption, leading to higher performance 

and energy efficiency. A CFRP-based HFCV generates 30% (in city in summer) and 37% 

(in highway in severe winter) fewer operational GHG emissions than conventional HFCV. 

Most of the saved energy is from the driving energy providing the desired torque to the 

wheels, followed by the losses produced in the controller and motor. Driving emissions 
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account for almost 76% of the total operational GHG emission in both cases. The city in 

summer scenario contributes 78 g eq/km for a conventional HFCV and 54 g CO2 eq/km for 

a CFRP-based HFCV. The highway in severe winter scenario contributes 353 g CO2 eq/km 

for a conventional HFCV and 223 g CO2 eq/km for a CFRP-based HFCV.  

 

Figure 15: Operational GHG emissions for the considered scenarios: conventional vs. carbon 

fiber reinforced plastic (CFRP) HFCV 
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City in summer 1 1 
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Table 28: GHG emissions of auxiliaries’ consumption for both conventional and CFRP 

HFCVs [13, 29] 

Scenarios 
GHG emissions (conventional 

HFCV) 

GHG emissions (CFRP 

HFCV) 

City in summer 0.12 0.12 

Highway in severe winter 0.41 0.41 

 

 

Table 29: GHG emissions of energy lost in the  motor and controller for both conventional 

and CFRP HFCVs [13, 14, 29]  

Scenarios 
GHG emissions (conventional 

HFCV) 

GHG emissions (CFRP 

HFCV) 

City in summer 3 3 

Highway in severe winter 15 15 

 

 

Table 30: GHG emissions of energy dissipated for both conventional and CFRP HFCVs 

[13, 29] 

Scenarios 
GHG emissions (conventional 

HFCV) 

GHG emissions (CFRP 

HFCV) 

City in summer 1 1 

Highway in severe winter 5 5 

 

 

Table 31: GHG emissions of energy consumed for driving for both conventional and 

CFRP HFCVs [13, 15, 29] 

Scenarios 
GHG emissions (conventional 

HFCV) 

GHG emissions (CFRP 

HFCV) 

City in summer 18 11 

Highway in severe winter 82 43 
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Table 32: Total GHG emissions of operation phase for both conventional and CFRP 

HFCVs [13, 15, 29] 

Scenarios 
GHG emissions (conventional 

HFCV) 

GHG emissions (CFRP 

HFCV) 

City in summer 24 16 

Highway in severe winter 107 68 

 

 

3.3.4.  Life cycle GHG emissions 

Figure 16 shows the net life cycle GHG emissions for both a conventional HFCV and a 

CFRP-based HFCV. The emissions for city in summer scenario are 107 g CO2 eq/km for a 

conventional HFCV and 85 g CO2 eq/km for a CFRP-based HFCV. The emissions for 

highway in severe winter scenario are 382 g CO2 eq/km for a conventional HFCV and 254 

g CO2 eq/km for a CFRP-based HFCV. The emissions for a conventional HFCV are 26% 

and 50% higher than those for a CFRP-based HFCV for the city in summer and highway in 

severe winter scenarios. The operation phase makes the largest contribution to GHG 

emissions (64% to 92%), followed by the manufacturing phase (4% to 23%) for both 

scenarios for both conventional and CFRP-based HFCVs. The contribution from the 

remaining life cycle phases (assembly, maintenance, and end of life) are below 10%, so 

none of these phases is mentioned in the results and discussion section.  

Although manufacturing GHG emissions for a CFRP-based HFCV are relatively higher 

than for a conventional HFCV, primarily because of the higher emission intensity of carbon 

fiber processing compared to steel and aluminum, there is large trade-off with operational 

stage emissions. The life cycle GHG emissions savings obtained on substituting steel and 

aluminum with CFRP are seen most in the operational phase emissions because the key 
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parameters of this phase (change in the road type [slope], climatic condition, and driving 

pattern) can significantly affect the net life cycle emissions. Among the considered 

scenarios, the life cycle GHG emissions for a conventional HFCV are 26% and 50% higher 

for city in summer and highway in severe winter than for a CFRP-based HFCV. The benefits 

of a CFRP-based HFCV over a conventional HFCV are seen most in the highway in severe 

winter scenario, but the benefits are marginal in the city in summer scenario. 

The end-of-life phase incorporates the energy requirements for transporting the used HFCV 

to the recycling facility, followed by the dismantling, sorting, shredding, and disposal of 

non-recyclable parts. Given the high uncertainty of this phase, recycling and using the scrap 

metals in vehicle production were omitted from this study. The disposal GHG emissions 

associated with this phase range from 0.2% to 1.4% in both scenarios for CFRP-based and 

conventional HFCVs. Using recycled raw materials is considered to reduce GHG emissions 

from the production phase depending on the recycling process. Similarly, using recycled 

CFRP instead of virgin CFRP will significantly impact the manufacturing emissions. 

However, because the applications and technology are still developing, large-scale CFRP 

recycling facilities for HFCV have not been developed. 
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Figure 16: Life cycle GHG emissions: conventional vs. carbon fiber reinforced plastic (CFRP)-

based HFCVs 
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average acceleration, hydrogen emission factor, average speed, frontal area, drag 

coefficient, motor efficiency, and HFCV lifetime are the parameters that most influence the 

energy required for driving the wheel. The parameters in the red box (those closer to the 

origin of the plot) have a negligible effect on the output results and hence were ignored.  

The data for the most sensitive parameters were refined to their maximum and minimum 

values to determine uncertainty ranges. Table 34 summarizes these key parameters along 

with their corresponding maximum and minimum values. Figure 18 shows the box plot of 

the life cycle GHG emissions for the considered scenarios for both conventional and CFRP-

based HFCVs. The GHG emissions for the highway in severe winter scenario are from 

254−34
+48 g CO2 eq/km for CFRP-based to 382−65

+99  g CO2 eq/km for conventional HFCVs. 

For the city in summer scenario, the emissions range from  85−12
+17 g CO2 eq/km for CFRP-

based to 107−18
+25 g CO2 eq/km for conventional HFCVs, respectively.  

 Table 33: Range of values for sensitive parameters  

Parameters Minimum Maximum Source 

Vehicle lifetime, km 200,000 350,000 [13, 18] 

Average distance per day, 

km/day 

20 80 [15, 100, 129] 

Efficiency of motor,  75 95 [127] 

Efficiency of controller,  85 98 [127] 

Rolling coefficient (city in 

summer, conventional) 

0.00235 0.76 [16, 94, 127] 



108 

 

Parameters Minimum Maximum Source 

Rolling coefficient 

(highway in severe winter, 

conventional) 

0.00175 0.00448 [16, 94, 127] 

Rolling coefficient (city in 

summer, CFRP) 

0.00235 0.76 [16, 94, 127] 

Rolling coefficient 

(highway in severe winter, 

CFRP) 

0.00175 0.00448 [16, 94, 127] 

Drag coefficient (city in 

summer, conventional) 

0.2 0.524 [13, 94, 174] 

Drag coefficient (highway 

in severe winter, 

conventional) 

0.2 0.812 [13, 94, 174] 

Drag coefficient (city in 

summer, CFRP) 

0.2 0.524 [13, 94, 174] 

Drag coefficient (highway 

in severe winter, CFRP) 

0.2 0.812 [13, 94, 174] 

Average speed (city), km/hr 30 55 [111, 174] 

Average speed (highway), 

km/hr 

70 100 [111, 174] 

Average acceleration (city), 

m/sec2 

0.1 0.4 [111, 174] 
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Parameters Minimum Maximum Source 

Average acceleration 

(highway), m/sec2 

0.14 0.67 [111, 174] 

Steel conventional mass, kg 283 803 [18, 93, 94, 138] 

CFRP emission factor, kg 

CO2 eq/kg 

15.25 34.4 [18, 23, 93, 138] 

Frontal area, m2 1.5 3.5 [30, 126, 130] 

Density, kg/m3 1 1.4 [12, 126, 130] 

Rating power heater, kW 1 3.4 [12] 

Rating power AC, kW 1 2.5 [12] 

Efficiency of fuel cell,  30 60 [48, 148, 150] 

Hydrogen emission factor 8 14 

[144, 168, 169, 

171] 
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Figure 17: Morris plot for highway in severe winter scenario for a CFRP HFCV 
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Figure 18: Life cycle GHG emissions: Uncertainty results 
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3.4. Conclusion 

This study examined and quantified the environmental benefits of substituting conventional 

materials like steel and aluminum with CFRP to produce a lightweight HFCV. The life cycle GHG 

emissions of a CFRP-based HFCV manufactured from carbon fiber made from asphaltene were 

compared with those of a conventional vehicle made primarily with steel and aluminum. This study 

quantified the environmental trade-offs in the life cycle of an HFCV starting from raw material 

extraction to its end of life (i.e., we conducted a cradle-to-grave analysis). We developed two 

scenarios, city in summer and highway in severe winter, that consider changes in driving pattern, 

climatic conditions, and road type. 

We found that replacing steel and aluminum with CFRP for manufacturing the key components of 

an HFCV significantly reduced the overall GHG emissions, by different amounts in each scenario. 

The most savings are in the operational phase, and, of the scenarios, the highest savings are in 

highway in severe winter scenario, simply because the most savings will be in the scenario with the 

highest operational emissions, that is, highway in severe winter scenario. The highway in severe 

winter scenario has life cycle GHG emissions of 254 g CO2 eq/km for a CFRP-based HFCV and 

382 g CO2 eq/km for a conventional HFCV and in the city in summer scenario, 85 g CO2 eq/km for 

a CFRP-based HFCV and 107 g CO2 eq/km for a conventional HFCV. The highest emissions are 

in the operation phase in every scenario, followed by the manufacturing phase. The influence of the 

other life cycle phases on GHG emissions is marginal.  

The results of this study suggest that using a CFRP-based HFCV can significantly reduce GHG 

emissions in Alberta, Canada, whose climate is characterized by severe, long winters. Sensitivity 

and uncertainty analysis were performed to determine the most sensitive parameters and estimate 

emissions ranges for two scenarios. The life cycle GHG emissions for the highway in severe winter 
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scenario are 382−65
+99  g CO2 eq/km for a conventional HFCV and 254−34

+48 g CO2 eq/km for a CFRP-

based HFCV. The life cycle GHG emissions for the city in summer scenario are 107−18
+25 g CO2 

eq/km for a conventional HFCV and  85−12
+17 g CO2 eq/km for a CFRP-based HFCV.  

The results of this study provide insights for decision makers on the process conditions that can be 

improved to reduce GHG emissions on a commercial scale. These results can also guide 

stakeholders and technology developers in building infrastructure and facilities for asphaltene-

based CFRP production in Alberta, Canada.  
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Chapter 4  

4. Conclusions and Recommendations for Future Work  

4.1. Conclusion 

In this research, we estimated the environmental impacts of using carbon fiber reinforced plastic 

(CFRP; made from asphaltene) to manufacture lightweight battery electric vehicles (BEVs) and 

hydrogen fuel cell vehicles (HFCVs). The objective was to develop a comprehensive LCA 

framework of CFRP-based BEVs and HFCVs and compare them with conventional steel and 

aluminum BEVs and HFCVs. There are some challenges associated with current BEV battery 

technologies and the reduced efficiency of HFCV fuel cells. BEVs and HFCVs incorporate the most 

advanced technologies and significantly reduce GHG emissions. However, their initial cost and 

weight negatively impact their mass production. This research determined the environmental 

performance of each life cycle phase of BEVs and HFCVs from raw material extraction to end of 

life. Operational phase emissions are the largest contributor of life cycle emissions among all the 

phases and are significantly impacted by driving pattern, road type, and climatic conditions. We 

developed nine BEV scenarios based on climatic and driving conditions: operation in city in 

summer, operation on highway in summer, operation in rural area in summer, operation in city in 

mild winter, operation on highway in mild winter, operation in rural area in mild winter, operation 

in city in severe winter, operation on highway in severe winter, operation in rural area in severe 

winter. Two operational scenarios for HFCVs were developed based on climatic and driving 

conditions: operation in city in summer and operation on highway in severe winter.  
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The results indicate that replacing conventional raw materials (steel, aluminum etc.) with CFRP 

will significantly reduce GHG emissions for both BEVs and HFCVs. The magnitude of emission 

savings differs among the scenarios. The highest GHG emission savings for CFRP BEVs and 

HFCVs is achieved in the scenario with the highest GHG emissions in conventional BEVs and 

HFCVs, highway in severe winter. The highway in severe winter scenario shows life cycle GHGs 

of 382 g CO2 eq/km for a conventional HFCV and 254 g CO2 eq/km for a CFRP-based HFCV, and 

258.3 g CO2 eq/km for a conventional BEV and 165.7 g CO2 eq/km for a CFRP-based BEV. The 

city in summer scenario has the lowest GHG emissions, 107 g CO2 eq/km for a conventional HFCV 

and 85 g CO2 eq/km for a CFRP-based HFCV, and 93.0 g CO2 eq/km for a conventional BEV and 

72.7 g CO2 eq/km for a CFRP-based BEV. The manufacturing phase emissions make up a 

significant portion of life cycle emissions, but fewer than the operations phase. The emission 

contribution of the assembly, maintenance, and end of life phases is negligible.  

We observed that the use of CFRP-based BEVs and HFCVs provides a significant advantage in the 

locations considered in this study, such as Alberta, Canada, noted for its severe long winter season. 

Sensitivity and uncertainty analyses were conducted to determine the most sensitive metrics and 

compute a possible range of life cycle GHG emissions for every scenario. The life cycle GHG 

emissions of HFCVs range from  85−12
+17 g CO2 eq/km for a CFRP-based HFCV in the city in 

summer scenario to 382−65
+99  g  𝐶𝑂2 eq/km for a conventional HFCV in the highway in severe 

winter scenario. The life cycle GHG emissions of BEVs range from  72−12
+17 g  𝐶𝑂2 eq/km for a 

CFRP-based HFCV in the city in summer scenario to 257−65
+99  g  𝐶𝑂2 eq/km for a conventional 

BEV in the highway in severe winter scenario.  

The results and discussion of this research reflect guidelines for policy and decision makers on 

aspects of BEVs and HFCVs that need to be refined to significantly reduce GHG emissions at a 
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commercial scale. The results also provide insight on the applicability of fabricating asphaltene-

based carbon fiber in Alberta, Canada. 

Table 34: Operational phase emissions for both conventional and CFRP HFCVs [13, 14, 29, 35] 

Scenarios Conventional (g CO2 eq/km) CFRP ( g CO2 eq/km) 

City_Summer 78 54 

Highway_Severe_Winter 353 223 

 

Table 35: Life cycle emissions for both conventional and CFRP HFCV vehicles [13, 14, 29, 35] 

Scenarios Conventional (g CO2 eq/km) CFRP (g CO2 eq/km) 

City_Summer 107 85 

  Highway_Severe_Winter 382 254 

 

4.2. Recommendations for Future Work  

Following are the future research can be performed based on the findings of this thesis. 

1. Future research should analyze, in detail, battery production, replacement, and recycling 

and disposal to generate robust results. 

2. Future research should be conducted to develop measures on how to meet consumer demand 

in terms of faster charging ability and better battery driving range.  

3. A detailed optimization study needs to be performed to manage and strategize the increasing 

electricity needs related to the use of BEVs and to examine in depth the impact that 
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competing options like biofuel use could have on overall LCA comparison of ICEVs and 

BEVs.  

4. Detailed research needs to be conducted on how the driving range of HFCVs can be 

increased through fuel cell optimization and modifications of on-board hydrogen storage 

systems. 

5. All vehicle types can be considered and compared in terms of net energy consumption, life 

cycle GHG footprint, and investment cost, considering future changes in a regional power 

generation mix. The developed method can be implemented for other modes of road 

transport such as plug-in hybrid electric vehicles, hybrid electric vehicles, biofuel-fueled 

vehicles, heavy buses, and freight transport. 

6. A system level assessment of the implementation of BEVs and HFCVs over a long term 

needs to be conducted, considering the potential penetration of these vehicles in the 

transportation sector.  
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Supporting Information (Section 2) 

Table 36: Equations used to compute energy calculations [10, 13, 29]  

Energy consuming parameters Equation 

Energy consumed by heater / AC 
Max rating power of heater * % use of max rated power 

demand * operational time 

Energy loss due to battery 

efficiency 
( 1 - ꞃ ) * Max storage capacity of battery 

Energy consumed in lighting 
Max rating power of lights * % use of max rated power 

demand * operational time 

Energy consumed in radio, 

navigation 

Max rating power of radio, navigation * % use of max rated 

power demand * operational time 

Energy consumed in seat 

preheating 
Max rating of preheater * time of preheating 

Energy dissipated due to speed 

restrictions, braking 

% dissipated energy ( 1 - ꞃ Reg ) * max storage capacity of 

battery 

Energy required for driving on 

flat roads, along with energy 

consumed by drag and rolling 

friction 

(m * a + (0.5 *Cd * A * V^2 * P) + Cr * m * g) * no of km 

travelled 

Energy required for driving on 

hilly roads, along with energy 

consumed by drag and rolling 

friction 

(0.5 * Cd * A * V^2 * P + Cr * m * g + (1 - f ) * g * sin Ꙩ ) 

* no of km travelled 

Energy lost due to inefficiency 

of motor and controller 

(1 - ꞃ motor * ꞃ generator) *(((m * a + 0.5 *Cd * A * V^2 * 

P + Cr * m * g) * no of km's travelled) + (0.5 * Cd * A * 

V^2 * P + Cr * m * g + ( 1 - f ) * g * sin Ꙩ) * no of km 

travelled ) 

Energy lost due to transmission 

loss while transferring it to grid 

and battery 

(1 - ꞃ transmission) * max storage capacity of battery 

Energy loss due to depth of 

discharge at 90 % 
10 % * ꞃ efficiency * max storage capacity of battery 

Force equation F = m * a + (0.5 *Cd * A * V^2 * P) + Cr * m * g 

Energy E = F * D 

Energy loss due to depth of 

discharge at 80 % 
20 % * ꞃ efficiency * max storage capacity of battery 
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Supporting Information (Section 3) 

Table 37: Battery replacement for each scenario for both conventional and CFRP BEVs [27, 29, 

34, 37] 

Scenario Conventional 

Battery 

Lifetime 

(Km) 

Scenario CFRP 

Battery 

Lifetime 

(Km) 

Battery_C_S_C

on 
2.00 100,000 

Battery_C_S_C

F 
1.00 200,000 

Battery_C_MW

_Con 
3.00 66,666 

Battery_C_MW

_CF 
2.00 100,000 

Battery_C_SW_

Con 
4.00 50,000 

Battery_C_SW_

CF 
3.00 66,666 

Battery_H_S_C

on 
5.00 40,000 

Battery_H_S_C

F 
3.00 66,666 

Battery_H_MW

_Con 
6.00 33,333 

Battery_H_MW

_CF 
4.00 50,000 

Battery_H_SW_

Con 
8.00 25,000 

Battery_H_SW_

CF 
4.00 50,000 

Battery_R_S_C

on 
2.00 100,000 

Battery_R_S_C

F 
2.00 100,000 

Battery_R_MW

_Con 
3.00 66,666 

Battery_R_MW

_CF 
2.00 100,000 

Battery_R_SW_

Con 
5.00 40,000 

Battery_R_SW_

CF 
3.00 66,666 
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Appendix A 

Operation phase calculations were done as per the equations given in Table A1.  

Table A 1: Operation phase energy calculation equations  

Energy consuming parameters Equation 

Energy consumed by heater / AC 
Max rating power of heater * % use of max rated power 

demand * operational time 

Energy loss due to battery 

efficiency 
(1 - ꞃ) * Max storage capacity of battery 

Energy consumed in lighting 
Max rating power of lights * % use of max rated power 

demand * operational time 

Energy consumed in radio, 

navigation 

Max rating power of radio, navigation * % use of max rated 

power demand * operational time 

Energy consumed in seat 

preheating 
Max rating of preheater * time of preheating 

Energy dissipated due to speed 

restrictions, braking 

% dissipated energy (1 - ꞃ Reg ) * max storage capacity of 

battery 

Energy required for driving on 

flat roads, along with energy 

consumed by drag and rolling 

friction 

(m * a + (0.5 *Cd * A * V^2 * P) + Cr * m * g) * no of km 

travelled 

Energy required for driving on 

hilly roads, along with energy 

consumed by drag and rolling 

friction 

(0.5 * Cd * A * V^2 * P + Cr * m * g + (1 - f ) * g * sin Ꙩ ) 

* no of km travelled 

Energy lost due to inefficiency 

of motor and controller 

(1 - ꞃ motor * ꞃ generator) *(((m * a + 0.5 *Cd * A * V^2 * 

P + Cr * m * g) * no of km's travelled) + (0.5 * Cd * A * 

V^2 * P + Cr * m * g + (1 - f ) * g * sin Ꙩ) * no of km 

travelled ) 

Energy lost due to transmission 

loss while transferring it to grid 

and battery 

(1 - ꞃ transmission) * max storage capacity of battery 

Energy loss due to depth of 

discharge at 90 % 
10 % * ꞃ efficiency * max storage capacity of battery 

Force equation F = m * a + (0.5 *Cd * A * V^2 * P) + Cr * m * g 

Energy E = F * D 

Energy loss due to depth of 

discharge at 80 % 
20 % * ꞃ efficiency * max storage capacity of battery 
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Table A 2: Symbols for operation phase parameters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Symbol  Parameter  

F  Force 

m  Mass 

a Acceleration 

Cd Drag coefficient  

A Area 

V Velocity 

P Density 

g  Acceleration due to gravity 

E Energy or work  

Ꙩ Average slope of uphill roads  

f  Regeneration energy  

ꞃ Efficiency of battery 

ꞃ Reg  Regenerative efficiency  
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