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Abstract: Energy transition requires actions from different sectors and levels, mainly focused
on achieving a low-carbon and high-renewable integration society. Among the different sectors,
the transport sector is responsible for more than 20% of global greenhouse gas emissions, mostly
emitted in cities. Therefore, initiatives and analysis focused on electric vehicles integration powered
by renewables is currently a desirable solution to mitigate climate change and promote energy
transition. Under this framework, this paper proposes a multi-indicator analysis for the estimation
of CO2 emissions combining renewable integration targets, reduction emission targets and realistic
renewable resource potentials. Four scenarios are identified and analyzed: (i) current situation with
conventional vehicles, (ii) replacement of such conventional by electric vehicles without renewable
integration, (iii) and (iv) integration of renewables to fulfill emission reduction targets for 2030 and
2050 respectively. The analysis is evaluated in the state of Maine (United States). From the results,
a minimum renewable penetration of 39% and 82%, respectively, is needed to fulfill the emission
reduction targets for 2030 and 2050 by considering 100% conventional vehicle replacement. Different
combinations of available renewable resources can reduce emissions by more than 35%.

Keywords: electric vehicle; renewable source; CO2 emissions; energy transition

1. Introduction

Renewable Energy Sources (RES) and energy efficiency strategies are the core elements
of the energy transition [1]. A systemic transition towards more efficient energy scenarios
implies a strategically designed actions involving all policy levels—from local to global [2].
A variety of challenges are thus identified, mainly due to the relevant population increase,
limitation of fossil fuel reserves, lack of energy security, and both economic and urbaniza-
tion growth [3]. As an effort to reduce the impact of global warming, the world leaders have
pledged the commitments to drastically reduce greenhouse emissions [4]. Nevertheless,
the increase in the population worldwide evolves exponentially and migration to urban
areas increased by 53% from 1998 to 2018 [5]. According to the United Nations [6], the
world population will reach 9700 million in 2050, of which 68% will live in urban areas.
Subsequently, world energy consumption will rise nearly 50% between 2018 and 2050 [7].

Cities have become critical icons to facilitate climate action, energy transition, and
sustainability [8,9]. The significant concentration of population and the corresponding eco-
nomic activity increasing commonly address major demand and dependence on transport
services and supplies [10]. Two negative factors for energy transition can be then clearly
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identified from the transport sector: higher use of fossil fuels and increased pollution.
Actually, the transport sector is responsible for more than 20% of global greenhouse gas
emission [11]. This sector accounts for 26% of the total US greenhouse emissions and 23.20%
of EU-28. The shares of pollutants range from 13.14% to 57.41%, and the transport sector
is the main emitter for NOx [12]. Therefore, it is one of the major challenges in reducing
global greenhouse gas emissions [13]. Different solutions and proposals can be found in the
specific literature to make or advise on decisions in the transport sector [14,15]. Moreover,
in recent proposals, the transport sector has been a part of models of 100% renewable
energy systems, such as the European Union [16] and the region of South East Europe [17].
However, only 3.3% of the energy consumption of the transport sector currently has a
renewable origin (3% from Biofuels and 0.3% from renewable electricity). Moreover, this
sector accounts for the lowest percentage of participation in renewables [18]. Therefore,
in this context, an important way of mitigating climate change is the replacement of the
current transport fleet with Electric Vehicles (EV) [19]. The electrification of this sector
will address a greater demand for energy integrated with renewables. According to Refer-
ence [20], common research topics within the transport area include electric vehicles and
the sustainable road transportation.

From 2014 to 2019, the sales of Plug-in Hybrid Electric Vehicle (PHEV) vehicles were
increased 334%; and Battery-Electric Vehicles (BEV) sales 682%. In 2019, approximately
2.17 million EVs were sold globally, 832,101 EV more than 2018. In 2019, the European EV
registrations were close to 550,000 units, in comparison to 300,000 units in 2018, accounting
for an increase from to 3.5% of total car registrations [21]. Today, the global fleet of EVs
accounts to 7.2 million of cars. China leads the EV sales market: 1.11 millon EV in 2019—
0.84 BEV and 0.26 PHEV, almost duplicate the sales of 2017 with more than 50% of world
sales, a decrease of 5% compared to 2018. The United States is the second country in
terms of sales, 0.33 millon EV in 2019—0.25 BEV and 0.08 PHEV, with a growth of 52% in
comparison to 2017, a decrease of 11% compared to 2018. Preliminary sales data in 2020 are
surprising, despite the current health emergency caused by COVID-19, PHEV + BEV sales
increased 43% compared to 2019 with 3.24 million units. For the first time, Europe leads
the ranking with nearly 1.4 million EVs displacing China. One hundred and thirty-seven
percent is the increase in growth in Europe compared to 12% in China, and the United
States with a 4% increase remains in third position; see Figure 1.
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Figure 1. New electric vehicles sales (millions). Source: Reference [22,23]—own elaboration.

In terms of EV models, and by considering the top-ten best-selling EVs in the world in
2019, there are eight BEVs accounting for 34.2% of the total, and two PHEV (4.65%). The
ranking of the worldwide best-selling models is headed by the ‘Tesla Model 3’ (BEV)
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with a total world sales of 13.83% in 2019—300,080 units sold. Its technical characteristics
give different power options [24], ranging between 192 kW and 334 kW with an autonomy
between 355 km and 500 km, and an average consumption around 16.09 KWh/100 km [24].
The ‘BAIC EC-Series’ (BEV) is the second model, with 111,050 units sold representing
5.11% of the total global sales, mainly focused on the Chinese market. In third position, the
‘Nissan Leaf’ model with 69,870 units sold and 3.22% of the total amount. In this case, its
main market is focused on Europe. In the preliminary data for 2020, the ‘TESLA Model 3’
remains leading the ranking, its sales triple the Chinese model in second position, a curious
aspect is the disappearance of the PHEVs among the top 10, ratifying the upward trend of
the BEVs. The top 10 begins to separate from the rest of the world, 70% of total sales are
outside the ranking, compared to 61% in 2019. Figure 2 summarizes the EV sale ranking.
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Figure 2. Ranking of electric vehicles sales (2019-preliminary 2020). Source: Reference [23,25]—own elaboration.

With regard to the replacement of conventional vehicles by EV, Reference [26] studied
a comprehensive review of the replacement of conventional vehicles by EV and concludes
that the battery electric vehicle (BEV) is considered a true zero-emission vehicle due to the
lack of tailpipe emissions compared to other types of EV, but the savings in greenhouse
gas (GHG) emissions from the EV is debatable when the energy required to charge the
EV comes from traditional sources of fossil fuels, it also alludes to the technical, economic,
and logistical barriers that stop the expansion. Szinai et al. [27] estimate the integration
of EV in the state of California, United States, by 2025. This analysis ensures that the
fusion EV and renewables will help to decarbonize both transport and electricity sector
simultaneously. Li et al. [28] carried out a study of electric mobility in the Asia Southeast,
involving the fleet of residential passengers, buses and trucks. This evaluation includes
availability, applicability, acceptability, and affordability indicators, giving a final energy
consumption and a major energy security. Raugei et al. [29] affirm that the EV integration
can reduce significantly the UK’s dependence on conventional primary energy sources.
The analyzed key–metric is the demand for non-renewable energy, that could be reduced
around 34% by EV in comparison to conventional vehicles. The mitigation of emissions,
studied by Brice et al. [30] in the state of Texas (United States), demonstrates the substantial
reduction of greenhouse gases to be achieved by renewable integration into mix generation
power systems. Vehicles powered by coal, natural gas, and renewables are compared to
EVs, highlighting that EVs reduce significantly emissions and increase energy security.
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Considering previous contributions aiming to decarbonize the residential transport
sector, this work proposes an analysis of the ICE vehicles replacement by EV in the residen-
tial sector establishing the minimum penetration limits of renewables to fulfill the emission
reduction objectives. The design and selection of potential EV scenarios is based on both
economic and technological barriers of the sector. Table 1 summarizes recent contributions
related to the electrification of the transport sector and the targets/indicators considered
in those works. This table also compares such indicators to the proposed multi-indicator
analysis. A case study focused on the state of Maine (United States) is also included in
the paper by considering 2030 and 2050 roadmaps. From the results, a maximum of 18%
non-renewable power generation will be allowed in 2050 to reach the emission reduction
targets by considering 100% conventional vehicle replacement. The main contributions of
this study are thus:

• The definition of a methodology by combining simultaneously three main indicators:
(i) the Emission Reduction Objectives (ERT); (ii) the potential renewable energy source
in the area (PoRES); and (iii) the Penetration Renewable Energy Goals (PERST).

• The feasibility and suitability of the proposal to provide evaluation and strategy
guidance in real situations is carried out by the authors with the state of Maine (USA)
case study.

• The EV substitution scenarios are merged with the EV efficiency indicators and the
renewable/energy policies in a multi-target framework.

Table 1. Electrification of the transport sector analysis review. Integration with renewable energies
(I(RES)), Penetration Renewable Energy Targets (PREST), Renewable energy source potential in the
area (PoRES), Reduction of CO2 (↓ CO2), Emission Reduction Targets (ERT).

Indicators

Ref. Year I(RES) PREST PoRES ↓CO2 ERT

[30]

2015

X X
[31] X X
[32] X X
[33] X X

[34]

2016

X X
[35] X X
[36] X X
[37] X X

[38]
2017

X X
[39] X
[40] X

[29]
2018

X
[41] X
[42] X X

[28]

2019

X X
[43] X X
[44] X
[45] X

[27]
2020

X
[46] X X
[26] X X

Proposed analysis X X X X X

The rest of the paper is divided into the following sections: Section 2 exposes the
proposed analysis of EV integration from a multi-indicator perspective; Section 3 evaluates
the model in the state of Maine (United States); results are discussed in Section 4 in terms of



Sustainability 2021, 13, 3430 5 of 19

emission reduction, quantitative variability according to the objectives, and contributions
from renewable sources; finally, conclusions are given in Section 5.

2. Materials and Methods

An evaluation based on multi-indicators to analyze the impact of ICE replacement
by EV in the energy transition is proposed and assessed, defining different replacement
scenarios and renewable integration shares. The methodology is summarized in Figure 3.

The initial stage is focused on gathering all data required as inputs of the analysis:
(i) the fossil fuel energy consumption in the residential transport sector, whether of ICE
gasoline (GCt) or fuel (FCt) vehicles for the base year of study (t); (ii) the Emission
Reduction Targets (ERT) of the study area for 2030 and 2050; and (iii) the potential of the
different renewable energy sources available in the study area.
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Figure 3. Proposed methodology. Own elaboration.

From the initial data, four possible scenarios are defined according to the correspond-
ing emission reductions to be fulfilled in 2030 and 2050. Table 2 describes such scenarios by
considering the ICE replacement, as well as the RES integration into generation power sys-
tem, accordingly. Firstly, the emissions (CO2Et) in the base year t are estimated. Therefore,
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the global ICE emissions corresponding to vehicles powered by both gasoline (ICE_GEt)
and fuel (ICE_FEt) are:

CO2Et = ICE_GEt + ICE_FEt. (1)

Table 2. Electric Vehicles (EV) and Renewable Energy Sources (RES) integration scenarios.

Scenarios Description

E_OT1 The vehicle fleet maintains the traditional ICE
E_OT2 ICE vehicle substituted by EV without RES integration
E_OT3 EV scenario with RES integration to fulfill ERT-2030
E_OT4 EV scenario with RES integration to fulfill ERT-2050

These emissions include the complete life cycle of the vehicle according to the energy
flow in the Well–to–Wheel (WtW) process [47]. This process can be divided into two esti-
mations: (i) the Well-to-Tank (WtT) focused on determining the emissions in the extraction,
transportation and processing processes of fuel; and (ii) the Tank-to-Wheel (TtW) aimed to
determine the total emissions in the driving process [48]. Subsequently, gasoline or fuel
ICE vehicle emissions are determined according to:

ICE_GEt = GCt · CEG_WtW , (2)

ICE_FEt = FCt · CEF_WtW , (3)

and extrapolated to 2050 by following the scenario E_OT1.
The E_OT2 scenario —ICE vehicle substituted by EV without RES integration, see

Table 2—, is designed with different EV penetration levels. Each study area can required
different EV characteristics, depending on the specific conditions and facilities of such
areas, which affect the behaviors and preferences of the users in terms of:

• Power: What acceleration can the engine deliver? What speed can you keep?
• Autonomy: How long can the vehicle travel without refueling? The energy density of

gasoline and diesel is higher than batteries, providing greater ranges.
• Fueling time: How much time is needed to recharge? The extended recharge time of

the EV is longer than the refueling minutes of conventional vehicles.
• Efficiency: How far can a vehicle travel to give a unit of fuel energy, measured in

kilometers per liter for conventional vehicles?

The emissions are then calculated as follows,

CO2E_REt =
n

∑
j=1

pj · (E_REEV(n,t)), (4)

where p is the penetration percentage of the EV replacement scenarios, n is the number of
scenarios, and (E_REEV) are the emissions of each scenario according to

E_REEV(n,t) = kmt · ElCn · EFoil , (5)

where kmt are kilometers traveled for a base year t (km); ElCn is the EV consumption for
the n-scenario (kWh/100 km); and EFoil is the emission factor of the power generation
units based on oil (kg CO2/kWh). Results from expression (5) are then extrapolated to
2050 for the E_OT2 scenario estimation.

An iterative process compares the (CO2E_REt) emissions of the E_OT2 scenario
to the emission reduction targets (CO2Et(ERT)). The renewable integration into the
power generation mix (P_RES) is increased to fulfill such emission targets: CO2E_REt <
CO2Et(ERT). The emissions by considering the Renewable Energy Source (RES) participa-
tion (CO2E_REt ⊂ P_RESi ) is then expressed as,
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CO2E_REt ⊂ P_RESi = LnR ·
n

∑
j=1

pj · (E_REEV(n,t)oil) + P_RESi ·
n

∑
j=1

pj · (E_REEV(n,t)RES). (6)

The methodology determines the maximum non-renewable power generation allowed
to fulfill the emission reduction targets (LnR). The corresponding participation of renew-
able energy sources (P_RES) are also considered in both E_OT3 and E_OT4 scenarios for
2030 and 2050.

E_REEV(n,t) = kmt · ElCn · EFRES, (7)

where kmt is the distance traveled for base year (km), ElCn is the EV consumption for the
n-scenario (kWh/100 km), and EFRES is the power system emission factor generated with
renewable energy source (kgCO2/kWh).

Finally, Table 3 summarizes the output indicators for the different scenarios. These
indicators can be subsequently used for further analysis.

Table 3. Output indicators.

Scenarios Indicator Extrapolated to 2050

E_OT1 CO2Et
√

CO2Et(ERT)

E_OT2 CO2E_REt
√

E_OT3 (2030) LnR
& PRES
E_OT4 (2050) CO2E_REt ⊂ P_RESi

√

3. Case Study. Renewable Energy Source Potential

The selected study area is the state of Maine (United States). It belongs to the New
England region, located in the northeast region of the country; see Figure 4A. The total
energy consumption of this state was 328 Trillion–Btu in 2018. The sector with the highest
energy consumption was the transportation sector, 32.5%—106.7 Trillion Btu, followed
by the industrial, residential, and commercial sectors, with 28.1%, 24.9%, and 14.5%,
respectively, of the total energy demand [49]; see Figure 4B. Consumption by sources
shows the high use of oil, 174.9 Trillion Btu—53.3% of the total; see Figure 4C.

28.05%32.53% 24.91% 14.51%

Trillio
n
B
tu

Figure 4. Study zone. State of Maine, United States (A). Energy consumption by sector. 2018 (B).
Energy consumption by source. 2018 (C). Source: Reference [50]—own elaboration.
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In line with other countries, the United States of America has also promoted different
initiatives to reduce greenhouse emissions and fossil fuel dependency. Indeed, most of
state governments have adopted different policies mainly focused on reducing the carbon
intensity and diversifying the mix of generation sources with a greater percentage of
renewable energy sources [51]. Indeed, policies established by the state of Maine are
currently focused on the decarbonization of the economy, integration and promotion of
renewable energies, and challenges of energy transition. In 2019, the Renewables Portfolio
Standard (RPS) targets were recently updated with the statewide target of 100% renewable
by 2050 [52]. The proposed methodology is thus assessed under this specific energy and
policy scenario.

Energy consumption data of the transportation sector for the state of Maine can be
found in [50], being the State Energy Data System (SEDS) dependent on the U.S. Energy
Information Administration (U.S. EIA). Table 4 gives the disaggregated data in British
thermal units (Btu). Gasoline is the most used fuel in the state of Maine, accounting for
68.13%, followed by Distillate Fuel Oil—mainly used in buses, railroad locomotives, trucks,
etc. Private transportation is dominated by internal combustion vehicles powered by
gasoline. In 2018, gasoline consumption was 75,509 Billion Btu, being equivalent to 22,130
converted into electric units according to

Gasoline gal · 137, 381 Btu
1 gal

· 1 kWh
3, 412 Btu

· 1 GWh
106 kWh

. (8)

Table 4. Disaggregated data of the transport sector. State of Maine (USA, 2018). Source: Reference [50].

Concept Billion Btu %

Coal 0 –
Natural gas 851 0.77
Aviation gasoline 118 0.11
Distillate fuel oil 26,790 24.17
Biodiesel 985 0.89
Hydrocarbon gas liquids 7 0.01
Jet fuel 5562 5.02
Lubricants 584 0.53
Motor gasoline 75,509 68.13
Residual fuel oil 417 0.38
All petroleum products 109,972 99.23
Total energy consumed 110,823 100

The emission reduction targets for the state of Maine are 45% and 80% for 2030
and 2050, respectively. The Governor-led Maine state climate council developed action
plans to reduce Maine’s greenhouse gas emissions [53]. Figure 5 depicts the renewable
source potential; mainly based on biomass, photovoltaic solar, and wind (onshore and
offshore). This RES potential is very relevant and, today, the Maine energy mix is classified
as robust [54], as 40.48% of the total energy consumption comes from renewables—with
biomass standing out 67.46% and accounting for 31,710 GWh. Wind power is expected to
install 8 GW of power capacity by 2030, including 5 GW wind offshore [53]. In total, the
coasts of Maine account for 156 GW offshore wind power estimated capacity [55].
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(Thou. Tonnes/yr)

Solar Photovoltaic
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Wind Speed Onshore
(m/s)

Wind Speed Offshore
(m/s)

Figure 5. Potential from renewable sources. State of Maine. Source: Reference [56]—own elaboration.

The emissions of vehicles powered by fossil fuels mainly depend on the type of fuel:
gasoline or diesel. Shin et al. [57] affirm that consumers recognize diesel type as clean
diesel, having low emissions compared with gasoline. Woo et al. [58] establishes that WtW
gasoline emissivity is 2778.2 g CO2/L (WtT: 2314.4 g CO2/L and TtW: 463.8 g CO2/L).
Considering that the residential transport of the study area is mainly based on gasoline,
we calculate the emissions for the base year (2018) and extrapolate until 2050, according to
the expected population increase [59]. Results of the scenario E_OT1 are summarized in
Table A1 (Appendix A). As was previously discussed, the EV scenarios to replace ICEV
vehicles include an analysis of economic and technological barriers. In this way, the state
of Maine applies instant rebates [60] in the purchase of a group of EVs, which are included
in each scenario. Three categories are identified according to the EV autonomy: >300 miles,
between 300 and 225 miles, and less than 225, with 50%, 30%, and 20% penetration,
respectively; see Table 5. Table A4 summarizes the EV data sheet.

Table 5. CO2 Emissions. Scenario E_OT2.

Scenarios EV1 EV2 EV3

Categories (mi) >300 [225, 300] <225
Penetration level (%) 50 30 20
Autonomy (mi) 312.3 245 126.5
Battery (kWh) 75 55.8 33.9
Consumption (kWh/100 km) 20.22 17.2 17.5
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4. Results and Discussion

The impact and fusion of EV powered with renewables within the energy transition is
analyzed from a multi-indicator perspective. Results of the different scenarios summarized
in Table 2, and some drawbacks to overcome barriers in the transportation sector are
following discussed.

4.1. CO2 Emission Targets

CO2 emissions are determined according to the penetration of the different EV scenar-
ios, from expressions (4) and (5). The emission factor of the power system generated by oil
is estimated as 0.53 kg CO2/kWh [61] for the base year t. Results of the scenario E_OT2
are summarized in Table A2. Subsequently, and based on the scenario E_OT2 emissions,
the expected emissions for the year 2030 and 2050 are determined according to Emission
Reduction Targets (ERT); see Table A3. The emission reduction with EV large penetration
but without integration of renewables—EV powered by conventional generation units
based on fossil fuels— do not meet such emission reduction objectives. Consequently, the
integration of renewables in the generation mix of the power system is necessary. With this
aim, scenarios E_OT3 and E_OT4 are designed by applying the iterative process described
in Section 2. The estimation of minimum renewable integration into the generation mix is
carried out according to (6). Table 6 gives the expected CO2 emission reduction for both
scenarios. The emission factor of the power system with renewable integration is assumed
as 0.04 kg CO2/kWh [61,62], from an averaged estimation of the different RES factors
with potential in the state of Maine: biomass, photovoltaic solar, and onshore/offshore
wind energy.

Table 6. Expected CO2 emission reduction.

E_OT3 E_OT4

Year 2030 2050
LnR(%) 61 18
P_RES(%) 39 82
Emission (t CO2) 5053.7 2059.9

The replacement of ICEV by EV in the residential sector has a potential emission
reduction of 15%. However, the targets set by the state of Maine are 45% and 80% for 2030
and 2050, respectively; see Figure 6. Therefore, additional efforts focused on renewable
integration into generation power systems are proposed to fulfill such targets. Moreover,
this integration is considered by previous contributions as crucial to decrease emissions. In
this way, Nichols et al. [30] conclude that emissions would be even greater if the electric
charge is powered by coal, being an important drawback to the EV integration. Another
study focused in China, Reference [63], assessed the potential impact of electrification,
varying the EV level in the fleet and integration renewables. Results thus implied a
significant GHG emission reduction when the generation mix includes a high renewable
percentage. In the same way, Abdul–Manan [64] affirms that EV integration does not reduce
emissions, specially when the power system generation is based on conventional fossil
fuels. Longo et al. [36] demonstrated that the replacement of the vehicle and motorcycle
fleet by EVs in the residential sector of Canada and Italy by promoting renewables (wind
and solar energy) gives relevant and additional benefits for the environment.

With regard to scenario E_OT3, 39% renewable integration into the generation power
system is required to fulfill the 45% emission target. Scenario E_OT4 implies a minimum
of 82% renewable integration to fulfill 80% emission target. In this way, a total of 8248 t
CO2 are avoided with respect to scenario E_OT1; see Figure 7. The maximum allowable
non-renewable generation limit is 61% (E_OT3) and 18% (E_OT4), respectively. A clear
relationship between emission decreasing and RES integration increasing can be deduced
from Figure 8, which shows the EV replacement scenarios—see Table 3—in terms of
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emission reduction and RES integration. In the case study, RES targets are really ambitious
and more severe than ERT, expecting 100% renewable in 2050 [52]. In fact, such RES
integration targets would address 78% and 94% emission reductions for (E_OT3) and
(E_OT4) scenario, respectively; see Figure 8B.

The model assumes that human behavior on the use of EV is the same as in ICEs,
however studies have shown that it is not the same in daily mobility [65]. If the pattern of
use is lower than the current one, it can be very beneficial from the environmental point of
view, the emissions avoided would be higher.
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integration). Decrease in expected emissions (2018–2050). Own elaboration.
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4.2. Renewable Potential and Integration Targets

By considering the renewable resource potential of a specific area, the power genera-
tion from renewables differs according to the participation of such resources into the power
system. As an example, Figure 9 shows different combinations of renewable resources
according to the renewable potential of the study area. The Emission factor of the electrical
system generated with renewable sources are assumed according to Table 7 [61,62]. A high
offshore wind resource integration addresses a decrease in emissions of almost 35% with
respect to the average contributions. This offshore wind participation is aligned with the
renewable strategies of the State of Maine in terms of wind power plant designs in the Gulf
of Maine, in turn with the high offshore wind potential [55].
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Figure 9. CO2 emissions according to the RES integration targets with different contributions. Own elaboration.
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Table 7. Emission factor of power system generation from RES. Source: Reference [61,62].

Renewable Energy Source Emission Factor (kgCO2/kWh)
Wind Offshore 16
Wind Onshore 9
Biomass 51.02
Photovoltaic solar 65.05

4.3. Barriers to EV Massive Adoption

As was previously affirmed, both the growth of the EV fleets and the increase of
renewable integration contribute significantly to climate change mitigation [66]. New
EV models are designed every year, and they are available to be purchased; in 2020, 5
new models were incorporated into the top 10, as in Figure 2, which shows the trend
towards change.

However, and though EV provide a lot of environmental and economic promises [67],
they are still not widely adopted by most of countries. Different barriers can be identified,
being the related technology one of the main obstacles to frustrate such EVs’ domina-
tion [68].The performance of the battery, its life cycle and the thermal management consti-
tute the main technological barriers that are in full process of improvement. Bhattacharjee
et al. [69] developed a novel study on the optimization of thermal management for lithium-
ion batteries by designing an immersion liquid cooling system to ensure maximum heat
dissipation.

Economic barriers are mostly associated with the price of EVs, still higher than con-
ventional vehicles and linked mainly by battery costs [70]. Comparing the price of both
medium-sized cars, the EV costs 40% more than a conventional ICE [71]. Nevertheless,
recent studies show that the price of batteries begins to decrease: at the end of 2019 the
prices were around USD 200/kWh, a 50% USD 100/kWh decrease is expected by 2030 [72].
With the aim of promoting the EV deployment, many countries have offered different
measures to provide economic incentives. For example, Canada established new purchase
incentive for ZEV (Zero–Emissions Vehicle) available to both individuals and businesses,
of up to $5000 for electric battery or hydrogen fuel cell vehicles with a manufacturer’s
suggested retail price of less than $45,000 [73]. Japan established tax incentives and/or
exemptions for the acquisition of PHEV and BEV, among others [74]. In Europe, and as
Gómez-Vilches et al. [75] affirm, the effectiveness of such financial incentives may differ
significantly as a consequence of the consumers’ socio-economic characteristic variability
in each European country. For example, in the Netherlands, there is a more favorable
income tax rate for people who use low or zero emission company cars for private use
(4%) compared to 25% for ICE vehicles. Specifically in Amsterdam, a subsidy scheme
was offered for the purchase of frequently used electric vehicles in the city [76]. Denmark,
until 1 January 2016, was at the forefront of the European countries with the most sales
of battery electric vehicles (BEV), since they were exempt from registration tax, being a
great incentive. Once a progressive reduction of the tax exemption was decided, sales were
reduced, the new policies have been modified again as of 2017 [77].

Logistic barriers refer to the sites destined to load the EVs, as well as the loading sched-
ules. Although EVs can be loaded at different sites, the infrastructure developed globally
for gasoline/diesel refueling cannot be compared to the current EV infrastructure whether
private or public. On the other hand, the most appropriate period to charge a battery is
over night, although various factors could influence the charging behaviors of EVs [78].
Jägger et al. [79] suggest to introduce a random delay, satisfying the boundary condition
that the battery is sufficiently charged in the morning. Efficient EV charging strategies have
been proposed in the specific literature to minimize their impact on the grid. Limmer and
Rodemann [80] propose a strategy for the establishment of dynamic price offers for different
loading times and the scheduling of loading processes. Bastida–Molina et al. [81] evaluate
an EV recharging method minimizing the impact on the grid, avoiding peak demand hours
in daily electricity demand and taking advantage of temporary valleys. Javed et al. [82]
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propose a new charging method called Mobile-Vehicle-to-Vehicle (M2V) charging strategy,
where EV charging is performed in a Peer-to-Peer (P2P) manner: vehicles are then charged
by Charging Stations (CS) or Mobile Vehicles (MV) in the absence of a central entity. More
recently, Arribas–Ibar et al. [83] study those factors that influence on the EV ecosystem
growth during a pandemic, with an application to the current COVID-19 pandemic.

4.4. Limitations and Future Scope

The proposed analysis presents the following limitations: (i) the study area must be a
region committed to slowing down climate change and with policies to promote emission
reduction; (ii) minimum required input data: the fossil fuel energy consumption in the
residential transport sector—whether of ICE gasoline or fuel vehicles for the base year of
study, the Emission Reduction Targets (ERT) of the study area for 2030 and 2050; and the
potential of the different renewable energy sources available in the study area. Some topics
of interest to extend this work include:

• Replicate the model in another study area, according to previous limitations and
compare the output indicators.

• Implement new technological substitution scenarios, based on decision-making with
multi-criteria evaluation methods.

• Include additional input data indicators, such as human usage patterns of EV.

5. Conclusions

This paper proposes a multi-indicator analysis to evaluate the massive EV penetration
combined with renewable energy source potential and reduction emission targets in the
transportation sector. Based on a preliminary renewable energy source potential estima-
tion, four scenarios are identified from the current state of ICE vehicles to the massive
introduction of EVs with different levels and combinations of renewables. By considering
100% ICE vehicle replacement, the results can be summarized as follows:

• By 2030, with the goal of reducing emissions by 45%, the maximum allowable non-
renewable electricity limit is 61%, avoiding 4186 t CO2.

• By 2050, with the goal of reducing emissions by 80%, the maximum allowable non-
renewable electricity limit is 18% avoiding 8248 t CO2.

By considering the high offshore wind resource available in the case study area,
emissions can be reduced an additional 35%. The proposed methodology can be applied
to other locations, with different renewable potentials and policies, providing a global EV
integration analysis from complementary points of view.
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Abbreviations

The following abbreviations are used in this manuscript:
BEV Full electric battery vehicle
CO2Et CO2 Emissions
CO2 Carbon dioxide
CO2E_RE Emissions with all EV scenarios
E_OT1 - E_OT4 Output scenarios
EFoil Emission factor of the power generation units based on oil
EFRES Power system emission factor generated with renewable energy source
ElC EV consumption
EV Electric vehicle
FCt Energy consumption (Fuel)
GCt Energy consumption (Gasoline)
ICE Internal combustion engine
ICE_FEt CO2 Emissions. ICE fuel
ICE_GEt CO2 Emissions. ICE gasoline
LnR Maximum non–renewable power generation allowed
n Scenario
NOx Nitrogen oxides
OECD Organization for Economic Co-operation and Development
PRES Participation of renewable energy sources
PHEV Plug-in hybrid electric vehicle
PREST Renewable energy penetration targets
RES Renewable energy sources
t year
US United States

Appendix A

Table A1. CO2 Emissions. Scenario E_OT1.

2018 2025 2030 2050

CO2E (t CO2) 8315.2 8987.4 9302.1 10,309.7

Table A2. CO2 Emissions. Scenario E_OT2 .

2018 2025 2030 2050

CO2E (t CO2) 7107.9 7682.5 7951.5 8812.8

Table A3. Expected CO2 emission reduction.

2025 2030 2050

Expected emission reduction (%) 25 45 80
Expected emission (t CO2) 6740.5 5116.1 2061.9
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Table A4. EV datasheet. (MPGe: Miles per gallon gasoline equivalent, Au: Autonomy, BS: Battery Size, CT: Charge Time,
Cpt: Consumption, Un: Unidentified).

MPGe Au (mi) BS (kWh) CT (h) Cpt (kWh/100 km) [84,85]

Tesla Model 3 [86] 123 322 62 12 16.1
Tesla Model Y [86] 121 315 75 10 21.3
Ford Mustang Mach-E [87] Un 300 88 Un 23.27

Chevrolet Bolt [88] 119 259 66 9 17.6
Hyundai Kona Electric [89] 120 258 60 9 15.4
Kia Soul [90] 108 243 27 5 19.3
Kia Niro EV [90] 112 239 64 9 14.5
Nissan LEAF [91] 112 226 62 8 18.8

Hyundai Ioniq Electric [89] 136 170 39.3 4 15.5
BMW i3 [92] 118 153 42.2 7 17.8
Volkswagen e-Golf [93] 119 125 36 4 17.4
Smart EQ fortwo [94] 108 58 18 3 19.3
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