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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 CO; eq/km
(city in summer scenario) to 258 g CO» 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
CO; eq/km (city in summer scenario) to 382 g CO> eq/km (highway in severe winter scenario) for
conventional HFCVs, and for CFRP HFCVs, from 85 g CO» 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 COz eq/km and 22 g CO; eq/km for CFRP BEVs. The manufacturing

emissions for conventional HFCVs are 18 g CO; eq/km and 20 g CO; 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 COz eq/km (highway in severe winter scenario) for conventional BEVs and for CFRP BEVs,
from 32 g CO; eq/km (city in summer scenario) to 102 g CO> eq/km (highway in severe winter
scenario). The operation emissions for conventional HFCVs range from 78 g CO> eq/km (city in
summer scenario) to 353 g CO2 eq/km (highway in severe winter scenario), and for CFRP HFCVs,
from 54 g CO, 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.

v



Preface

This thesis is an original work by me under the supervision of Dr. Amit Kumar. Chapter 2 of this thesis is
expected to be submitted as D. Khanna, E. Gemechu, and A. Kumar, “Life cycle assessment of an electric
vehicle: The impact of driving pattern and climatic conditions on environmental performance” to Applied
Energy. Chapter 3 is expected to be submitted as D. Khanna, N. Mahbub, and A. Kumar, “The development
of life cycle environmental footprint of a carbon fiber-based hydrogen fuel cell vehicle for colder climate” to
Applied Energy. 1 was responsible for the concept formulation, data analysis, scenario development, energy
consumption quantification, greenhouse gas emissions calculations, and manuscript composition. Drs. E.
Gemechu and N. Mahbub contributed by reviewing the paper and providing useful feedback. Dr. A. Kumar
is the supervisory author and is involved with the concept formulation, data analysis, scenario development,

energy consumption estimates, greenhouse gas emissions calculations, and manuscript composition.



Acknowledgements

I would like to acknowledge my supervisor, Dr. Amit Kumar, for his continuous support and
guidance throughout my research project. His insight, expertise, and steady feedback played a
significant role in my successfully completing this work. I would also like to express my gratitude

to Future Energy Systems for providing the financial support to carry out this research.

It is my pleasure to thank Dr. Eskinder Gemechu for his continuous support and inspiration
throughout the study period. He reviewed the research and provided valuable feedback to improve
it. I am also thankful to Drs. Abayomi Olufemi Oni and Nafisa Mahbub for reviewing the work
and providing feedback, as well as to Astrid Blodgett for editing it. Last but not the least, I would
like to recognize my colleagues in the Sustainable Energy Research Group for their continuous
support and useful discussions that helped widen my knowledge on energy research and create a

productive research environment.

I am greatly thankful to my parents (Dipti Ram Khanna, Arjun Khanna, Reena Khanna, Rajan
Karir), my brother (Shiv Khanna, Anirudh Kembre), my sisters (Shikha Insan, Renu Kohli, Aastha
Bassi), and my friends (Parth Shah, Anuj Saini) for their endless support and encouragement that

helped me to achieve this level of knowledge and successfully perform this research work.

Vi



Table of Contents

YN 0] 1 Lo AR i

PLEEACE. ...ttt ettt ettt et a e ettt et e bt et e eate e v

ACKNOWIEAZEIMENLS ......eiiieiiieeiee ettt ettt e et e e st e e s te e e eaeeessaaessaeeessseesssseessseeessseeanns vi

ADDTEVIATIONS ...ttt sttt et e h e bt et se e e bt eab e e bt e bt et sat e bt et e eate bt entesaee e xii

(O] T o115, ol OO PRR PSRRI 1

Lo IEOAUCTION ...ttt ettt et b et st b et e at e sbe et ee b e sae et e e st enaeenee 1

L1, BaCKEIOUNd.....cc.oiiiiiiiieiieie ettt ettt ettt e e eenbeenenas 1

1.2.  Literature review and reSearch Sap.......cccccveeeveerieriieeniieeiieesieeieesee e eseeeevee e eneesenas 4

1.3, ReSearch MOtIVALION ......cc.eeiuiiiiiiieiieieeiesicete ettt et 8

1.4, ReSCArCh ODJECLIVES ...eieuiiiiiieiieeie ettt ettt e 8

1.5.  Scope and limitations of the thesis .........ccceeiiiiiiiiiiiii e, 9

1.6.  Organization 0f the theSiS .......c.cooiiiiiiiiiiiee e 10

CRAPLET 2 ...ttt e ettt e et e e et e e e tbeeessaeeeasaeeassaeeasseeesssaeeessaeesseeessseeenseeesseensseeans 12

2. Life cycle assessment of an electric vehicle: The impact of driving pattern and climatic

conditions on environmental PErformance............ccuieeiuereiieeeiiieeeiee e 12

2 B 0315 (T L o1 103 s RO USSP 12

2.2 MEROM..... it ettt et 16

2.3, Results and diSCUSSION ......ccuieriieiiieiieiie ettt ettt ettt 41

2.4, CONCIUSION ...ttt ettt ettt et e s bt et e bt e beesane e 71

L0 110 ) UK RS SUSRRS 73
3. The development of life cycle environmental footprint of a carbon fiber-based hydrogen

fuel cell vehicle for colder Clmate..........coovuiiiiiiiiiiiiiiee e 73

R 20 R 5113 ¢ o7 L1 o1 5 e RO 73

320 MEROM. ...t et 78

3.3, Results and diSCUSSION ....ccueiiiiiiiiiiiiieiieeeete ettt 94

34, COMNCIUSION ..ttt ettt e bt e et et e s bt e bt e enbeesaaeeateens 112

L0 110 ) S SRS 114

4. Conclusions and Recommendations for Future Work ..........cccccoceviniininiinininiine 114

410 CONCIUSION ...ttt ettt ettt st st 114

4.2.  Recommendations for Future Work ...........cccceeieniiiiniiniiiiiienceeeceeeeee 116



Supporting Information (SECION 2) ......cccuiiiiiieeiiieeciie ettt e e e e eeeraeesaaeeens 118

Supporting Information (SECION 3) ......cccuiiiiiiiiiiie et e e e e eeeaeeeaaeeens 119
RETEICIICES ...ttt ettt e ettt et e e bt e et e beeeabeenaeeenne 120
APPCNAIX A Lottt ettt ettt et ettt e bt e ta e et e e ta e e bt e st e enbeetaeenbeenseeenbeenneeenne 132

viii



List of Tables

Table 1: Bill of materials for conventional and carbon fiber reinforced plastic (CFRP)-based
BEVs based on raw materials [18].....ccuieiiuiieiiiecie ettt 23
Table 2: Bill of materials for conventional and carbon fiber reinforced plastic (CFRP)-based
BEVs based on components [18]......cccuieiuiiiiiiiiiiiieiieeieeite ettt ebe e 24
Table 3: Mass distribution of lithium NMC battery by key components for conventional and
CFRP-DASed BEVS [18, T4] ..cueeiieieiieie ettt ettt ettt ettt te et sneenseenseeneennes 26
Table 4: GHG emission factors of Alberta’s electricity grid mix for the considered years [109] 28

Table 5: Scenarios and key parameters for the BEV energy requirement model......................... 31
Table 6: Values of drag and rolling coefficients for conventional BEVS [16] ...........cccccevennnnnn.. 32
Table 7: Values of drag and rolling coefficients for CFRP BEVs [16, 55].......ccceeviniiiiniinnenne. 33

Table 8: Motor and controller efficiency values for both conventional and CFRP BEVs [29] ... 34
Table 9: Detailed values of drive range for both conventional BEVs and CFRP BEVs [121] .... 38
Table 10: Steps involved in the end-of-life phase for both conventional and CFRP BEVs [95] . 40
Table 11: GHG emissions of AC/heater consumption for both conventional and CFRP BEVs

1225 OO PR PSPPSR 54
Table 12: GHG emissions of auxiliaries’ consumption for both conventional and CFRP BEV
L2 ettt bbbt b bbbt h et ettt a e b b 54
Table 13: GHG emissions of energy lost in the motor and controller for both conventional and
CFRP BEV [20] ettt ettt st sttt et st a e e 55
Table 14: GHG emissions of energy consumed in driving for both conventional and CFRP
BEVS [L11] ettt ettt et b ettt ettt be e 55
Table 15: GHG emissions of energy dissipated for both conventional and CFRP BEVs [11].... 56
Table 16: Total GHG emissions of the operation phase [11, 12] .....cccoceeviriiniininieniinieeiceeee, 56
Table 17: Values of the parameters involved in end of life for conventional and CFRP BEVs [55,
06, 1307 .ottt bbbttt b e bbbt bttt et a et bt ebe i 59
Table 18: Energy consumption and GHG emissions of parameters involved in end of life for
conventional and CFRP BEVSs [55, 74, 96, 120] .....cccuviiiiiiieieeeeee et 60
Table 19: Raw material recovery of glider for conventional and CFRP BEVs [96] .................... 62
Table 20: Raw material recovery of powertrain for conventional and CFRP BEVs [96] ............ 62

1X



Table 21: Range of values for sensitive parameters ............cccuveeecueeeeiiieerieeenieeesreeesveessveesveeeens 68

Table 22: Bill of materials for conventional and carbon fiber reinforced plastic (CFRP)-based

HECV S 18]ttt ettt et st b et e a e bt et sa b e bt et eate bt entesaee e 83
Table 23: Mass distribution of key components used for conventional and CFRP-based HFCVs
L ] ettt ettt ettt ettt ettt et e b e e n e e eh e et e nte et e be e st e ene et e enteeRte st enseenteteenseeneenneentens 84
Table 24: Mass distribution of a lithium NMC battery by key components for both conventional
ANA CEFRP HECVS [18] .ottt ettt e e e tae e e eab e e e easeeeenseeeenneaens 87
Table 25: Mass distribution of hydrogen fuel cell on-board storage by raw materials for both
conventional and CFRP HFCVS [18] ...ccciiiioiiieiieee ettt 88
Table 26: Operational phase scenarios considered and their respective key parameters for an
HECV ettt ettt et h ettt s et et et e e a e s bt et e s et e bt et e ente bt enbeenee e 90
Table 27: GHG emissions of AC/heater consumption for both conventional and CFRP HFCVs
0 2072 TSP PRS 102
Table 28: GHG emissions of auxiliaries’ consumption for both conventional and CFRP HFCVs
0 02 OSSOSO 103
Table 29: GHG emissions of energy lost in the motor and controller for both conventional and
CFRP HFECVS [13, 14, 20] ittt ettt ettt ettt ettt ae st enseensaenaessaenseesaenseensens 103
Table 30: GHG emissions of energy dissipated for both conventional and CFRP HFCVs [13, 29]
..................................................................................................................................................... 103
Table 31: GHG emissions of energy consumed for driving for both conventional and CFRP
HECVS [13, 15, 20 ettt ettt sttt sbe e 103
Table 32: Total GHG emissions of operation phase for both conventional and CFRP HFCVs [13,
ST OO PR RRSRIPRUSRSRR 104
Table 33: Range of values for sensitive parameters ...........ceccuveeeiveeeieeenieeenieeenieeeeveeeseee e 107
Table 34: Operational phase emissions for both conventional and CFRP HFCVs [13, 14, 29, 35]
..................................................................................................................................................... 116
Table 35: Life cycle emissions for both conventional and CFRP HFCV vehicles [13, 14, 29, 35]
..................................................................................................................................................... 116
Table 36: Equations used to compute energy calculations [10, 13, 29] ...cccoeviiiiiiiieniieeeen. 118

Table 37: Battery replacement for each scenario for both conventional and CFRP BEVs [27, 29,



List of Figures

Figure 1: System boundary of a battery electric vehicle life cycle.........cooceeviniiniiiiniiniincnene 20

Figure 2: Key parameters and the process for GHG emissions calculations in each life cycle

Figure 3: Vehicle production GHG emissions contribution by key components: conventional vs.
CFRP BEVS ..ttt et sttt et sttt be et et sat ettt e e b ennes 42
Figure 4: Vehicle production GHG emissions contribution by key raw materials: conventional
VS. CFRP BEVS ..ttt sttt st ettt et e e st e seenseeneesaeenseenee e 43
Figure 5: GHG emissions due to battery requirements in the life cycle of the BEV: conventional
vs. carbon fiber reinforced PIASTIC. ... .c.ivvviieiieiieeiieiieeie e et eeeas 45

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

PlAStIC (CFRP)...oniiiie et ettt ettt et e s e et e st e et e e sateenbeenneas 53
Figure 7: Life cycle GHG emissions: conventional vs. carbon fiber reinforced plastic (CFRP)-
DASEA BEVS ...ttt ettt a et e 64
Figure 8: Normalized life cycle GHG €miSSIONS .......cccceveruiriinienieniinieneeienecieee e 66
Figure 9: Morris plot for City in SUMMET SCENATIO ......eevuvieiieriieeiieeieeiie et eeiee e siee et sieeebee e 69
Figure 10: Life cycle GHG emissions: Uncertainty reSults..........cccoevveeeiieeiiieeniieeniee e 70
Figure 11: System boundary of a hydrogen fuel cell vehicle life cycle.........cccoovevevnieiiiiennnnn. 80
Figure 12: Key parameters and the process for GHG emission calculations in each life cycle
DHASE ..ottt b et sht ettt b e bt e st enae et 81
Figure 13: Vehicle manufacturing GHG emissions contribution by key components:

conventional vs. carbon fiber reinforced plastic (CFRP) HFCVS ........ooviiiiiiiiiiiiiiieeeeeiee 95
Figure 14: Vehicle manufacturing GHG emission contribution by prime raw materials:
conventional vs. carbon fiber reinforced plastic (CFRP) HFCVS ......ccoooiiiiiiiiiiiiiiicieieeee 96
Figure 15: Operational GHG emissions for the considered scenarios: conventional vs. carbon
fiber reinforced plastic (CFRP) HFCV ......ooiiiiieeee et 102
Figure 16: Life cycle GHG emissions: conventional vs. carbon fiber reinforced plastic (CFRP)-
DASEA HECVS ..ttt sttt ettt st et 106
Figure 17: Morris plot for highway in severe winter scenario for a CFRP HFCV................... 110
Figure 18: Life cycle GHG emissions: Uncertainty reSults..........ccccecvveeevieeniieencie e 111

X1



Abbreviations

BEV: Battery electric vehicle

CO2 eq: Carbon dioxide equivalent

CFRP: Carbon fiber reinforced plastic

GFRP: Glass fiber reinforced plastic

GHG: Greenhouse gas

HFCV: Hydrogen fuel cell vehicle

ICE: Internal combustion engine

ISO: International Organization for Standardization
Km: Kilometer

kW: Kilowatt

kWh: Kilowatt hour

LCA: Life cycle assessment

MJ: Mega joules

NMC: Nickel manganese cobalt

PHEYV: Plug-in hybrid electric vehicle

WLTC: World harmonized light-duty vehicle test cycle

ICEV: Internal combustion engine vehicle

Xii



HVAC: Heating ventilation and air conditioning

Xiii



Chapter 1
1. Introduction

1.1. Background

The transportation sector is responsible in large part for the steady increase in anthropogenic CO»
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].
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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



um 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



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).



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



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



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.



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 HFCVss 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.



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, CHs, 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



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.
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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 C° [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 Borjesson 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
GHGe-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:
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e To develop an LCA framework to estimate the total energy consumption and life cycle
GHG footprint of a conventional BEV throughout its life cycle.

e To study the GHG emission footprint of BEVs based on climatic conditions, roads, and
driving patterns.

e 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.

e 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.

e To calculate the total energy requirement of the conventional and CFRP EVs throughout
their life cycle, including computing energy indices like net energy ratio.

e 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 CO> 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 CO> 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

18



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

22



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]

Conventional vehicle CFRP-based vehicle
Materials

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

159 11 159 18
plastic
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]

Conventional vehicle CFRP-based vehicle
Components

Mass, kg Mass, % Mass, kg Mass, %
Transmission
system 72 5 20 2
Body (body in
white, interior, 623 41 282 32
exterior)
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 | Conventional vehicle CFRP-based vehicle
Li-NMC

battery 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 0 0
Thermal

insulation 1 1 1 1
Coolant glycol 7 4 7 5
Carbon fiber 0 0 25 21
Electronic parts | g 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)

151
141
134
110
114
122
117
113
100
02

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

e  Operational time [112]

e Temperature 15°C to 35°C [15, 106, 107]

e Drag coefficient [10]

e Rolling coefficient[ 106, 108]

e Average speed and acceleration [25, 106]

City in mild winter:
City Mild Winter

e  Operational time [112]

e  Temperature -14°C to 14°C [15, 112, 113]

e Rolling coefficient [10, 114]

e Drag coefficient [10, 114]

e Average speed and acceleration [27, 112]

City in severe winter:
City Severe Winter

e  Operational time [112]

e  Temperature -40°C to -15°C [15, 112, 113]

e Rolling coefficient [10, 114]

e Drag coefficient [112, 114]

e Average speed and acceleration [27, 112]

Highway in summer:
Highway Summer

e  Operational time [106]

e Temperature 15°C to 35°C [15, 112, 113]

e Rolling coefficient [10, 114]

e Drag coefficient [10, 114]

e Average speed and acceleration [10, 27]

Highway in mild winter:
Highway Mild Winter

e  Operational time [112]

e  Temperature -14°C to 14°C [15, 112, 113]

e Rolling coefficient [10, 114]

e Drag coefficient [10, 114]

e Average speed and acceleration [27, 112]

Highway in severe
winter:
Highway Severe Winter

e  Operational time [112]

e  Temperature -40°C to -15°C [15, 112, 113]

e Rolling coefficient [10, 114]

e Drag coefficient [10, 114]

e Average speed and acceleration [27, 112]

Rural area in summer:;
Rural Summer

e  Operational time [112]

e Temperature -40°C to -15°C [15, 112, 113]

e Rolling coefficient [10, 114]

e Drag coefficient [10, 114]

e 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 -40°C to -15°C [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 -40°C to -15°C [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 lDrag Coefficient lRolling 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 IDrag Coefficient IRolling 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 IEfﬁciency of motor lEfﬁciency of controller
City in severe winter 85 03
City in mild winter 87 03
City in summer 00 05
Highway in severe winter [82 87
Highway in mild winter  [84 89
Highway in summer ) 00
Rural in severe winter B3 88
Rural in mild winter R84 90
Rural in summer 87 03

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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MlJ/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]

. IDrive range Drive range (CFRP BEV)
Scenarios .
(Conventional BEV) [km] [[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 03 140
Rural in severe winter 77 03
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 1nclul(iifzd in end of Description
Disassembly of the This step includes dismantling the car into different
ehicle y portions such as the powertrain, residual car body, motor,
battery. etc.
This step includes recycling the case material, battery
Recycling of the 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

This category includes power electronics, non-propulsion
electrical systems: recycling cables, electronics, and

electronics :

valuable materials.
Recycling of wheels and This category includes recycling the wheels and tires.
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 CO; 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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2.3.2. GHG emissions due to battery requirements

Figure 5 depicts the GHG emissions associated with battery requirements in the life cycle
of the vehicles for each scenario. Battery manufacturing GHG emissions for a Li-NMC
battery are 1.32 g CO2 eq/km per battery for conventional BEVs and 2.01 g CO; eq/km per
battery for CFRP EVs. The emission differences are due to differences in the number of
battery replacements. Compared to conventional vehicles, a CFRP-based EV requires fewer
replacements in every scenario because the lightweight CFRP results in less drag and rolling
force, more gradual degradation of the depth of discharge, and longer battery life compared

to a conventional EV [55]. The battery replacement rate is highest in the highway in severe
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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 CO: -eq/km for

a CFRP-based BEV and from 2.7 to 10.6 g CO 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

2.3.3. Operating GHG emissions

GHG emissions during the operational phase are due to the upstream emissions in the
production of electricity [12]. The emission variations among the scenarios for both
conventional and CFRP-based vehicles are a result of differences in energy requirements,
which are influenced by climatic conditions, road type, and driving behaviors [55]. The key
energy-consuming activities are providing the required wheel torque, heating and air

conditioning, and miscellaneous auxiliary activities. Energy demand is modeled by
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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 -35°C to — 15°C in severe winter, -14°C to 10°C in mild winter, and 11°C to 35°C
in summer [31]. The comfortable temperature inside the EV is from 18°C to 22°C; 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 Miiller 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 COz eq/km in city in summer to 45 g COz 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/m? 50 km/day, 2.27 m?
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/sec? in city in summer to 0.52 m/sec? 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 CO; 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.
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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 IGHG emissions (g CO2
eq/km) (conventional) 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 D D

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 IGHG emissions (g CO2 IGHG emissions (g CO2
eq/km) (conventional) 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 IGHG emissions (g CO2
eq/km) (conventional) 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 D2 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 IGHG emissions (g CO2 IGHG emissions (g CO2
eq/km) (conventional) eq/km) (CFRP)
City in severe winter 30 49
City in mild winter 64 40
City in summer 43 D6
Highway in severe winter 130 72
Highway in mild winter 05 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 IGHG emissions (g CO:
eq/km) (conventional) eq/km) (CFRP)

City in severe winter 6 a

City in mild winter 4 D

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 D

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

Scenarios IGHG emissions (g CO2 IGHG emissions (g CO2
eq/km) (conventional) 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

56



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]
Value
Parameter (conventional|Unit ;El‘l;; (Sl [Formulas used
IBEV)
Distance travelled to
take our vehicle to K40 km 40 Referred
shredding facility
Energy required to
transport vehicle to
shredding facility 1.5 MJ/ tkm [L.5 Referred
and sorting and
dismantling
Mass of vehicle 1511 kg 877 Referred
Mass of glider 1160 ko 520 Mentlor}ed above in vehicle
roduction phase
Mass of powertrain 351 kg 097 Calcula‘Fed above in vehicle
roduction phase
Mass of glider that is 520 14 ko bos Total mass o.f glider - mass of
disposed recovered glider
Mass of glider that is Mass of raw materials
recovered or 482.77 kg 375 recovered (shown in table 12) *
recycled mass of glider
Mass of powertrain Total mass of powertrain -
that is disposed p01.80 ke P68 mass of recovered glider
Mass of powertrain Mass of raw materials
that is recovered or }¥49.82 kg 29 recovered (shown in table 13) *
recycled mass of powertrain
Energy required to
operate the shredder 0.37 MJ/kg 0.37 Referred
Energy required for
only recycling and [1297.33 MJ 1568 Referred
disposal of glider
Energy required for cevcling and disposdl of glider
only disposal of  672.83 MJ 756 [eeyeing posa’ ol g
lider (disposed mass of glider/
E total mass of glider)
No. of?batt.:enes base . Mentioned in supporting
case (city in 1 Unit less |1 .
section 3
summer)
Weight o'f 85162 ko ho7 Mentlor}ed above in vehicle
owertrain roduction 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]

Value Value
Parameter (CFRP (conventional [Unit [Formulas used
BEV) BEV)
Distance travelled to take
[Net energy required to our vehicle to shredding
transport glider to facility * Energy required
shredding facility along  @{2.14 60.17 MJ to transport vehicle to
with sorting and shredding facility and
dismantling sorting and dismantling *
Mass of glider
Net energy required to
transport glider to
[Net energy required to shredding facility along
transport disposed portion [21.22 31.21 MJ with sorting and
of glider dismantling * (mass of
disposed glider/ total mass
of glider)
I:;;Z?:iiz rgehq(;{;zci o Energy required to operate
. 023.43 371.08 MJ the shredder * mass of
shredder and sorting, .
) . olider
dismantling
Net energy required to
[Net energy required to sort, 0}113 erg:ie the (gihder' at
dismantle, and shred the  |123.43 192.45 MJ prrecder an sorting,
disposed portion of glider dismantling * (mass of
disposed glider/ total mass
of glider)
Distance travelled to take
Energy required to our vehicle to shredding
transport the powertrain to facility * Energy required
shredding facility along  [13.24 21.10 MJ to transport vehicle to
with sorting and shredder facility and
dismantling sorting and dismantling *
Mass of powertrain
Energy required to
Energy required to transport disposed portion
transport the disposed of powertrain to shredding
portion of the powertrain to 11.23 18.11 MJ facility * (Mass of
shredding facility powertrain that is disposed/
Mass of powertrain)
Energy required to operate Mass of powertrain *
the powertrain at shredder [67.87 130.10 MJ Energy required to operate
and sorting facility the shredder
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alue alue
Parameter CFRP Conventional [Unit [Formulas used
EV) EV)
Energy required to operate
Energy required to operate the powertrain at shredder
the disposed powertrain at and sorting facility * (Mass
shredder and sorting p6.98 111.67 MJ of powertrain that is
facility disposed / Mass of
owertrain)
Distance travelled to take
our vehicle to the shredding
Emissions in transportation 5.6 43,1 kg facility * Mass of vehicle *
Emission factor of
transportation
Energy required to only
dispose and recycle the 3814 1870.10 MJ [74, 96]
owertrain
Energy required to only
Energy required to only dispose apd recycle the
dispose the powertrain 3457 14180.10 MJ powertrain * (M.ass.of
powertrain that is disposed/
Mass of powertrain)
Emissions generated
during disposal and 12.14 53.51 kg CO2 eq|[74, 96]
recycling of the glider
Emissions in shredding,
sorting, and dismantling of P9 20 kg CO2 eq|[74, 96]
car
Emissions in shredding,
sorting, and dismantling of
car + Emissions in
Emissions generated in the transportation) * (Mass of
disposed portion of glider glider that is disposed /
during its transportation, |157 034 kg CO, eq[Mass of vehicle) +
shredding, sorting, Emission generated during
dismantling, and recycling disposal and recycling of
glider * (Mass of glider
that is disposed/ Mass of
olider)
Emissions requirgd to only b.53 0,76 fqg/ E;é £ |[74. 96]
dispose powertrain .
owertrain
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Table 19: Raw material recovery of glider for conventional and CFRP BEVs [96]

Material recovered per IUni ts Value
kg of glider

Aluminum scrap kg 0.0042
Copper scrap |kg 0.0066
Ferrous scrap kg 0.654
Plastic kg 0.155
Residue kg 0
Electronic components ke 0
scrap

CFRP kg 0

Table 20: Raw material recovery of powertrain for conventional and CFRP BEVs [96]

Material recovered per IUni ts Value
kg of powertrain)
Aluminum scrap kg 0.27
Copper scrap kg 0.125
Ferrous scrap kg 0.411
Plastic kg 0
Residue kg 0
]SECIre;:tronlc components Ikg 0.194
p

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 CO; eq/km in the city summer to 165.7 g COz eq/km in the highway severe

winter scenarios. The corresponding values for a conventional BEV are 93.0 g COz eq/km
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and 258.3 g COz 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.
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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 CO> 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%.
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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 257122 g CO; eq/km for conventional BEVs to 16373% ¢ CO, eq/km for CFRP-based

BEVs. For the city in summer case, the emissions range from 93%23 g CO, eq/km for

conventional to 72117 g CO; 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, 20 R0 (15,112, 113]
km/day

Efficiency of motor, n 75 95 [115]
Efficiency of controller, n | 85 98 [115]
Rolling coefficient (f:lty in | 000235 0.76 (16,94, 115]
summer for conventional)

Rolling coefficient

(highway in severe winter | 0.00175 0.00448 [16, 94, 115]
for conventional)

Rolling coefficient (f:lty in | 560235 0.76 [16,94, 115]
summer for conventional)

Rolling coefficient

(highway in severe winter | 0.00175 0.00448 [16, 94, 115]
for conventional)

Drag coefficient (city in

summer in severe winter | 0.2 0.524 [94, 137]

for conventional

Drag coefficient (highway

in severe winter for 0.2 0.812 [94, 137]
conventional)

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),

wm/hr 30 55 [112, 137]
Average speed (highway), 70 100 (112, 137]
km/hr

Average acceleration

(city) m/sec? 0.1 0.4 [112, 137]
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Morris Mean

Parameters Minimum | Maximum Reference
Average acceleration
(highway) m/sec? 0.14 0.67 [112,137]
1i;eel conventional mass, 2383 203 [18, 34,94, 138]
CFRP emission factor, kg
CO; eq/ke 15.25 344 [18, 94, 139]
Frontal area, m” 1.5 3.5 [130, 140]
Density, kg/m? 1 1.4 [130, 140]
Rating power heater, kW | 1 34 [12]
1.20
Mass of EV Lifetime
° ° oW AL EF
1.00
Average distance travel/day
c
o
T 0.80 ®C AL EF
'q;, Effciciency of Controller
(]
T Average speed
g 0.60
e ® Steel_EF
8
7]
8]
% 0.40 Rolling coeff. factor
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0.20 € Battery efficiency
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Figure 9: Morris plot for city in summer scenario
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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 0f 258.3 g CO»
eq/km for a conventional vehicle and 165.7 g CO; eq/km for a CFRP. The lowest GHG emissions
are in the city in summer scenario, 93.0 g COz eq/km and 72.7 g CO; 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*17 ¢ CO, eq/km for a
CFRP-based EV in the city in summer scenario to 257122 g CO, 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 CO> 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 (Hz) 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:

e 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.
e To conduct a detailed life cycle assessment model of conventional HFCVs and CFRP
HFCVs.
e 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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e To perform comprehensive sensitivity and uncertainty analysis to identify the input
parameters that most impact energy consumption and the life cycle GHG emissions.

e To calculate the net energy consumption and net energy ratios of conventional HFCV's and
CFRP HFCVs throughout their life cycles.

e 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

1s 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 COz 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.

79



Complete life cycle

Well-To-Wheels

Vehicle operation

Vehicle life cycle

Raw material
extraction

Component
manufacturing/
Assembly

-
Feedstock Production Feedstoc!( Hydrogen Production = E;Iy(?rug.e ! -=-|-b Maintenance
transportation I distribution -
|
e o e o I
|
| End of Life

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
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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]

Conventional vehicle CFRP-based vehicle
Materials

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

83



Table 23: Mass distribution of key components used for conventional and CFRP-based HFCVs

[18]

Conventional vehicle CFRP-based vehicle
Components

Mass, kg Mass, % Mass, kg Mass, %
Transmission system | 44 2 12 1
Body (body inwhite,

721 41 327 33
interior, exterior)
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-

Conventional vehicle

CFRP-based vehicle

AL LG Ll 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

Plastic: Polyethylene 1

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]

S O L Conventional vehicle CFRP-based vehicle
NMC battery 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

e  Operational time [112]

e Temperature 15°C to 35°C [15, 106, 107]
e Rolling coefficient [10, 114]

e Drag coefficient [10, 114]

e Average speed and acceleration [27, 112]

City driving in Summer
(City_Summer)

e  Operational time [112]

Driving on Highway in e  Temperature -40°C to 14°C [15, 112, 113]
Severe in Winter e Rolling coefficient [10, 114]
(Highway_Severe_Winter) e Drag coefficient [10, 114]

e 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 CO; eq/km,
respectively, for a CFRP-based HFCV and 78 g CO» eq/km and 353 g CO; 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 CO> 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.
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Figure 13: Vehicle manufacturing GHG emissions contribution by key components: 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
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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 CO> eq/km in city in summer to 15

g CO; eg/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/m?®, 50 km/day, 2.27 m? 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/sec? in city in summer to

0.52 m/sec? 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 CO, eq/km for
a CFRP-based HFCV. The highway in severe winter scenario contributes 353 g CO» eq/km

for a conventional HFCV and 223 g CO; eq/km for a CFRP-based HFCV.
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Figure 15: Operational GHG emissions for the considered scenarios: conventional vs. carbon
fiber reinforced plastic (CFRP) HFCV

Table 27: GHG emissions of AC/heater consumption for both conventional and CFRP
HFCVs [13, 29]

ST HG emissions (conventional HG emissions (CFRP
FCV) FCV)

City in summer 1 1

Highway in severe winter @ 7
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Table 28: GHG emissions of auxiliaries’ consumption for both conventional and CFRP
HFCVs [13, 29]

Scenarios HG emissions (conventional HG emissions (CFRP
FCV) FCV)

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]

ST HG emissions (conventional HG emissions (CFRP
FCV) FCV)

City in summer 3 8

Highway in severe winter 15 15

Table 30: GHG emissions of energy dissipated for both conventional and CFRP HFCVs

[13, 29]
ST HG emissions (conventional HG emissions (CFRP
FCV) FCV)
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]

e HG emissions (conventional HG emissions (CFRP
FCV) FCV)

City in summer 18 11

Highway in severe winter 82 13
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Table 32: Total GHG emissions of operation phase for both conventional and CFRP
HFCVs [13, 15, 29]

Scenarios HG emissions (conventional HG emissions (CFRP
FCV) FCV)

City in summer D4 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 CO; eq/km for a CFRP-based HFCV. The emissions for
highway in severe winter scenario are 382 g CO; 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

3.3.5. Sensitivity and uncertainty analysis

The sensitivity and uncertainty analysis of the HFCV was conducted in a similar manner
and with the same software described in section 2.3.5. Once the key sensitive input
parameters ware identified (i.e., those parameters located far from the origin of the plot),
we conducted uncertainty analysis using a Monte Carlo simulation to obtain the likely range
of life cycle GHG emissions for both conventional and CFRP HFCVs for both considered
scenarios.

The Morris plot for highway in severe winter scenario for a CFRP-based HFCV is shown
in Figure 17; each scenario showed a similar trend. Parameters that are located far from the

origin of the Morris plot and are considered the most sensitive ones. The fuel cell efficiency,
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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%38 ¢ CO» eq/km for CFRP-based to 382722 g CO» eq/km for conventional HFCVs.
For the city in summer scenario, the emissions range from 85%17 ¢ CO, eq/km for CFRP-
based to 107123 g CO» 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,

20 80 [15, 100, 129]
km/day
Efficiency of motor, n 75 95 [127]
Efficiency of controller, n 85 98 [127]
Rolling coefficient (city in

0.00235 0.76 [16, 94, 127]
summer, conventional)
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Parameters Minimum | Maximum Source
Rolling coefficient
(highway in severe winter, | 0.00175 0.00448 [16,94, 127]
conventional)
Rolling coefficient (city in

0.00235 0.76 [16, 94, 127]
summer, CFRP)
Rolling coefficient
(highway in severe winter, | 0.00175 0.00448 [16, 94, 127]
CFRP)
Drag coefficient (city in

0.2 0.524 [13, 94, 174]
summer, conventional)
Drag coefficient (highway
in severe winter, 0.2 0.812 [13,94, 174]
conventional)
Drag coefficient (city in

0.2 0.524 [13, 94, 174]
summer, CFRP)
Drag coefficient (highway

0.2 0.812 [13, 94, 174]
in severe winter, CFRP)
Average speed (city), km/hr | 30 55 [111, 174]
Average speed (highway),

70 100 [111, 174]
km/hr
Average acceleration (city),

0.1 0.4 [111, 174]

m/sec?
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Parameters Minimum | Maximum Source
Average acceleration
0.14 0.67 [111, 174]
(highway), m/sec?
Steel conventional mass, kg | 283 803 [18, 93,94, 138]
CFRP emission factor, kg
15.25 34.4 [18, 23, 93, 138]
CO? eq/kg
Frontal area, m? 1.5 3.5 [30, 126, 130]
Density, kg/m? 1 1.4 [12, 126, 130]
Rating power heater, kW 1 34 [12]
Rating power AC, kW 1 2.5 [12]
Efficiency of fuel cell, n 30 60 [48, 148, 150]
[144, 168, 169,
Hydrogen emission factor 8 14
171]
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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 CO» eq/km for a CFRP-based HFCV and
382 g CO: 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 CO; 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 382722 g CO» eq/km for a conventional HFCV and 25438 ¢ CO, eq/km for a CFRP-
based HFCV. The life cycle GHG emissions for the city in summer scenario are 10733 g CO;
eq/km for a conventional HFCV and 85*17 ¢ CO, 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 CO» eq/km for a conventional HFCV and 254 g CO; eq/km for a CFRP-based HFCV, and
258.3 g COz eq/km for a conventional BEV and 165.7 g CO» eq/km for a CFRP-based BEV. The
city in summer scenario has the lowest GHG emissions, 107 g COz eq/km for a conventional HFCV
and 85 g COz eq/km for a CFRP-based HFCV, and 93.0 g CO: eq/km for a conventional BEV and
72.7 g CO; 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%1% g CO, eq/km for a CFRP-based HFCV in the city in

summer scenario to 382122 g CO, eq/km for a conventional HFCV in the highway in severe

winter scenario. The life cycle GHG emissions of BEVs range from 72%17 ¢ €0, eq/km for a

CFRP-based HFCV in the city in summer scenario to 257%22 g C0O, 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 353 023

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 382 054

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.

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.

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.

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

IEquation

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 - n) * 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
ower demand * operational time

Energy consumed in seat
reheating

Max rating of preheater * time of preheating

Energy dissipated due to speed
restrictions, braking

"% dissipated energy ( 1 - p Reg ) * max storage capacity of
battery

Energy required for driving on
flat roads, along with energy
consumed by drag and rolling
friction

m*a+(05*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*V2*P+Cr*m*g+(1-f)*g*sinll)
* no of km travelled

Energy lost due to inefficiency
of motor and controller

1 - p motor * p generator) *((m *a+ 0.5 *Cd * A * V"2 *
P + Cr * m * g) * no of km's travelled) + (0.5 * Cd * A *
V2 *P+Cr*m*g+(1-f)*g*sinl])*noofkm
travelled )

Energy lost due to transmission
loss while transferring it to grid
and battery

1 - p transmission) * max storage capacity of battery

Energy loss due to depth of
discharge at 90 %

10 % * p efficiency * max storage capacity of battery

Force equation

F=m*a+(0.5*Cd*A*V2*P)+Cr*m*g

Energy

E=F*D

Energy loss due to depth of
discharge at 80 %

20 % * n 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]
Battery Battery
Scenario Conventional | Lifetime | Scenario CFRP | Lifetime
(Km) (Km)

Battery C S C Battery C S C

2.00 100,000 1.00 200,000
on F
Battery C MW Battery C MW

3.00 66,666 2.00 100,000
_Con _CF
Battery C_ SW_ Battery C_ SW_

4.00 50,000 3.00 66,666
Con CF
Battery H S C Battery H S C

5.00 40,000 3.00 66,666
on F
Battery H MW Battery H MW

6.00 33,333 4.00 50,000
_Con _CF
Battery H SW_ Battery H SW_

8.00 25,000 4.00 50,000
Con CF
Battery R S C Battery R S C

2.00 100,000 2.00 100,000
on F
Battery R MW Battery R MW

3.00 66,666 2.00 100,000
_Con _CF
Battery R_ SW_ Battery R_ SW_

5.00 40,000 3.00 66,666
Con CF
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Appendix A

Operation phase calculations were

done as per the equations given in Table Al.

Table A 1: Operation phase energy calculation equations

Energy consuming parameters IEquation

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 - p) * 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
ower demand * operational time

Energy consumed in seat
reheating

Max rating of preheater * time of preheating

Energy dissipated due to speed
restrictions, braking

"% dissipated energy (1 - n Reg ) * max storage capacity of
battery

Energy required for driving on
flat roads, along with energy
consumed by drag and rolling
friction

m*a+(05*Cd*A*V2*P)+Cr*m*g)*noof km
travelled

Energy required for driving on
hilly roads, along with energy
consumed by drag and rolling
friction

05*Cd*A*V2*P+Cr*m*g+(1-f)*g*sinl])
* no of km travelled

Energy lost due to inefficiency
of motor and controller

1 - p motor * p generator) *((m *a+ 0.5 *Cd * A * V"2 *
P+ Cr * m * g) * no of km's travelled) + (0.5 * Cd * A *
VA2 *P+Cr*m*g+(1-f)*g*sinJ)*noofkm
travelled )

Energy lost due to transmission
loss while transferring it to grid
and battery

1 - n transmission) * max storage capacity of battery

Energy loss due to depth of
discharge at 90 %

10 % * p efficiency * max storage capacity of battery

Force equation

F=m*a+(0.5*Cd*A*V2*P)+Cr*m*g

Energy

E=F*D

Energy loss due to depth of
discharge at 80 %

20 % * p efficiency * max storage capacity of battery
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Table A 2: Symbols for operation phase parameters

IParameter

Force

Mass

Acceleration

Drag coefficient

Area

Velocity

Density

Acceleration due to gravity

Energy or work

Average slope of uphill roads

Regeneration energy

Efficiency of battery

clcE N EISEEAEEE

~
(¢)
0Q

Regenerative efficiency
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