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Abstract: Electric power grids in remote communities around the world tend to be highly oil-
dependent, unlike large, interconnected grids. Consequently, self-contained power grids such as the
Hawaiian Islands’ have become testbeds for aggressive renewable energy integration (PV, wind, and
ocean energy) and transportation electrification. However, there remains a lack of critical analysis for
remote communities to determine the benefits of transitioning from internal combustion engine (ICE)
vehicles to plug-in electric vehicles (EVs). This case study examines the impacts of this transition
to EVs and renewable power generation on fossil fuel use and CO2 emissions on the oil-dependent
Island of Oahu, Hawaii. Average passenger EVs were found to consume seven times less fossil fuel
(the equivalent of 66 gallons of gasoline (GGe), than their gasoline-powered counterparts (455 gallons)
in 2020. Average EVs also cut emissions in half, (2 MTCO2 versus 4 MTCO2). Several renewable
power and EV transition scenarios were modeled to assess impacts out to 2050. Fossil fuel use
and emissions plummet with more clean power and increasing EV numbers. By 2045, in the most
ambitious scenario, all gasoline- and diesel-powered vehicles (passenger and freight) will consume a
total of 8.8 billion GGe, and EVs 0.090 billion GGe (1%). ICE CO2 emissions will total 80 MMT, and
EVs 4.4 MMT (5.5%). By 2050, the anticipated transition to electric passenger and freight vehicles
combined with renewable power will lead to 99% less fossil fuel consumed, and 93% less CO2 emitted.

Keywords: electrification of transportation; renewable energy; electric vehicle transition; CO2 emissions

1. Introduction

Smaller standalone power grids, unlike large, interconnected power systems, continue
to be powered by diesel oil. These small power systems are also challenging to integrate
high levels of intermittent renewable resources such as solar and wind. This case study
examines the Island of Oahu, Hawaii, a testbed for aggressive renewable power generation,
and potential hot spot for the transition to plug-in electric vehicles (EVs). The remaining
dependence on oil and lack of critical analysis on the fossil fuel consumption and resulting
emissions from EVs has led many legislators and public stakeholders to question the
value of committing fiscal policy and resources toward electrification of transportation.
Coffman et al. [1] included greenhouse gas (GHG) emissions from small passenger EVs
(2016), based on the 2014 power grid data. However, power generation in Hawaii has
changed considerably in the past six years and there is a gap between the current un-
derstanding of EV fossil fuel use and resulting emission for the range of both passenger
and freight vehicles compared with their ICE counterparts. In addition, there is a need
to investigate future scenarios. This analysis quantifies current impacts of passenger and
freight EVs on fossil fuel use and the resulting CO2 emissions. Scenarios were modeled
for renewable power projections combined with projections for the transition to EVs over
the coming decades. These scenarios are intended as examples to better understand future
uncertainties, develop strategies, and inform the development of policy.
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Since this case study quantifies the fossil fuel use and emissions for a standalone
power system together with a self-contained transportation network, the impacts clear and
can be used to help inform similar isolated communities. The Island of Oahu, Hawaii was
chosen as an ideal case study, having both an isolated, standalone power system, as well as
a geographically self-contained transportation boundary. Larger, interconnected power
grids trade power from a variety of resources and regions, and EVs in these areas move
from region to region, thus making it difficult to accurately quantify power resources used
to charge EVs. Additionally, Oahu was chosen since regional data is available, publicly
accessible, and includes distributed, small-scale PV. Thus, this case study provides an
example of how fossil fuel use and resulting emissions can be analyzed anywhere that
regional data can be collected and assessed.

Like many remote communities, Hawaii relies on imported oil for both transportation
and electric power in contrast to the rest of the U.S., where less than 1% of electric power is
generated from burning oil [2] (Figure 1a). By comparison, on the island of Oahu, Hawaii,
55.4% of the electricity was generated from oil in 2020 [3,4] (Figure 1b). The remaining
balance was generated from coal (17%) and renewables (27%). Renewables include solar
PV (central and distributed, including residential rooftop), biomass and municipal solid
waste (MSW, i.e., waste-to-energy), wind, and biofuel.
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Figure 1. Electricity generation by fuel source, showing the contrast in petroleum oil as a fuel source (as a percentage of net
generation in 2020): (a) Nationally, 0.4% of electricity was generated from oil and; (b) Oahu, Hawaii, 55.4% of electricity was
generated from oil.

As a result of this reliance on imported petroleum, Hawaii’s electric rates vary with
the price of oil and are more than double the national average [5]. Gasoline prices are
typically the highest in the nation. As result, the state’s total energy expenditure runs as
high as 10% of gross domestic product [6]. Hawaii is currently addressing these challenges
by integrating solar, wind, and battery storage resources into the electric power mix. An
independent economic analysis completed in 2018 found that Hawaii’s most cost-effective
scenario would source renewable generation for 58–84% of the electricity by 2030 [7],
significantly ahead of the state’s Renewable Portfolio Standard (RPS) of 40% by 2030. The
RPS is mandated by law, and further targets 70% by 2040, and 100% by 2045. For ground
transportation, electrification has been identified as both an effective and feasible approach
for reducing petroleum usage in Hawaii [8] and coincides with Hawaii’s state law to
become carbon neutral no later than 2045.



World Electr. Veh. J. 2021, 12, 87 3 of 24

However, as for other isolated communities, reaching these goals is challenging and
the focus of much attention from government, NGOs, research institutions, utilities, indus-
try, and other stakeholders. The islands’ power grids are small and not connected island
to island, making it more challenging to integrate high levels of intermittent, resources
such as solar and wind, while balancing power supply with demand. Understandably,
most of the focus on the benefits of EVs is on large regions where power is provided from
extensive, interconnected power grids, with a large variety of power generation resources,
such as the mainland US and other continents. Simply put, the smaller the power grid,
the more challenging it is to integrate intermittent resources power while maintaining a
reliable and steady power supply.

This study examines the effects of electrification of transportation and growing mix of
renewable power generation on the Hawaiian Island of Oahu. Oahu is the most challenging
island, with the highest population and limited renewable resources beyond solar and
offshore wind. By contrast, Hawaii Island has geothermal resources, and Kauai hydroelec-
tricity, providing firm power available at all times. Maui has similar challenges to Oahu but
greater onshore wind resources, providing some balance to solar power. For this reason,
Oahu remains a test bed for renewable energy and associated technologies, hosting some
of the most advanced pilot and test demonstration projects. It also provides an ideal test
bed for electrification of transportation, charging demonstrations, and integration of the
highest possible levels of clean, affordable electricity generation.

Currently the utility has power purchase agreements for solar power plus storage for
the Oahu power grid in planning, permitting and installation stages at significantly lower
cost per kilowatt-hour (kWh) than for existing electricity supply. However, additional
on-shore wind installations are not planned at this stage and off-shore wind installations
are possible but face public opposition and considerable permitting challenges. Biore-
sources were explored at length under the Hawaii Clean Energy Initiative launched in
2008 between the State of Hawaii and the U.S. Department of Energy (DOE), to collaborate
on the reduction of Hawaii’s heavy dependence on imported fossil fuels. Over the years,
bioresources have been identified as an important source of alternative fuels and an impor-
tant area of research and development, although limited in scale as an energy resource due
to Hawaii’s small land mass suitable for agriculture and the associated costs.

To assist government, regulatory, public, and commercial decision makers and other
stakeholders, the focus of this article is to quantify the synergistic impacts of renewables
on a small, isolated power grid together with EVs to reduce fossil fuel use and emissions,
thus demonstrating what can be achieved, what is at risk, and timeline effects for similar
communities across the world.

2. Methods and Assumptions

This study combines data from national and regional sources to quantify fossil fuel
use and resulting CO2 emissions for the current and forecast shift from ICE vehicles to EVs
combined with fossil fuel to renewable power generation on Oahu. Comparisons were
made by fuel type (gasoline, diesel, and electric), and vehicle type (passenger and freight,
EV and ICE), for combustion of the fuel either in the vehicle or at the power plant. Power
generation data for 2017 through 2020 was used to calculate fossil fuel use and emissions.
Projections for growing renewable electric power generation and EV adoption were used
to analyze fossil fuel use and emissions through 2050.
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2.1. Vehicle Efficiency and Fuel Use

Vehicles in this assessment include EVs running on electricity, and ICE vehicles that
use gasoline or diesel on-board to produce power. Passenger vehicles in this article refer to
all light-duty vehicles including all on-road cars, SUVs, vans, and pickup trucks registered
for highway use. Freight vehicles refer to all medium- and heavy-duty vehicles including
all on-road work vehicles, such as delivery vans, buses, and heavy trucks. This assessment
does not compare all makes and models, but instead uses an average for each type of
vehicle (passenger and freight, EV and ICE) for comparison purposes.

Vehicle fuel efficiency is based on the amount of energy consumed to travel a given
distance. According to the U.S. DOE, Office of Energy Efficiency and Renewable Energy,
“EVs convert over 77% of the electrical energy from the grid to power at the wheels”, and
“Conventional gasoline vehicles only convert 12–30% of the energy stored in gasoline to
power at the wheels” [9]. This makes EVs roughly four to six times more efficient than
gasoline vehicles. EV efficiency reflects electric motor losses, and losses attributed to
charging and discharging the battery [10]. Gasoline-powered ICE vehicles lose most of
the energy in gasoline to engine and driveline inefficiencies such as thermal losses [11].
Improvements in vehicle efficiency or changes to the Corporate Average Fuel Economy
(CAFÉ) standard are expected to affect all vehicles and are not included in this analysis.

To compare EV fuel efficiency with that of ICE vehicles, the U.S. Environmental
Protection Agency (EPA) established ratings for vehicles powered by electricity based
on the electric energy consumed to travel 100 miles, in kilowatt-hours per 100 miles
(kWh/100 miles) [12]. New vehicles are required to display the EPA label with this and
other information.

Drivers in North America, however, are familiar with the EPA ratings for the distance
that can be traveled on a gallon of gasoline in Miles per Gallon (MPG), known as the “fuel
economy”. The fuel efficiency measure for EVs is essentially the inverse–the energy it takes
to travel a given distance (kWh/100 miles). So, unlike MPG where the higher the number
the better the fuel economy, with EV fuel efficiency (in kWh/100 miles), the lower the
number the better. As an example, a gasoline-powered car that gets 50 MPG uses 2 gallons
of gasoline to travel 100 miles. A comparable electric car uses 25 kWh to travel 100 miles.

Therefore, to allow a reasonable comparison between different vehicle technolo-
gies and fuels, the EPA also established ratings in Miles Per Gallon Gasoline Equivalent
(MPGe) [12]. MPGe represents the number of miles an EV can travel using electrical energy
stored in the battery with the same energy content as a gallon of gasoline.

For this analysis, an average passenger vehicle’s fuel economy was based on the most
recent data from the U.S. Department of Transportation’s national average of 22 MPG (from
2016, using a sales-weighted harmonic average for light duty vehicles which includes all
cars, light trucks/pickup trucks, vans, and SUVs) [13], (Figure 2). An average EV’s fuel
economy was based on the top selling EVs in Hawaii [14], with an average of 110 MPGe, or
32 kWh/100 miles (in 2017). For this assessment, we will simplify the unit for fuel efficiency
to a per mile basis–in this case 0.32 kWh/mile. To account for the wide range of passenger
vehicle models (from small cars to large pickup trucks and SUVs), a closer comparison
was performed by examining the fuel use and emissions of efficient gasoline vehicles
(typically gasoline-powered hybrids), with efficient EVs. The midpoint of several popular
gasoline-powered hybrids (ranging from 42 to 58 MPG) was estimated at 50 MPG, and the
midpoint of three popular efficient EVs was estimated at 133 MPGe, or 0.25 kWh/mile.
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Figure 2. Average fuel economy for passenger and freight vehicles included in this analysis by vehicle type and by fuel (in
Miles Per Gallon Gasoline Equivalent (MPGe) and MPG). For passenger vehicles, both average and efficient plug-in Electric
Vehicles (EVs) (blue bars) were compared with average and efficient gasoline (red bars), as well as average diesel vehicles
(yellow bars). Average freight EVs, gasoline and diesel were also compared.

An average diesel passenger vehicle was assumed to be comparable to an average
gasoline passenger vehicle since data is not available on fuel economy of diesel passenger
vehicles. However, the additional energy in a gallon of diesel versus gasoline was factored
in since diesel has a higher energy content per gallon that gasoline at 129,500 British
Thermal Units (Btu) per gallon compared with gasoline at 114,000 Btu per gallon [15].
Using this ratio, the average diesel vehicle was calculated to get 25 MPGe (MPG equivalent
to gasoline). The lack of data reported for biodiesel used for ground transportation in
Hawaii prevented inclusion in this analysis. This would be an important consideration in
any assessment of life cycle emissions since biodiesel qualifies as an Advanced Biofuel,
with the EPA analysis showing that it reduces carbon emissions by 57–86% compared with
petroleum diesel [16,17].

To assess freight vehicles, the most recent data for average fuel economy of medium-
and heavy-duty gasoline and diesel freight vehicles [18] were compared with the average
medium- and heavy-duty electric freight vehicles [19–22]. From the U.S. DOE’s Alternative
Fuels Data Center (AFDC) (2016 data) [18], the average fuel economy of gasoline freight
vehicles is 5.1 MPG, and the average for diesel is 5.3 MPG (Figure 2). A range of electric
freight vehicles are being demonstrated and commercially deployed, ranging from delivery
trucks to transit buses to refuse trucks. For this assessment, medium- and heavy-duty
electric freight vehicles ranging from 0.5 to 3.2 kWh/mile [22] were considered for an
average of 1.85 kWh/mile.
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2.2. Electric Power Supply

Electric power generation for Oahu was calculated based on publicly available data
from the U.S. Energy Information Administration (EIA). EIA collects data from electric
power facilities with a minimum on-site nameplate capacity of one megawatt (MW). EIA’s
Generation and Fuel Consumption Time Series Files were used for the years 2017 through
2020 [2,23–25]. To calculate the total electric power generated from each type of resource,
values for the net generation from each power plant were totaled in megawatt-hours
(MWh), as well as energy consumption to produce net electricity in million Btu (MBtu).
The resources for Oahu include all petroleum products (distillate fuel oil/diesel, residual
fuel oil, and waste oil), coal, wind, solar, biomass, and MSW.

In Hawaii, a significant amount of renewable power is generated by small PV systems
which are below the EIA’s minimum nameplate capacity of one MW. Consequently, it
was important to obtain regional level data. Hawaiian Electric Industries’ Renewable
Portfolio Standard Status Reports, filed with the Hawaii Public Utilities Commission for
2017 through 2020 [3,26–28] were used to obtain the total estimated renewable power
generation. These data include measured and estimated electric power from customer-
sited and distributed solar PV, a significant part of renewable energy generation that
contributes to meeting the utilities’ RPS. Solar power generation on Oahu provided 19% of
the total power generation in 2020 (but only a small fraction of that is captured in the EIA
data). Renewables generation (in MWh) from the RPS reports was scaled to the EIA fuel
consumption energy (MBtu) for each renewable fuel.

Electricity consumed to power EVs was calculated on an annual basis, so this analysis
assumes a steady or uniform charging rate over the course of the year. Accordingly, fossil
fuel consumption per mile and per year reflect the annual average.

2.3. Fossil Fuel Use per Vehicle

Fuel use was calculated as a measure of the annual energy consumed by the vehicle
(electricity for EVs, and gasoline or diesel for ICE vehicles). Fuel use was calculated from
the distance traveled per year divided by the fuel economy. Passenger vehicles on Oahu
travel an average of 10,000 miles per year based on a survey conducted for Oahu [29].
Freight vehicles travel an average of 26,811 miles per year based on the DOE’s AFDC
“Average Annual Vehicle Miles Traveled by Major Vehicle Category” [30]. The major
freight vehicle categories included are delivery trucks, transit buses, paratransit shuttles,
school buses, and refuse trucks. Since interstate freight for Hawaii is conveyed by sea and
air, interstate Class 8 trucks were not included in this analysis.

The next step was done to account for the quantity of fossil fuel used to generate
electricity, so that fossil fuel use could be compared between EVs and ICE vehicles. The
fuel use for EVs was multiplied by the percent of electricity generated from fossil fuels.
Fossil fuel use from electric power production for EVs, along with gasoline and diesel use
for ICE vehicles was then compared using the equivalent energy content of the fuels.

To estimate the total annual fossil fuel use, the average passenger vehicle’s fossil
fuel use was multiplied by the total number of passenger vehicles, for EVs, gasoline- and
diesel-powered ICE vehicles on the island (at the end of 2020). Since diesel passenger
vehicles comprise only 0.4% of passenger vehicles on Oahu, all ICE passenger vehicles were
treated as gasoline-powered (for the sake of simplicity with this assessment). However,
diesel freight vehicles comprise 25% of all freight vehicles, so total annual fossil fuel use for
both gasoline and diesel freight vehicles was calculated, along with the total for electric
freight vehicles.

To help assess the long-term impact of decisions made today, the cumulative fossil
fuel use over time was calculated by adding the annual figures as EVs replace ICE vehicles
and renewable power generation replaces fossil fuels.
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2.4. CO2 Emissions

As a measure GHG emissions produced by EVs, CO2 emissions were estimated
from combustion of fuel at the power plants on Oahu. EIA Carbon Dioxide Emissions
Coefficients (in kilograms of CO2 emitted per Btu of fossil fuel consumed) [31] were used
and converted to kilograms of CO2 per kWh (kg CO2/kWh). Based on the amount of
each fuel source’s emissions, an overall emission factor for electricity on Oahu was then
calculated from the total CO2 emissions divided by the total electric power produced for
2017 through 2020. The CO2 emission factor was multiplied by vehicle fuel efficiency
(kWh/mile) to derive the emissions per mile.

For ICE vehicles, CO2 emissions per mile were estimated from the combustion of
gasoline and diesel based on the U.S. EPA [32], which reflects tailpipe emissions from the
combustion of the onboard fuel (8.78 kg CO2/gallon gasoline, 10.21 kg CO2/gallon diesel).
EPA data over the years indicate that no significant improvement in emissions from a
gallon of either fuel can be expected.

Total annual emissions were calculated by multiplying the average per mile emissions
by the number of miles traveled per year, then by the total number of vehicles on Oahu at
the end of 2020. Cumulative CO2 emissions were also calculated to assess the impact of
GHG emissions accumulating over the coming years.

2.5. Projections for Renewable Electricity

Projections were used to quantify and contrast fossil fuel consumption and CO2
emissions as fossil fuel power generation is replaced with renewables, concurrently with
EVs replacing gasoline and diesel vehicles on the road. Scenarios modeled in this study
include two projections for renewable power replacing fossil fuels. The more ambitious
of these two projections is from the electric utility, Hawaii Electric Companies (Honolulu,
HI, USA), and the somewhat slower is using the State’s mandated RPS goals. Projections
for electric power generation from national databases and methodologies were not used,
since Hawaii and Alaska are not included [33,34]. Projections used in this study provide a
limited set of data points and are intended as illustrative examples.

Utility projections for renewable power were obtained from Hawaiian Electric press
releases [35,36]. According to a recent press release, renewable power generation provided
by Hawaiian Electric for the islands of Oahu, Maui County and Hawaii Island combined
is projected to reach 60% by 2025, with Hawaii Island at 100% and Maui at 90% [35].
(Electric power for the Island of Kauai is provided by Kauai Island Utility Cooperative
(Lihue, HI, USA). Based on this projection and using the share of power generation on each
island, approximately 48% renewables are calculated for Oahu’s power grid by 2025. This
calculation assumes net electricity generation remains flat. From an earlier press release,
the combined renewables for all three islands were projected to reach 72% by 2030, and
100% by 2040, five years earlier than the State’s mandated RPS [36]. For this analysis, it
is assumed Hawaii Island and Maui both reach 100% by 2030, and approximately 63%
renewables are then calculated for Oahu (based on the share of power generation on each
island, and assuming net electricity generation remains flat).

The utility’s projections for renewable electricity generation are in terms of the per-
centage of electricity sales from renewables (as recorded for the RPS). However, in this
assessment, EIA data on the net electricity generation for each power plant on Oahu
was used to quantify fossil fuel use and emissions for passenger and freight EVs for
2017 through 2020. For each of these years, the net generation was within 2.9–4.2% of the
RPS value. Since the intent of this analysis is to provide a method and illustrative example,
the RPS projections are used as an approximation of annual, net electricity generation to
achieve a reasonable estimate of the likely impact on fossil fuel use and CO2 emissions.
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Renewable power generation projections were modeled from 2020 to 2040 using a
three-parameter polynomial fit. The calculated value for 2020 provided a starting point
and these utility projections for the interim values for 2025 and 2030 were used, with the
final projected 100% renewables by 2040. To illustrate the continuing impacts of renewable
electricity beyond 2040, a steady level of renewables is assumed beyond 2040 to 2050.

Since biomass, MSW, and biofuels are expected to contribute to the renewable energy
mix going forward, the 2020 CO2 emissions from these sources were used as a baseline
emission level once renewables reach 100%. This is not meant as a forecast of expected
bioresources, but simply to account for combustion emissions from some renewables.
Additional renewables from 2020 through 2040 are assumed to emit no CO2 emissions as is
the case for wind and solar, and other potential sources of renewable power in the future,
such as wave energy.

In addition to the utility’s projections, a second projection was based on the RPS goals
of 40% by 2030, 70% by 2040, and 100% by 2045 for the somewhat slower but mandated
integration of renewable power.

2.6. Projections for EV Adoption

The transition to EVs is based on two projections, a relatively fast global EV projection,
and a slower, more conservative EV projection from Hawaiian Electric Companies. These
projections provide a limited set of data points and are intended as examples. According
to the International Energy Agency’s Global EV Outlook 2020, a sustainable scenario for
EV adoption leads to 12.25% of vehicles on the road being EVs by 2030 [37]. Using this
figure for EV adoption on Oahu, projections were modeled from 2020 to 2050 using a
four-parameter polynomial fit. Recorded values from 2020 EV registrations were used as a
starting point. For simplicity, it was assumed EVs completely replace ICE vehicles by 2050.
The total numbers of passenger and freight vehicles were assumed to remain constant and
were represented by the number of register vehicles on Oahu in 2020.

Focusing on passenger vehicles, a more gradual projection for EVs replacing ICE
vehicles was included in this analysis, using data approximated from Hawaii Electric
Companies’ Electrification of Transportation Roadmap [7]. EVs in this projection reach 55%
of all passenger vehicles on Oahu by 2045. Along with the global projection, this utility
projection was used to assess the total fossil fuel use and emissions, for both renewable
electricity cases (the utility’s projection, and the RPS goals).

2.7. Fossil Fuel Use and CO2 Emissions

Using scenarios with these combined projections for this analysis, the annual fossil
fuel use and CO2 emissions were assessed as EVs replace ICE passenger vehicles, and as
renewables replace fossil fuel power generation. All passenger ICE vehicles were assumed
to be gasoline-powered to simplify inputs (as diesel-powered vehicles constitute 0.4%
all passenger vehicles on Oahu). Freight fossil fuel use was also analyzed, but gasoline
and diesel fossil fuel consumption and emissions were used to be representative of the
significant portion of diesel-powered freight vehicles (at 25% of all freight vehicles).
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3. Results
3.1. Electric Power Supply Fossil Fuel Use and Emissions

Oahu currently depends on imported fossil fuels for 72% of its power generation (by
net electricity generation, Table 1). Fossil fuel dependency has decreased over the years as
solar and wind were added to the power grid. From 2017 through 2019, annual decreases
in fossil fuel were just over 1% per year, but from 2019 to 2020 fossil fuel generation
fell 6.6%. This was a result of utility scale solar and wind coming online, along with
continued additions of residential and distributed solar power. CO2 emissions showed
similar declines over the years, from an average of 0.71 kg CO2/kWh in 2017 to 0.63 kg
CO2/kWh by 2020 (Table 1).

Table 1. Fossil fuel dependency (% fossil fuel) and CO2 emission factor (kg CO2/kWh) for the Oahu
electric power system from 2017 through 2020.

Year Fossil Fuel (%) CO2 Emission Factor (kg CO2/kWh)

2017 82.4% 0.708

2018 81.4% 0.691

2019 79.0% 0.677

2020 72.4% 0.630

3.2. Fossil Fuel Use per Vehicle

Based on 2020 data, the average passenger EV on Oahu used only 14% of the fossil
fuel used by an average gasoline passenger vehicle (Figure 3). As a result, each passenger
gasoline vehicle replaced with an EV reduced fossil fuel consumption by the equivalent of
389 gallons of gasoline in 2020. Smaller, more efficient EVs used 26% of the fossil fuel used
by smaller and more efficient gasoline passenger vehicles for that same year (the equivalent
of about 149 gallons of gasoline). Similarly, the average freight EV used 19% of the fossil
fuel consumed by the average freight gasoline vehicle, and 20% compared with diesel. As
such, each freight vehicle replaced with a freight EV reduced fossil fuel consumption by
more than 4000 gallons of gasoline in 2020.

Figure 3. Comparison of fossil fuel consumption on Oahu in 2020, for Internal Combustion Engine (ICE) vehicles and EVs
(gallons of gasoline equivalent, GGe): (a) Average and efficient passenger vehicles; (b) Average freight vehicles.
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3.3. Emissions per Vehicle

The average passenger EV powered on Oahu in 2020 emitted half the CO2 emissions
per mile compared with an average passenger gasoline or diesel vehicle (Keeping in
mind the average diesel passenger vehicle is assumed to have similar fuel efficiency as an
average gasoline passenger vehicle.) With increasing solar and wind power generation,
emissions from EVs are decreasing each year while ICE vehicle emissions remain relatively
constant (Table 2).

Even efficient (hybrid) gasoline-powered passenger vehicles which had slightly lower
CO2 emissions than efficient EVs at the beginning of this study (2017) were surpassed by
their EV counterparts in 2018. By 2020, efficient EVs emitted 9% less CO2 than efficient
gasoline-powered vehicles.

In 2020, the average electric freight vehicle emitted 32% less CO2 emissions per mile
versus an average gasoline freight vehicle, and about 40% less than an average diesel freight
vehicle (average gasoline and diesel freight vehicle fuel economy was calculated for this
study from available data, whereas passenger gasoline and diesel vehicles were assumed
to have similar fuel economy because of the lack of data on diesel passenger vehicles).

On an annualized basis, an average passenger EV emitted 2 metric tons (MT) CO2
compared with 4 MTCO2 for an average gasoline-powered passenger vehicle in 2020. An
average electric freight vehicle produced 31 MTCO2 compared with 46 MTCO2 from an
average gasoline freight vehicle, and 52 MTCO2 for diesel.

Table 2. CO2 emissions per mile by vehicle and fuel type from 2017 through 2020 (kg CO2/mile).

Vehicle
(Passenger and Freight)

2017
(kg CO2/mile)

2018
(kg CO2/mile)

2019
(kg CO2/mile)

2020
(kg CO2/mile)

Passenger EV—Efficient (0.25 kWh/mile, 133 MPGe) 0.179 0.175 0.172 0.160

Passenger EV—Average (0.32 kWh/mile, 110 MPGe) 0.227 0.221 0.217 0.202

Passenger Gasoline—Efficient (50 MPG) 0.176 0.176 0.176 0.176

Passenger Diesel—Average (25 MPGe) 0.403 0.403 0.403 0.403

Passenger Gasoline—Average (22 MPG) 0.399 0.399 0.399 0.399

Freight EV
(1.85 kWh/mi, 18.2 MPGe) 1.31 1.28 1.25 1.17

Freight Gasoline (5.1 MPG) 1.72 1.72 1.72 1.72

Freight Diesel (5.3 MPGe) 1.93 1.93 1.93 1.93

3.4. Total Annual Fossil Fuel Use and Emissions

To quantify the impact of all vehicles on the road, fossil fuel use and emissions for
each vehicle and fuel type were multiplied by the total numbers on Oahu at the end of 2020.
Passenger vehicles comprise the largest share of all vehicles registered on Oahu (93%), far
outnumbering freight vehicles (7%) [38]. Although only 1.7% of all passenger vehicles were
electric by the end of 2020, the number of EVs increased by 45% in 2020 while the total number
of passenger vehicles decreased by 2%. The number of electric freight vehicles was small but
increased 57% in 2020, while the overall number of freight vehicles decreased by 1.5%.

All passenger and freight ICE vehicles on Oahu consumed the equivalent of approx-
imately 517 million gallons of gasoline in 2020 (Figure 4). Due to their sheer numbers,
passenger ICE vehicles account for 54% of the total fossil fuel use (281 million equivalent
gallons of gasoline), and freight ICE 46% (236 million equivalent gallons). Keeping in mind
the small number EVs in 2020, all electric passenger and freight vehicles combined used
0.14% of the total fossil fuel use (0.72 million equivalent gallons).
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Similarly in 2020, all passenger and freight ICE vehicles on Oahu produced about
4.6 MMT CO2 emissions, while passenger ICE vehicles accounted for 2.5 MMT CO2 (53%),
and freight ICE vehicles 2.1 MMT CO2 (47%). All electric passenger and freight vehicles
combined produced 0.01 MMT CO2 (0.02% of the total emissions).
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(yellow bars, right axis).

3.5. Renewable Power to 2050

The utility’s projection for the future changing mix of power generation through
2040 was modeled, with the best fit found to be a three-parameter polynomial curve
(Figure 5). The results demonstrate a rapid increase in renewable power generation coupled
with a rapid decline in fossil fuel use. By 2026, more power will be generated from
renewable resources than fossil fuels in this projection. Power generation is assumed to be
steady after 2040 at 100% renewables.
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Figure 5. Renewable power generation (green) based on the utility’s projection to replace fossil fuel
(orange) through 2040. (Black markers show the data points used to generate the curve.).



World Electr. Veh. J. 2021, 12, 87 12 of 24

State mandated RPS goals for renewable power generation to 2045 were also plotted
(Figure 6, where black markers show the data points) to represent a slower, more moderate
projection. Under the RPS projection, renewable power generation exceeds fossil fuels after
approximately 2033 in this case (seven years later than the utility’s projection) and 100%
renewable power is achieved by 2045, rather than 2040. Once 100% renewable power is
achieved in 2045, it is assumed to remain steady thereafter.
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Since the utility’s projection was taken from two press releases, and the second
projection is based on the RPS goals, the number of data points is limited, with no further
data publicly available.

3.6. Fossil Fuel Use by Vehicle to 2050

In contrast to ICE vehicle fossil fuel consumption and resultant CO2 emissions, EV
fossil fuel consumption and emissions are improving and will continue to improve substan-
tially as solar and wind resources continue to be added to the power grid (Figure 7). With
the faster renewable power projection from the utility by 2025 (when renewables reach 48%
on Oahu’s power grid), each average passenger EV will use only 10% of the fossil fuels of
an average gasoline vehicle, saving the equivalent of 410 gallons of gasoline (Figure 7a). By
2030 (when the power grid reaches 63% renewables), passenger EVs will use merely 7.4%
of the fossil fuels of an average gasoline vehicle. When renewables reach 100%, EVs will
use no fossil fuels at all.

Likewise, fossil fuel consumption for electric freight vehicles will similarly decline
as power generation transitions to renewables (Figure 7b). Electric freight vehicles offer
even more fossil fuel savings due to the larger vehicle size and longer distance typically
traveled each year. For example, by 2025, an electric freight vehicle will use only 14% of
the fossil fuel used by a gasoline-powered freight vehicle and will save the equivalent of
4500 gallons of gasoline.
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Figure 7. Annual fossil fuel consumption for vehicles on Oahu for 2017 through 2020 and projected out to 2050 under the
faster renewable power projection: (a) Passenger; (b) Freight.

3.7. Emissions by Vehicle to 2050

Currently, an average passenger EV produces half the CO2 emissions of an average
gasoline or diesel passenger vehicle (Figure 8a). Under the faster projection for renewable
power, by 2025 each average passenger EV will produce only 36% of the CO2 emissions
compared with an average gasoline vehicle. By 2030, EV emissions will be 26%, and by
2040, EV emissions will be 3.2%. Similarly, by 2025, each freight EV will produce only 49%
of the CO2 emissions compared with a freight gasoline vehicle, and 43% compared with a
freight diesel vehicle (Figure 8b). By 2030, each freight EV will produce only 35% of the
CO2 emissions compared with a freight gasoline vehicle, and by 2040, 4.3%.
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Figure 8. Annual CO2 emissions for vehicles on Oahu from 2017 through 2020 and projected to 2050 under the faster
renewable power projection: (a) Passenger; (b) Freight.
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3.8. Cumulative Fossil Fuel Use

To consider the long-term impacts of purchasing an EV now rather than an ICE vehicle,
the cumulative fossil fuel use was estimated (Figure 9). Under the faster renewable power
projection, results show that fossil fuel use is dramatically reduced over the years. The
average age of passenger vehicles on the road continues to increase and reached 12 years
in 2019 [39], and the lifespan of a vehicle purchased today is expected exceed that. By
purchasing an average passenger EV today and assuming the life of the vehicle will be
15 years, an EV will consume only 9% of the fossil fuel that would be consumed by a
gasoline vehicle. A freight EV will consume about 11% of the fossil fuel that would be
consumed by a gasoline-powered freight vehicle. Using this projection, fossil fuel use for
electricity generation is phased out by 2040, so EVs from then on are running entirely on
renewable sources.

1 
 

 
Figure 9. Cumulative vehicle fossil fuel use from 2020 to 2050 on Oahu under the faster renewable power projection: (a)
Passenger; (b) Freight.

3.9. Cumulative Emissions

The long-term impacts on CO2 emissions from purchasing an EV rather than an
ICE vehicle show a significant reduction (using the faster renewable power projection,
Figure 10). By purchasing a passenger EV today and assuming a 15-year lifespan, the
average EV will emit only 30% of the CO2 compared with its gasoline counterpart, and
the efficient EV 55% compared with the efficient gasoline vehicle. Similarly, after 15 years,
an average electric freight vehicle would have produced only 40% of the CO2 emissions
compared with an average gasoline freight vehicle.
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Figure 10. Cumulative vehicle CO2 emissions from 2020 through 2050 on Oahu in the faster renewable power projection: (a)
Passenger; (b) Freight.

3.10. EV Adoption

EV adoption is based on two projections, one from a global projection for the faster
transition in this study, and the other from a slower, more moderate projection. For the
faster EV transition, the modeled EV adoption results (passenger and freight) are based
on a recent global EV projection for 12.25% EVs on the road by 2030 [37]. Oahu’s current
EV percentages were used as a starting point and 100% EVs was assumed by 2050. A
four-parameter polynomial equation was found to be the closest fit (Figure 11, where black
markers show the data points used to generate the curve). Using this global EV projection,
by 2035, EVs will have replaced 37% of ICE vehicles. By 2040, when the projected renewable
power on the grid reaches 100%, EVs will have replaced 73% of ICE vehicles.
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Figure 11. Modeled EV adoption for passenger and freight vehicles based on a global projection to
reach 12.25% EVs on the road by 2030, and continuing that trend for Oahu to reach 100% by 2050.
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A second, slower projection for passenger vehicles is also included for a more gradual EV
adoption scenario. Approximating data from the Hawaii Electric Companies’ Electrification
of Transportation Roadmap [7], this projection reaches 55% EVs by 2045 (Figure 12).
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3.11. Impact on Fossil Fuel Consumption to 2050

In the most ambitious scenario in this analysis, Scenario #1, the faster EV passenger
and freight adoption together with the faster renewable power projection will lead to a
large reduction in fossil fuel consumption (Figure 13). Total fossil fuel use is anticipated
to plummet after about 2025 and continues a rapid decline to the point where renewable
generation reaches the 100% by 2040, and EVs reach 100% by 2050.
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Figure 13. With the most ambitious scenario in this analysis, Scenario #1, total fossil fuel use for
passenger ICE vehicles powered by gasoline, and freight ICE vehicles powered by gasoline and
diesel, contrasted with passenger and freight EVs powered on Oahu as EVs replace ICE vehicles and
renewables replace fossil fuels for power generation.
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By the time EVs become plentiful in Scenario #1, renewable power generation is high,
so little fossil fuel is used by EVs, even as EV numbers surpass ICE vehicles on the roads.
By the time 50% of the vehicles on the road are EVs (2037) 89% of the power is from
renewable resources based on these projections. In contrast, fossil fuel use for ICE vehicles
simply declines with the drop in numbers as they are replaced with EVs. Therefore, ICE
vehicles continue to account for the vast majority of fossil fuel use until replaced with EVs.
Between 2020 and 2035, passenger ICE vehicles as a group on Oahu will consume a total
of 4.1 billion GGe and freight ICE 3.3 billion GGe, for a total of 7.4 billion GGe for all ICE
vehicles. In contrast all passenger and freight EVs will consume 0.91% of that amount,
0.067 billion GGe of fossil fuel during that period.

In a less ambitious scenario, the faster renewable power projection is combined with
the slower projection for passenger EV adoption, Scenario #2 (Figure 14a, dotted lines).
Results show a less dramatic, but still significant reduction in fossil fuel consumption by
ICE vehicles, compared with the most ambitious scenario, with both fast renewables and
EV projections (Figure 14a, solid lines). In both the moderate and the most conservative
scenarios in this analysis, (Scenarios #3 and #4 respectively), the slower renewable power
projection (Figure 14b), together with the faster and slower EV projections (solid and dotted
lines), show the impact on fossil fuel use. Since renewable power generation only affects EV
fossil fuel use, there is no change between in the amount of fossil fuels consumed by ICE
vehicles between the faster and slower projections for renewables. However, the impact of
a faster rate of EV adoption clearly shows an impact on reducing the fossil fuel use by ICE
vehicles, simply by reducing their numbers. This reduction in fossil fuel use from replacing
ICE vehicles with EVs far outweighs the EV fossil fuel use.
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Figure 14. Total Passenger vehicle fossil fuel use showing the impact of the faster EV projection (solid lines), and slower EV
projection (dotted lines): (a) Fast renewable power projection; (b) Slower renewable power projection.

Under the conservative Scenario #4 with both the slower passenger EV projection and
slower renewable power projection, fossil fuel use from ICE vehicles will persist consuming
billions more gallons of gasoline (Figure 14b, dotted lines). By 2045, passenger ICE vehicles
will consume a total of 6.2 billion GGe with the slow EV projection, versus 4.8 billion with
the fast EV projection (Table 3). By contrast, EV fossil fuel use depends on both projections
for renewables and EV adoption. The key take away is that, even with the fastest rate of
passenger EV adoption and slowest renewable power transition in this study, EVs consume
merely 3.0% of the fossil fuels consumed by ICE vehicles, (Scenario #3).
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Table 3. Total cumulative passenger vehicle fossil fuel consumption from 2020 to 2045 on Oahu by
Scenario, (based on faster and slower projections for both the renewable resources on the power grid,
and for the rate of EV adoption, billion GGe).

Scenario 1 Scenario 2 Scenario 3 Scenario 4

(Fast
Power/Fast EV)

(Fast
Power/Slow

EV)

(Slow
Power/Fast EV)

(Slow
Power/Slow

EV)

ICE vehicles 4.8 6.2 4.8 6.2

EVs 0.42 0.026 0.14 0.072

3.12. Impact on Emissions to 2050

Under the ambitious Scenario #1 in this analysis, CO2 emissions show a striking reduc-
tion as passenger and freight EVs replace ICE vehicles with the faster EV projection, and
renewables replace fossil fuel with the faster projection for power generation (Figure 15).
Total CO2 emissions drop rapidly after about 2025 and continue a precipitous decline to
the point where renewable generation reaches 100% by 2040, and EVs reach 100% by 2050.
The total ICE emissions decline only because of the decline in vehicle numbers. However,
as EV numbers increase, the total emissions remain extremely low by comparison, due
to increasing renewable generation. Between 2020 and 2035, CO2 emissions from all ICE
vehicles will add up to 67 MMT CO2. All EV emissions during that period will amount to
2.1 MMT CO2, (3.2% of that). EV emissions increase slightly until 2035 as more EVs replace
ICE vehicles, but then decrease until 2040 when 100% renewables are achieved in this
scenario. After that, the only remaining emissions are from biomass, MSW, and biofuels.
By 2045, CO2 emissions from all ICE vehicles will add up to 80 MMT, and EVs 4.4 MMT
(5.5%). By 2050, EVs will completely replace ICE vehicles in this ambitious scenario.
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Figure 15. Total CO2 emissions for passenger and freight vehicles powered on Oahu under the
ambitious scenario in this analysis, Scenario #1, with the faster renewable power and EV projections
(in million of metric tons per year, MMT/yr).
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In the less ambitious scenario with the rapid renewable power projection but slower
passenger EV adoption, Scenario #2, a less dramatic but still significant reduction in CO2
emissions by ICE vehicles can be seen, compared with the most ambitious Scenario #1 with
both fast renewable and EV projections (Figure 16a, dotted and solid lines respectively).
Reduction in ICE vehicle emissions is not influenced by the changing mix of power genera-
tion and is a result of reducing numbers as EVs replace ICE vehicles. To assess a slower rate
of renewable power generation, the moderate Scenario #3 combines the slower projection
for renewables with the faster EV projection (Figure 16b, solid lines), and shows EV CO2
emissions climb to somewhat higher levels until 2040, and then decline as renewables
completely replace fossil fuel power generation by 2045, and EVs replace ICE vehicles by
2050. This reduction in fossil fuel use from replacing ICE vehicles with EVs far outweighs
the EV fossil fuel use.
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Figure 16. Total passenger vehicle CO2 emissions showing the impact of the faster EV projection (solid lines), and slower
EV projection (dotted lines): (a) Faster renewable power projection; (b) Slower renewable power projection.

Under the scenarios with the slower projection for passenger EV adoption (Scenarios 2
and 4), CO2 emissions from ICE vehicles will persist, producing millions more tons of CO2
(Table 4). By 2045, passenger ICE vehicles will emit a total of 54 MMT with the slower EV
projection, versus 42 MMT with the faster EV projection. By contrast, EV CO2 emissions
depend on both projections for renewables and EV adoption, and remains a small fraction
of the emissions produced by ICE vehicles. Even with the fastest passenger EV projection
and slowest renewable power projection, EVs emit only 11% of the CO2 produced by ICE
vehicles (Scenario #3).
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Table 4. Total cumulative passenger vehicle CO2 emissions from 2020 to 2045 on Oahu by Scenario,
(based on faster and slower projections for both the renewable resources on the power grid, and for
the rate of EV adoption, MMT).

Scenario 1 Scenario 2 Scenario 3 Scenario 4

(Fast
Power/Fast EV)

(Fast
Power/Slow

EV)

(Slow
Power/Fast EV)

(Slow
Power/Slow

EV)

ICE vehicles 42 54 42 54

EVs 2.1 1.2 4.7 2.4

4. Conclusions and Discussion

The transition to EVs offers a momentous and immediate advantage to reduce fossil
fuel consumption and resulting emissions for ground transportation in Hawaii and similar
regions, despite the current high dependence on oil for power generation. Scenario results
clearly show the importance of purchasing an EV instead of a gasoline or diesel vehicle
today, since fossil fuel use and emissions are markedly reduced over the life of the vehicle
because of EV efficiency and the increasingly clean mix of power generation in coming
years. As renewables, especially solar and wind, replace fossil fuels for power generation,
escalating benefits are achieved with electric transportation in contrast to ICE vehicles.
Accelerating both EV adoption and grid renewables will have striking cumulative benefits
over the years, steeply reducing both fossil fuel use and emissions.

In this analysis, current fossil fuel use and resulting emissions were quantified for
passenger and freight EVs versus ICE vehicles. Since EVs are 4–7 times more efficient than
their ICE counterparts, they consume considerably less energy to travel a given distance.
Projecting forward, four scenarios were modeled to assess important trends in growing
renewable power generation together with EVs replacing ICE vehicles.

4.1. Current Results

In 2020, an average passenger EV operating on Oahu used only a small fraction
(14%) of the fossil fuel used by an average gasoline vehicle and cut CO2 emissions in
half. Similarly, an electric freight vehicle used 19% of the fossil fuel compared with a
gasoline freight vehicle, and 20% compared with a diesel freight vehicle. Similarly, an
electric freight vehicle cut emissions by 32–39% compared with gasoline and diesel freight
vehicles, respectively. Consequently, each freight ICE vehicle replaced with a freight EV
reduced fossil fuel consumption by the equivalent of more than 4000 gallons of gasoline in
2020, enough to fuel nine average gasoline passenger vehicles or 64 average passenger EVs
that year.

4.2. Projected Results

Scenarios modeled in this study include two projections for the rate of EVs replacing
ICE vehicles, and two projections for renewable power generation replacing fossil fuels.
In all four scenarios the immense contrast between EV and ICE vehicle fossil fuel use and
emissions is distinct. The reduction of ICE fossil fuel use and emissions simply declines
with the drop in numbers as they are replaced with EVs. EV fossil fuel use and emissions
are miniscule compared with that of ICE vehicles, even when EVs completely replace
ICE vehicles. Additionally, all scenarios demonstrate the accelerating benefits of electric
transportation and renewable power to vastly reduce fossil fuel consumption and resulting
emissions. Under the most ambitious scenario with the faster rate of EV adoption together
with the faster projection for renewable power generation, 99% less fossil fuel is consumed
for all passenger and freight vehicles, and 93% less CO2 is emitted between 2020 and 2050.
However, with the slower projection for EV adoption, fossil fuel use and emissions from
ICE vehicles will persist, consuming billions more gallons of gasoline and emitting tens of
millions more tons of CO2 emissions.
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4.3. Scenario Evaluation

Results in these scenarios for the impact of passenger EV adoption on Oahu may be
conservative in the near term, since the fast EV projection in this analysis is based on a
global projection of 12.25% of vehicles on the road being electric by 2030, but the numbers
of passenger EVs registered on Oahu grew by 45% from December 2019 to December
2020 [37,38]. Consideration could also be given to the impacts of changing vehicle efficiency
(such as an increased Corporate Average Fuel Economy (CAFÉ) standard). Future work
could include analyzing various projections for renewable power generation, such as
increasing amounts of bioresources or other renewables that produce GHG emissions, and
analyzing life cycle emissions. It is important to note that renewable resources added to
the power grid in these scenarios do not add to CO2 emissions, in line with the near-term
utility power purchase agreements for solar plus storage, and the long-term carbon neutral
goal for the State.

4.4. Implications and Policy

This analysis demonstrates the extensive benefits of EVs even powered on a small,
oil-dependent power grid, and is meant to provide credible regional information to help
inform policy and future planning to overcome obstacles to widespread EV deployment.
The method developed in this assessment may be useful for other remote regions where
small power plant data and projections are not included in national databases and method-
ologies. This analysis is intended to assist government policy makers, regulatory agencies
and the public in Hawaii and other remote, isolated power grid regions by visualizing
and considering a variety of scenarios on potential benefits of renewable power generation
together with electrification of ground transportation. For instance, for regions with high
levels of power generation from fossil fuels, carbon pricing is significant as it can incen-
tivize both transportation electrification and renewable power generation [40,41]. Vehicle
emission policies have been used successfully to increase market share of EVs [42]. As an
example, the State of Hawaii may use results of this analysis to help inform development of
policies such as carbon pricing, vehicle emission regulations, EV and PV system incentives,
workplace charging, and other supportive measures to drive a more rapid switch away
from ICE vehicles to EVs and to maintain or increase the transition to renewable power
generation. Additionally, much focus now lies on using renewable energy and transporta-
tion electrification to address societal inequities, such as removing transportation emissions
by supporting the electrification of school and transit buses, or incentivizing a shift away
from inefficient “gas guzzlers” to more efficient “high mileage” vehicles, (as was done at
the federal level with the Cash for Clunkers program).

When considering the importance of transportation as a critical component of reaching
net zero emissions, this analysis provides a significant contribution in demonstrating a
method to account for the changing mix of power generation as EVs replace ICE vehicles
on an isolated, fossil fuel dependent power grid. In this analysis, EV fossil fuel use and CO2
emissions varied with the projections for renewable power and EV adoption. However,
due to the relatively large impacts of (1) the fuel efficiency of EVs over that of ICE vehicles,
and (2) the scheduled, planned, and expected solar power generation in coming years and
long-term carbon neutral state goals, the overall trends are clear. Results from this analysis
demonstrate the underlying need to accelerate replacement of ICE vehicles with EVs to
avoid importing oil and to reduce GHG emissions.

This examination of a small, isolated power system and transportation network pro-
vides a powerful assessment to help visualize the benefit and synergies of both renewable
power and transportation electrification. Quantifying the immense reductions in fossil fuel
consumption and CO2 emissions brings into sharp focus the need for further policy and
regulatory measures to accelerate these transitions.
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