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Abstract: Facing global warming and recent bans on the use of diesel in vehicles, there is a growing
need to develop vehicles powered by renewable energy sources to mitigate greenhouse gas and
pollutant emissions. Among the various forms of non-fossil energy for vehicles, hydrogen fuel is
emerging as a promising way to combat global warming. To date, most studies on vehicle carbon
emissions have focused on diesel and electric vehicles (EVs). Emission assessment methodologies
are usually developed for fast-moving consumer goods (FMCG) which are non-durable household
goods such as packaged foods, beverages, and toiletries instead of vehicle products. There is an
increase in the number of articles addressing the product carbon footprint (PCF) of hydrogen fuel
cell vehicles in the recent years, while relatively little research focuses on both vehicle PCF and fuel
cycle. Zero-emission vehicles initiative has also brought the importance of investigating the
emission throughout the fuel cycle of hydrogen fuel cell and its environmental impact. To address
these gaps, this study uses the life-cycle assessment (LCA) process of GREET (greenhouse gases,
regulated emissions, and energy use in transportation) to compare the PCF of an EV (Tesla Model
3) and a hydrogen fuel cell car (Toyota MIRAI). According to the GREET results, the fuel cycle
contributes significantly to the PCF of both vehicles. The findings also reveal the need for greater
transparency in the disclosure of relevant information on the PCF methodology adopted by vehicle
manufacturers to enable comparison of their vehicles’ emissions. Future work will include
examining the best practices of PCF reporting for vehicles powered by renewable energy sources as
well as examining the carbon footprints of hydrogen production technologies based on different
methodologies.

Keywords: carbon footprint; electric vehicle (EV); fuel cycle; hydrogen fuel cell vehicle (HFCV);
product carbon footprint (PCF); plug-in hybrid electric vehicle (PHEV); renewable energy

1. Introduction

The need for sustainable low-carbon transport and logistics has become a top priority
of many countries since emission targets were set at the Conference of Parties to the
United Nations Framework Convention on Climate Change (COP21). Several countries
have enacted policies to ban new petrol and diesel cars by 2030 or 2040 ([1-3]. Carbon
mitigation in transport and logistics was emphasized at the recent World Economic
Forum because this sector is the world’s second-largest carbon emitter, growing from 22%
of global carbon emissions in 2011 to 23% in 2015 [4,5]. Thus, exploring the use of
renewable energy for major vehicles and mitigating vehicle emissions are critical for
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sustaining a long-term decarbonization strategy for a smart city with low-carbon
transport and logistics ([6,7].

The measurement of vehicular carbon emissions is a growing research focus. Global,
national, and corporate studies have indicated the necessity of analyzing carbon emissions
at the product level. In achieving zero emission low-carbon transport and banning of new
petrol and diesel cars, analysis on vehicular carbon emissions is a growing research focus,
in particular at a product level. Previous analyses of product carbon footprints (PCFs)
have mainly focused on fast-moving consumer goods, such as computers, groceries, and
textile products. In contrast, there is a lack of research on complex automotive products,
which feature large numbers of components, complex operational processes, and
globalized manufacturing and car-parts assembly ([8,9]. In assessing the total carbon
footprint of a vehicle, the availability of information is a critical aspect potentially
hampering the completeness of emission inventory. These availability of data in the
emission from peripheral and supporting activities as well as assembly would affect the
accuracy when assessing the total carbon footprint using life-cycle assessment (LCA) and
PCF [10-12].

In evaluating the carbon emission of a product, basic principles and framework for
product LCA could be found in an international standard 1SO14040 while 1SO14067
provides a standard with guidelines and criteria in quantifying, monitoring, reporting,
and verifying carbon footprint of a product. Publicly available specification (PAS) 2050 is
the first CF accounting protocol at a product level. GHG protocol product standard (GHG
protocol) was established later on based on ISO standards and PAS 2050. ISO14040 focuses
on LCA while 15014067, GHG protocol, and PAS2050 specifies on product carbon
footprint. ISO14067 provides guidelines for organisational and product levels [13]. The
organisational-level 1ISO14067 method lacks a process-oriented approach for product-
level evaluation. In addition to the cradle-to-gate processes of metal working and forming,
painting and coating, assembly and testing, and shipping and distribution, other
subsequent processes—such as consumer usage, after-sales services, repair and
maintenance, and disposal and recycling—should also be considered, especially when
evaluating the cradle-to-grave carbon emission activities of a vehicle. The total PCF is
calculated with reference to the foundation of capturing all the carbon emitted along the
product life-cycle

Total carbon footprint = ;' AD; XEF;xGWP,, (1)

where AD is activity data, EF is emission factor, GWP is global warming potential, which
captures the direct and indirect greenhouse gas emissions from the ith GHG emission
activity to the nth GHG emission activity. AD captures the human activities that have been
taken place, e.g., a vehicle consuming diesel during traveling in litres (L), gigajoules (GJ)
electricity consumption for a furnace. An EF is a coefficient which allows to convert
activity data into GHG emissions, quantifying the emissions or removals per unit activity.
It is the average emission rate of a given source, relative to units of activity or
process/processes. A GWP is a measure of a particular GHG’s contribution to global
warming. The scale is a ratio of the contribution of global warming relative to that of the
similar mass of carbon dioxide, thus allowing the expression of all GHG emissions as
carbon dioxide equivalents. The total carbon footprint of vehicle includes the emissions
along the cradle-to-grave processes involving vehicle and fuel cycles as well as
incorporating direct and indirect carbon emission along the product life cycle.

Assessing the carbon footprints of electric vehicles (EVs) has been a focus of research
in recent years [14-16]. However, as the charging times and energy consumption costs
of hydrogen fuel cell cars, a rival technology, have become competitive with respect to
EVs, the development of hydrogen-powered cars and their environmental impact analysis
have also attracted increasing attention ([17]. This paper reviews the carbon footprint
assessment and LCA procedures of two types of vehicle product: EVs and hydrogen fuel
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cell vehicles (HFCVs). A specific comparison of the carbon footprint of a Tesla Model 3
EV and a Toyota MIRAI HFCV are then carried out, with reference to the GREET
(greenhouse gases, regulated emissions, and energy use in transportation) LCA model.
The next section presents a literature review on EVs and hydrogen vehicles and the LCA
and PCF assessment of cars and lorries. The process of vehicle PCF assessment is
discussed in Section 3. A comparison of the carbon footprints of the Tesla Model 3 and
Toyota MIRAI, with an investigation on fuel cycle, is analyzed in Section 4 and 5, followed
by a conclusion in Section 6.

2. Emerging Use of Hydrogen Fuel Cell and Battery Electric Vehicles

The logistics and transport sector covers various ranges of vehicles, including light,
medium, and heavy. Light duty vehicles (LDVs), which account for the highest proportion
of vehicles, are generally categorised into two types. The first type includes traditional
internal combustion engine vehicles (ICEVs) that use diesel or petrol as fuel, and hybrids
that combine a petrol engine with an electric motor [18]. The ICEV fleet also includes
natural gas vehicles (NGVs) and those powered by biofuels (flex-fuels). The second type
involves the use of alternative fuels, which are gradually being introduced for zero
emission transport. For example, the US Department of Energy expects the use of
alternative fuels such as biofuels to grow, thus diversifying the nation’s energy sources
into a cleaner, more affordable and sustainable portfolio ([19]. The third type of LDV
comprises EVs, which are divided into battery electric vehicles (BEVs) and plug-in hybrid
electric vehicles (PHEVs). Both of the latter are charged by plugging into an electric outlet.
In comparison to petrol, biomass fuels reduce greenhouse gas (GHG) emissions by as
much as 52% (corn ethanol) or even 78% (sugarcane ethanol) ([20]). Fuel cell electric
vehicles (FCEVs) such as hydrogen fuel cell vehicles (HFCVs) currently represent a very
small market but have attracted increasing attention in various countries—e.g., the United
States, Japan, and China—due to their zero emissions during vehicle usage, fast charging
times and lower energy consumption [21,22]. Currently, there are 15 hydrogen refuelling
stations in China, and it is expected that there will be over 1 million FCEVs running on
the road by 2037 ([23]. Table 1 summarizes a comparison of alternative battery and fuel
cell technologies ([18].

Table 1. Comparison on technological development challenges on alternative batteries and fuel cell technologies

Alternatives to Li- Batteries
R . - - — - Fuel Cell
ion Batteries Li-Sulphur Zn-Air Li-Air Solid-State
o Charging and
. Sulphur lacks . J High costs . _ -hareing
. Charging not . High costs  distribution
electro- 2. J Safety: fire . .
. energy efficient of layering infrastructure
Current conductivity to be . hazard .
. . Large size . electrolyte J High cost of
technological overcome with . o Insufficient .
. and weight of o Unreliable fuel cell and H:
roadblocks  expensive carbon power due to slow . .
. battery . . production . CO2 being
coating. . chemical reactions . .
. . Lifespan . process emitted in fuel cell
o Cycle life . Lifespan .
generation on Ho
Potential timing ~ 2025-2030 and 2025-2030 and 2025-2030 and 2025-2030 and
. ~2025
for automotive beyond beyond beyond beyond

The emergence of cleaner vehicles and changing work patterns is a real opportunity
to embrace healthier and safer transport networks. Businesses such as retailers may
rethink their last-mile delivery strategies to reduce emissions and meet customer
expectations. A World Economic Forum report ([24] in January 2020 forecasted that
emissions from last-mile deliveries will increase by more than 30% in 10 years—up to 25
million tonnes per year—as the number of urban dwellers and online shoppers grows,
particularly after the COVID-19 pandemic, which is shifting a significant part of the retail
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business online as people stay at home. The research underpinning the report found that
the demand for urban last-mile deliveries will grow 78% by 2030, leading to a 36% rise in
delivery vehicles in inner cities. The report ([24] presented a transition roadmap towards
the use of EVs for inner-city delivery and argued that an integrated ecosystem approach
would optimise the last mile for both private and public players while minimising
customer disruption. The proposed plan could reduce CO: emissions by 30%, congestion
by 30% and delivery costs by 25% by 2030 when compared to a ‘do nothing’ baseline.

A shift to cleaner vehicles, e.g., EVs and HFCVs, is evident. In September 2019, Amazon
announced the goal of going completely emissions-free on half of all shipments by 2030 and
said it had undertaken an extensive project to develop its own ‘advanced scientific model’
to map its carbon footprint ([25]). Hydrogen-powered buses are being put to the test in many
cities in the US, and Amazon is the first company to use hydrogen-powered forklifts in its
warehouses. IKEA Australia has announced a commitment to use only EVs for all of its
operations and services by 2025, with the roll-out having already started in 2019. In
partnership with transport service providers, the company commits to using EVs for home
deliveries and assembly services ([26]. Although the large-scale viability of HFCVs in terms
of both cost and infrastructure support is several years away, exploratory initiatives are
underway ([27]. The amount of hydrogen produced from renewable resources has
increased, with a recent finding that the production of hydrogen is becoming more
economical due to the sharp decline in the price of renewable energy. In fact, the cost of
renewable hydrogen could be as low as US$3.92 kg™ in niche applications, making it
relatively cost-competitive ([28]

A fuel cell device uses a proton exchange membrane to convert chemical potential
energy (energy stored in molecular bonds) into electrical energy ([29]. The two electrodes,
namely the anode (positive) and cathode (negative), are separated by an electrolytic
medium, with hydrogen acting as the fuel carrier in the case of an HFCV. A hydrogen fuel
cell enables the combination of hydrogen with oxygen to form water, releasing electricity
and heat in the process. This synthesis can be described by the following chemical reaction
scheme

Cathode: Oz + 4H* + 4e- — 2H20O

Anode: 2H2 — 4H* + 4e-

Overall: 2H2 + O2 — 2H20 + Energy

This produces electrons, which are captured to create a DC potential. Figure 1 depicts
the above chemical reaction of a hydrogen fuel cell [29].
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1.  Hydrogen fuel is channelled through
field flow plates to the anode on one
side of the fuel cell, while oxygen from
the air is channelled to the cathode on
the other side of the cell.

4

2. Atthe anode, a platinum catalyst causes
the hydrogen to split into positive
hydrogen ions (protons) and (negatively
charged electrons.

J

3.  The Polymer Electrolyte Membrane
(PEM) allows only the positively charged
ions to pass through it to the cathode.
The negatively charged electrons must
travel along an external circuit to the
cathode, creating an electrical current.

L 2

4.  Atthe cathode, the electrons and
positively charged hydrogen ions
combine with oxygen to form water,
which flows out of the cell.

Figure 1. Operating principles of a hydrogen fuel cell [29]

The electron flow can then be used to recharge a battery. The electrons, meanwhile,
flow through the outer circuit and also feed electric motors directly. The battery can be
located in a car to feed the electrical engine, which is essentially the operating method of
an HFCV. Because H: production requires energy, a sustainable energy source is crucial
to maintain the sustainability of the overall operating life cycle. This can be any type of
renewable electricity source, including hydroelectricity, biomass, geothermal, wind,
wave, tidal and solar.

3. Carbon Footprint Methodologies for HFCVs and EVs
3.1. Process-Based Life Cycle Assessment of Vehicles

Measuring the carbon footprints of HFCVs and EVs are critical for estimating their
impacts with respect to the transport, logistics, and supply chain sectors ([30]. The complex
manufacturing operations of automotive vehicles involve multiple locations of production
and assembly, and such vehicles emit comparatively high emissions in the use phase,
compared with other types of product. Models for quantifying the supply-chain carbon
footprints of automotive products can be categorised into several major stages:

e  Product identification: determine the automotive product to be evaluated and
analyse its specifications based on its list of components and bill of materials.

e Process mapping of multiple manufacturing sites: identify and map the life cycle
process of the automotive product and its whole supply chain across various
suppliers, manufacturing sites, distributors, and retailers.

e Data collection and computation: measure the direct and indirect carbon emissions
at each stage of the life cycle, collect the relevant data on carbon emissions and
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calculate the direct and indirect carbon emissions from the supply chain throughout
the life cycle of the automotive product.

e Distribution logistics, consumer usage analysis, after-sales, and repair service
analysis: analyze the emissions produced during the product’s dynamic distribution
and transport along the supply chain and its usage by consumers from purchase,
storage, repair, and maintenance to disposal and recycling.

e Data aggregation and reporting: select appropriate computed figures on the direct
and indirect emissions released during each stage of the supply chain in the life cycle
of the automotive product and calculate the carbon emitted per functional unit of
each automotive product.

The major processes in analysing the life cycle and carbon footprint of HFCVs
consider the key stages in manufacturing and consumer usage. The processes of metal
working and forming, painting and coating, assembly and testing, and shipping and
distribution in a vehicle cycle are shown in Figure 2. The processes highlighted in pink
are those for which the method of measuring carbon emissions is comparatively complex.
The use of renewable energy as a replacement for traditional diesel necessitates
estimations and modeling simulations to obtain the emissions inventory. In the
production stages, the car parts are typically manufactured and assembled at various
locations, making it necessary to incorporate the effects of globalization. This raises the
complexity of measuring the emissions. Besides these stages, consumer usage, after-sales
services, repair and maintenance, and disposal and recycling should be carefully analyzed
when evaluating the cradle-to-grave carbon emission activities of a vehicle.

Well-to-Tank Stage Production Stage Distribution Stage ~ C Usage  End-of-life stage

Raw materials, Body and Assembly Powertrain
chemical and catalyst

e i | Metal Forming ‘ | Metal Working ‘ Shipping and Tank-to-Wheel )
Extraction Distribution (Tailpipe emission) Disposal
| Parts Washing ‘ { Parts Washing | [> Q N
production | Painting and ‘ Assembly and sl Recycling

Retil Maintenance

Catalyst Coatings Testing
production
Final Assembly H, reactor tank
and Testing manufacturing

Figure 2. The major stages of process-based PCF estimation on the vehicle cycle of a hydrogen fuel
cell car.

3.2. The GREET Model

The environmental impacts of goods and services such as EVs can be quantified using
the LCA approach, which covers their complete production and value chains [8]. The ISO
standards (ISO:14040 2010) provide a protocol to estimate the PCFs of EVs by performing
LCA. Additionally, specific LCA guidelines for the assessment of PHEVs and FCVs can
be considered with reference to [31]. The environmental impacts are assessed over the
entire life cycle of the vehicle, including production and disposal; a well-to-wheel fuel
assessment; fuel combustion; non-exhaust emissions during use due to tire, road, and
brake wear; and road provision and maintenance. GREET is a suitable model for
analyzing both the life cycle emissions and environmental impact of fuel and vehicles.
This model considers the emissions associated with both the fuel cycle and the vehicle
cycle [32]. Figure 3 shows the main life cycle stages covered by the fuel cycle module
(GREET1) and the vehicle cycle module (GREET?2).

GREET1 evaluates well-to-wheels (WTW) energy use and emissions of vehicle/fuel
systems. The GREET1 module ([33] calculates the energy use and emissions associated
with the recovery (or growth in the case of biofuels, while the use of biofuels was
discussed in Section 2) of the primary feedstock (FC1); transportation of the feedstock
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FCcreeni is the total emissions of the entire fuel cycle (GREET1) (green), !
FC1-FC4 are the emissions of the fuel production phase (blue), and i
V4 is the emissions of the fuel consumption phase (red). :

(FC2); production of the fuel from the feedstock (FC3); and transportation, distribution
(FC4), and use of the fuel during vehicle operation (VC4) (or tank-to-wheels [TTW])
activities.

FCcreer1 = FCruel Production + FCFuel Concumption = FC1 + FC2+ FC3+FC4+VC4  (2)

Meanwhile, the GREET2 module [4] calculates the energy use and emissions
associated with the production (VC1) and processing of vehicle materials (VC2), the
manufacturing and assembly of the vehicle (VC3), and the end-of-life decommissioning
and recycling of vehicle components (VC5).

VCareer2 = VCVehidle Production + VCVehicle Operation + VCvehicle End-of-life

=VC1+VC2+VC3+VC4+VCh ©)

VEHICLE CYCLE (GREET2)

Raw Material i
Extraction (VC1)

Material

Processing (VC2)

;

Manufacturing &

FUEL CYCLE (GREET1) Assembly (VC3)

Raw Material Transportation o] Refining
P
Extraction (FC1) (FC2) (FC3) (FC4)

1
'
i
VL Vehicle
]
1
1

Operation (VC4)

Vehicle
End-of-life (VC5)

Figure 3. GREET model [33.

4. Case Analysis of Carbon Footprint of HFCVs and EVs

The challenge of capturing and measuring vehicle pollutant emissions in the use
phase has come to the attention of both industry and academia. Increasing evidence
indicates that the current approaches to laboratory emission testing, such as the New
European Driving Cycle (NEDC) and the associated test protocol, cannot reliably and
accurately capture on-road vehicle emissions. For example, [34] reported that seven Euro
4-6 diesel cars tested with portable emissions measurement systems (PEMS) in their study
emitted twice as much NOx on the road than the amount measured during certification
using the NEDC. [35] estimated the gap between certification and reality in the pollutant
emissions of three vehicles using simulations and found that the NEDC could have
underestimated carbon emissions by a third on average. The Worldwide harmonised
Light vehicles Test Procedure (WLTP), an improved laboratory test that replaced the
NEDC, was also found to underestimate carbon emissions by 13% [35] To complement
the WLTP, the Real Driving Emissions (RDE) test, performed by means of PEMS, has been
developed to measure the emission of pollutants such as NOx by cars while driving on
the road. The RDE could potentially close the gap between lab and road tests [36].
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Tesla adopted the LCA approach to review the carbon emissions of its Model 3 EV
[37] (See Table 2). Tesla’s PCF evaluation of the Model 3 was divided into manufacturing
and use phases. A cradle-to-gate assessment was performed for the manufacturing phase.
For the use phase, instead of adopting one of various efficiency testing cycles such as the
NEDC or WLTP, Tesla used the on-road driving approach to estimate the carbon footprint
of these cars. According to Tesla, average energy consumption data, including energy
losses during the charging process, have been collected for over 4 billion miles traveled
by Model 3s to date [37].

Table 2. LCA Methodology for PCF assessment of Tesla Model 3

Manufacturing Phase Emissions for Model 3

Activities Examined Activities Not Examined
Raw and semi-finished material : capital goods (e.g., machinery,
production buildings), infrastructure
transportation, (e.g., roads, power transmission systems),
mechanical processing and : employee commute,
shaping, : external charging
battery manufacturing, : equipment and infrastructure,
vehicle assembly and paint shop, - maintenance and service during use,
all fuels and energy (natural gas, packaging,
electricity, etc.), transport to recycler,
other auxiliaries (lubricants, water, - disposal of manufacturing waste,
etc.), and inbound transportation from Tier 1
end-of-life disposal. suppliers, and distribution to customers.

Use Phase Emissions for Model 3

Use phase emissions for grid charging are based on Model 3 delivery-weighted
state-level grid mix based on DOE estimates of state-level grid carbon intensity
(https://afdc.energy.gov/vehicles/electric_emissions.html)(accessed on 15 December
2020).

Emissions of ~120 gCO2e/mi are a result of calculating the geographic
distribution of the Model 3 in the U.S. based on Tesla’s delivery data which weights
state-level carbon intensity figures and assumes no change in grid mix into the future.

Source: Tesla Impact report 2019 [37].

Toyota also adopted the LCA approach to evaluate the emissions and environmental
impact of the MIRAIL The review process included a life cycle inventory analysis,
inventory analysis and life cycle impact assessment [38]. According to the accompanying
report, the defined scope of the assessment takes all energy, materials, substances, and
processes into consideration. However, detailed figures are only provided in the fuel
production and fuel generation phases, which coincide exactly with the scope of GREETT.
Hence, the comparison in this study focuses exclusively on the fuel cycle component, i.e.,
the WTW cycle of the GREET model.

5. Comparison of ICEVs, EVs, and HFCVs
5.1. Functional Comparison

Researchers, environmentalists and vehicle owners, among others, are keen to know
whether EVs produce lower GHG emissions or have smaller carbon footprints than
ICEVs. Public disclosure of relevant information by vehicle manufacturers, such as the
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LCA models and standards adopted and the data collection and analysis methods, is vital
for a comparison of different vehicles” PCFs. Many environmental reports, especially
those from manufacturers, emphasise the environmental impact of their products in the
consumption phase, arguing that the vast majority of emissions generated by vehicles
today occur in the product-use phase (VC4 of the GREET1 model in Figure 3), i.e., when
consumers are driving their vehicles [37]. However, this does not reflect the full
environmental impact of such products from an end-to-end view, i.e., from cradle to
grave. Nonetheless, there are some exceptions to this reporting practice, including Toyota,
which focuses on emissions from the manufacturing phase of products and future goals
for energy consumption [38]. Toyota presents scenarios and figures that quantify both the
consumption of fossil resources for energy supply to produce the vehicles during the
manufacturing phase, including materials, parts, and vehicle transport, and to produce
the energy to propel the vehicles during the use phase in units of annual
consumption/reserve. Although this is encouraging, it is not sufficient. As suggested by
the GREET model, determining the environmental impact of EVs by comparing their
lifetime impacts with those of ICEVs requires looking at the entire lifecycle, from raw
materials to vehicle usage to disposal, rather than just the emissions resulting from vehicle
usage. Therefore, examining the energy efficiency of fuel generation is an equally
important part of the LCA. Table 3 exhibits a comparison on the techno-economic
parameters of gasoline-driven ICEVs, lithium-battery PHEVs, Compressed gaseous
hydrogen tank-based vehicle (HFCV1) and solid-state hydrogen storage fuel cell vehicles
(HFCV2) [39].

Table 3. Comparison on the techno-economic parameters of ICEVs, PHEVs, HFCV1, and HFCV2
(Offer et al., 2019)

Items ICEV PHEV HEFCV1 HECV2
Fuel weight Light Heavy Medium Heavy
Possible gas Very safety—
Safety Explosion limit ~ Risk of battery leakage. release on
considerations 1.2-7.1% (Note 1) explosion Explosion limit ~ demand. No
4-75% explosion limits
Charging or 3-5 min 5h 3-5 min <1 min
refueling time
Energy ~USDO0.045/M] ~USD0.0024 USD0.0048
consumption (for a car witha ~USD3.6/MJ  (for a car with a (for a car with a
tank of 6 L) tank of 5L) tank of 10 L)

Note !: Explosion limt of ICEV depend on the type of fuel to be used, which can be petroleum,
diesel, or natural gas.

5.2. Defining Scope and Goal of Analysis

LCA is a useful tool for quantifying the overall environmental impact of a product,
process or service. However, careful definition of the scientific scope and boundaries is
important to ensure accurate LCA results. The objective of this research is to present an
insightful discussion on the emissions, i.e., carbon footprints, of LDVs fuelled by major
fuel types, including ICEVs, PHEVs and, more importantly, HFCVs, using a meaningfully
defined system boundary. By using the GREET modeling methods [32], we aim to provide
a consistent LCA platform based on reliable, widely accepted methods and protocols. As
mentioned in Section 3.1, a GREET model consists of two modules [33] (1) GREET1
evaluates the well-to-wheels (WTW) energy use and emissions of vehicle/fuel systems;
and (2) GREET2 evaluates the energy use and emissions of the vehicle manufacturing
cycle.

Modeling of the various vehicle technologies evaluated in this study was conducted
using publicly available data and models. [38] claims to define the scope of the assessment
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to include all energy, materials, substances and processes, for which its in-house
development and manufacturing divisions provide the necessary data to assess all life
cycle phases of all new parts. However, the report actually provides inventory results in
the form of bar-charts showing the patterns under specific cases but does not provide
detailed data that can be used for comparison. Emission figures are only provided in the
use phase. Similar to the Tesla report ([37]), Toyota’s system boundary focuses on the use
phase. Hence, the system boundary is defined by (a) the fuel production phase and (b) the
fuel consumption phase, which can be represented by the following equation as indicated
in Figure 3, where FC stands for the emissions of the respective phase.

FCareer1 = FCruel Production + FCruel Consumption 4)

e The fuel production phase represents the average emissions produced during the
four phases of GREET1 before vehicle operation (FC1 to FC4 in Figure 3), from either
one of the two hydrogen production pathways, i.e., natural gas and renewable
electrolysis.

e  The CO2 emission figures of the fuel consumption phase (i.e., the vehicle operation
phase in GREETT1) are provided in the reports.

5.3. Fuel Cycle (GREET1)

The hydrogen pathways assumed in this analysis are those used in the first launch
countries of the MIRAI according to [38] i.e., the UK, Germany and Denmark. One
pathway is central reforming from natural gas piped from the North Sea and from Russia,
and the other pathway is electrolysis using renewable energy from wind power. For the
CO: emissions of both pathways, data are obtained from the European Commission Joint
Research Centre (JRC) [38] JEC defines upstream emissions including all GHG emissions
taking place before the raw material for the fuel enters a refinery or processing plant and
emissions from production and processing operations. The upstream emission factors are
adopted from a study conducted by European member states [40] For other fuels and
renewables—such as peat, municipal and industrial wastes, hydropower, geothermal,
solar, wind, and tidal power—the upstream emission factors are considered to be
negligible ([40]. Nevertheless, wind turbine which was used in electrolysis for producing
hydrogen in this study, has the life-cycle emissions between 0.009 and 0.018 kg of CO:
equivalent per kilowatt-hour ([40]. Therefore, the emission figures of renewable
electrolysis are included in Table 4 for comparative purpose. A comparison of the
emissions of ICEV, PHEV, and HFCV based on the GREET methodology is summarised
in Table 4.

Table 4. Comparison of emissions among ICEV (gasoline), PHEV (Tesla Model 3), and HFCV (Toyota MIRAI)

Well-To-Tank (WTT) Tank-To-Wheel (TTW)

CO: Emission (kg CO2 per 5 kg Tank Hydrogen) (Note 5)

CO:2 Emission (kg CO2 per 5 kg Tank Hydrogen)

(Note 9)
Hydrogen Fuel Production Cycle Fuel Consumption Phase
production (Note 12345) (Vehicle Operations) (Note ?)
Hydrogen ICEV PHEV Hydrogen . PHEV
pathways (Toyota) (Gasoline) (Hybrid) (Toyota) ICEV (Gasoline) (Hybrid)
NG 70.7 0
RE 119 35.7 20.8 0 202.3 101

Notes: . The MIRAI's fuel cell is backed with a battery that also stores the braking energy. With a tank capacity of 5 kg,
the MIRALI achieves a range of 500 km (HMD, 2020). 2. Current best processes for water electrolysis have an effective
electrical efficiency of 70-80%, so that producing 1 kg of hydrogen (which has a specific energy of 143 MJ/kg or
approximately 40 kWh/kg) requires 50-55 kWh of electricity [41]. Thus, it requires about 900-990 M]J to produce 5 kg of
hydrogen gas. 3. According to Toyota (2015), the three countries use the following hydrogen production pathways. (a) UK:
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100% piped natural gas from the North Sea, no central reforming; (b) Denmark: 100% electrolysis with wind-powered
renewable energy; (c) Germany: 50% piped natural gas from the North Sea or from Russia, with central reforming; 50%
electrolysis with wind-powered renewable energy. 4 According to [38], the CO: emissions of hydrogen production
pathway using natural gas (NG) and renewable electrolysis (RE) are 98.86 g/MJ and 12.10 g/M], respectively. Thus, the
CO:z emissions corresponding to the production of a 5-kg tank of hydrogen are approximately 70.7 kg and 8.6 kg,
respectively. 5. The EV used for comparison is hybrid plug-in battery vehicle. It has a gasoline engine in addition to an
electric motor. A hybrid battery vehicle has direct emissions which produces evaporative emissions from the fuel system
as well as tailpipe emissions when operating on gasoline. °. The emissions of CO2 were calculated based on the tank
capacity of MIRAI As indicated in Note 1, while the emissions figures of PHEV and ICEV were estimated based on the
emission inventory provided by Toyota [38]. The assessment criteria provided by Toyota was conducted with the vehicle
weight inclusive driver (68 kg) and luggage (7 kg) as well as with fuel tank 90% full, determined in accordance with
Directive 92/21/EEC.

The LCA results of the GREET model indicate that the emissions of an HFCV depend
very much on the fuel production mechanisms. According to the manufacturers’ data, the
CO: emissions in the fuel consumption phase are zero across all models of HFCV.
However, the amount of emissions from fuel production depends on the type of hydrogen
production pathway. When natural gas is used, the total mass of COz emitted to produce
one tank of hydrogen for an HFCV is 70.7 kg, but this falls to 11.9 kg, a reduction factor of
8.2, when electrolysis with wind-powered renewable energy is used. A recent study
conducted in Australia [42] compared the technologies of conventional ICEVs, EVs and
HFCVs using the grid, which is supported by non-renewable energy sources. The results
showed that HFCVs only slightly outperformed conventional ICEVs. The authors
suggested that significant reductions in GHG emissions from HFCV use in Australia will
only be possible if the country makes a fundamental shift towards an almost 100%
renewable energy system. This drawback concurs with the findings of this study. With
reference to the results in Table 4, the emissions of hydrogen fuel production pathway
using NG is about 6 times the emissions using RE, about 2 times the emissions of ICEV
using gasoline, and 3.4 times the emissions of PHEV. This indicates that the emissions of
hydrogen production pathway for HFCV outperform those of the fuel production cycle
for ICEV and PHEV if RE is used which depends so much on a country’s energy strategy.
A national pro-renewable energy strategy enables higher availability of relevant power
supply and infrastructure. Hence, it is a strategic decision for choosing a production base
in a country that supports green hydrogen strategy (i.e.,, hydrogen produced using
renewable energy) as it affects the availability of associate hydrogen production pathway
which ultimately affects the overall environmental impact of the WTT cycle. In view of
this great opportunity, there are nearly 320 green hydrogen production demonstration
projects being announced worldwide and a total of about 200 MW of electrolyzer capacity
[43] Table 5 is a list of countries with national energy strategies to provide clear long-term
investment in green hydrogen.
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Table 5. Countries rolling out green hydrogen strategies (Patel, 2021)

Countries Green Hydrogen Strategies

® Japan became one of the first countries to roll out a
basic hydrogen strategy in 2017.
Japan * It has also set out concrete cost and efficiency targets
per application, targeting electrolyzer costs of $475/kW,
efficiency of 70% or 4.3 kWh/Nm 3 by 2030.
* In January 2019, South Korea announced its
Hydrogen Economy Roadmap.
= It outlines a goal of producing 6.2 million fuel cell

th K
South Korea electric vehicles, rolling out at least 1200 refilling

stations by 2040, and supplying 15 GW of fuel cells for
power generation by 2040.
* In June 2020, Germany rolled out a national hydrogen
Germany strategy that eyes a 200-fold increase in electrolyzer
capacity —of up to 5 GW by 2030.
= A hydrogen strategy published in July 2020 sets
European Union explicit electrolyzer capacity targets of 6 GW by 2024
and 40 GW by 2030.
® [ssued in October 2020, Spain’s hydrogen strategy
foresees installations of 4 GW of electrolyzer capacity
by 2030, with near term goals of at least 300 MW to 600
MW by 2024.

Spain

According to the International Energy Agency’s Hydrogen Projects Database, new
green hydrogen projects are being added on almost a weekly basis [43] HFCV
manufacturers such as Toyota may seize the first mover advantage to produce and market
their products in the countries rolling out green hydrogen strategies. It is also suggested
to explore alternative low emission hydrogen production methods such as steam methane
reforming of natural gas, water electrolysis, and biomass gasification as an alternative
solution of electrolysis.

6. Conclusions

Zero emission transport is a more environmentally friendly solution for reducing
CO: emission and air pollutants emissions in the vehicle operations cycle where HFCV is
one of the most promising one comparing to conventional vehicles such as ICEV using
gasoline and EV in hybrid form (PHEV) based on the results in this study. Most of the
studies in vehicle carbon footprint adopts LCA approach, mainly focusing on vehicle
cycle. With the initiative of exploring zero emission vehicles, research on fuel cycle is
becoming more important. Investigations on combining vehicle PCF and fuel cycle will
certainly assist in analyzing the impact of vehicles towards the environment. The GREET
model is adopted in this research to analyse the fuel cycle, with a focus on different
hydrogen production pathways for fuelling up HFCVs. Drawing upon data disclosed by
vehicle manufacturers, this study used the GREET LCA model to compare the PCFs of
vehicles of different fuel types, including ICEVs (vehicles powered by traditional fuel),
the Tesla Model 3 (a PHEV) and the Toyota MIRAI (an HFCV). The results indicate that
the fuel cycle calculated by GREET1 contributes significantly to the vehicles” PCFs. The
cleaner the production of hydrogen, the lower the environmental impact of the vehicles’
emissions. HFCV reduces emissions of WTT cycle significantly using green hydrogen.
Hence, HFCV manufacturers could enhance their competitive advantage to produce and
market their products in countries rolling out green hydrogen strategies such as Japan,
South Korea, and European Union, which could produce synergy if they can work hand-
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in-hand towards emission mitigation. This study also found that vehicle manufacturers
need to disclose relevant data on the PCF methodology more transparently to allow
comparisons of their vehicles” emissions. Future research could further be explored on the
best practices of PCF reporting for vehicles powered by renewable energy sources,
including private cars and trucks. The carbon footprints of hydrogen production
technologies based on different methodologies—such as steam methane reforming of
natural gas, water electrolysis, and biomass gasification—will be comprehensively
evaluated.
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