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Abstract

One method of reducing atmospheric CO2 emissions in the transportation
sector is the replacement of conventional fossil fuel-based vehicles with
Electric Vehicles (EVs). However, fossil fuels are still the primary source
of electricity production in many regions and the utilization of EVs in such
regions increases the electricity demand because of battery charging. This
results in increased burning of fossil fuels by thermal power plants and
therefore can offset savings in CO2 emissions resulting from the adoption
of EVs. In this paper, we consider a scenario where all fossil fuel-based
conventional vehicles are replaced by EVs and then estimate the net CO2

emission savings resulting from the adoption of EVs in a region where
electricity is primarily supplied by thermal plants. Only emissions generated
during the operational phase of vehicle use are considered; emissions during
the production phase are not considered. The region under consideration is

Strategic Planning for Energy and the Environment, Vol. 39_1–4, 117–130.
doi: 10.13052/spee1048-4236.39146
© 2021 River Publishers



118 P. Pyakurel et al.

Madeira, Portugal where thermal plants account for 80% of the total electric-
ity produced. Our findings suggest that although EVs have huge potential to
save CO2 emissions, a substantial amount of the savings can be offset due to
the increased burning of fossil fuels by thermal plants to meet the electrical
demand of charging batteries.

Keywords: CO2 emission, electric vehicles, renewable energy penetration,
battery charging.

1 Introduction

Electric vehicles (EVs) have the potential to substantially reduce greenhouse
gas emissions in the transportation sector [1] as these vehicles typically
produce lower tailpipe emissions than conventional vehicles [2]. However,
although the battery-powered electric car itself may not emit greenhouse
gases, power plants that generate the electricity used to charge the batteries
generally do [3]. As examples, the share of renewable energy in electricity
production was 34.2% in Europe and 27.7% in North America in 2015 [4].
Therefore, EVs will indirectly contribute a certain amount of CO2 emissions
as long as the electricity grid is powered by fossil fuels. In order to esti-
mate CO2 emissions caused throughout the product cycle of EVs and other
vehicles, several Life Cycle Assessments have been carried out [5–8].

The exact amount of CO2 emissions indirectly caused by EVs depends
upon various factors such as regional variability in electricity generation
mix and battery charging time of EVs [5]. For instance, a study [6] in
China has shown that CO2 emissions from the production of EVs are about
59%–60% higher than from conventional fossil fuel-based cars with internal
combustion engines. Even when entire life cycle assessments of electric,
hybrid, plug-in and conventional fossil fuel vehicles were carried out for the
U.S. [7], EVs were not ranked as the best vehicle option in any of the U.S.
states under a state-based marginal electricity generation mix scenario. This
scenario considered the generation mix of the incremental electricity demand
(the marginal electricity) from EVs and plug-in hybrid electric vehicles for
every U.S. state, since the greenhouse gas emission intensity of electricity
generation is highly dependent on the energy source [7] and each state may
have different source. Therefore, more studies are required to understand the
CO2 emission characteristics of EVs and devise policies that make optimal
use of EVs to reduce emissions in the transportation sector.
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In this paper, we compare CO2 emissions from EVs and conventional
fossil fuel-based vehicles during the use/operational phase. Other emissions
from conventional fossil fuel vehicles that may indirectly or directly con-
tribute to climate change are not taken into account. A scenario where all
conventional fossil fuel-based vehicles are replaced by EVs is considered,
and the net CO2 emissions savings under such a scenario are estimated.
The geographical region under consideration is Madeira, Portugal where
thermal plants account for 80% of the total electricity produced [9]. The main
objective of this study is to better understand the amount of CO2 emissions
that can be offset by the replacement of conventional vehicles with EVs in
a case where thermal power plants are the predominant means of electricity
production. Sensitivity of percentage share of renewable energy penetration
on emission offset is examined and a planning approach to schedule the
charging of EVs is presented.

2 Madeira Electrification and Transportation Status

Madeira is a Portuguese archipelago situated in the North Atlantic, southwest
of Portugal. In this study we only consider the main island of the archipelago.
The power plants on Madeira Island consist of thermal, hydro, solar PV and
wind energy systems. In 2016, the share of renewable energy in the electricity
grid was about 20% [9] and hence the electricity is predominantly supplied
by thermal plants.

Gasoline (petrol) and diesel consumption by the road transportation sector
in Madeira are 32,002 Tonnes of Oil Equivalent (TOE) and 73,898 TOE
respectively [10]. Privately owned cars are the main mode of transportation in
Madeira and here we assume that all gasoline consumption is due to conven-
tional cars and taxis. There is also a small number of scooters and motorcycles
that have a small percentage share in the total gasoline consumption but here
we ignore these factors due to the lack of data availability on percentage share
of gasoline consumption among different modes of transportation. Since the
fuel economy of small cars is different from scooters or motorcycles, a margin
of error is associated with our calculation, but this can be rectified if all the
required data are available. The calculation approach utilized in this paper is
generally valid; however, data unavailability may have some minor impact on
the precise accuracy of the obtained results.

Diesel consumption is assumed to be shared by conventional private
diesel cars, vans and public buses. The corresponding share of consumption
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of these conventional vehicles is assumed to be 45%, 40% and 15% respec-
tively. There is no reliable data available on the exact percentage shares, so the
above values are only educated guesses based on observations and opinions
of local people.

3 Reference Conventional and Electric Vehicles

The conventional gasoline (petrol) car we have taken as a reference for the
present study is a Renault Clio 0.9 L Limited TCe, which was the best selling
car in Portugal in 2016 [11]. This car has a seating capacity of 5 people and
can travel a distance of roughly 23.8 km/liter of gasoline [12]. Likewise, the
conventional diesel car taken as a reference in this study is a Clio Energy
dCi 90 Zen. This car also has a seating capacity of 5 people and has a fuel
economy of 31.25 km/liter of diesel [13].

The conventional van used for reference is a Nissan NV200 EVALIA [14]
with fuel economy of 20.41 km/liter. For the bus, the fuel economy used
here is 1.57 km/liter as this is the average value of the largest local bus
company in Madeira [15]. It is worthwhile to note that the system of test-
ing cars to measure fuel economy in Europe has recently been somewhat
discredited [16]. Nonetheless we are using the fuel economy values obtained
from this testing system as a reference. If other realistic values are available
in the future, the existing values can be substituted with realistic values
in the methodology presented in this paper without the loss of general
validity.

The electric car we use as a reference here is a Renault Zoe 40 (with a
41 kWh battery pack) [17]. This car can travel a distance of about 300 km
when fully charged [17] before it is fully discharged. Likewise, the electric
van we use for reference is a Nissan e-NV200 VAN [18] which can travel up
to a distance of 280 km [18] from a fully charged state. The battery capacity
is 40 kWh [18]. Similarly, the electric bus used as a reference is an e.City
Gold CetanoBus [19] which can travel up to a distance of 200 km when fully
charged and has a battery capacity of 150 kWh [19].

4 Estimation of CO2 Emission Savings

In this section, the net CO2 emission savings is calculated for a scenario
where all existing fossil fuel vehicles are replaced by EVs. Expressions to
calculate the additional electrical energy required to charge EVs that will
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replace conventional vehicles are presented. The expression to calculate net
emission savings is also presented.

The fuel economy of a gasoline car is represented by Fg,c. The fuel
economies of a diesel car, a diesel van and a diesel bus are represented by
Fd,c, Fd,v and Fd,b respectively. All units of fuel economies for gasoline
and diesel vehicles are km/liter. Likewise, the fuel economies of electric
cars, electric vans and electric buses are represented by Fe,c, Fe,v and Fe,b

respectively, where all the units are in km/kWh. Also, let Eg and Ed be
the additional electrical energy in GWh required to be produced by the
power plants to charge the EVs that replace gasoline and diesel vehicles
respectively. The TOE of gasoline and diesel consumed are represented by Tg

and Td respectively. The total distances covered by electric vehicles have to
be equal to their fossil fuel vehicles’ counterparts to ensure full replacement
of conventional vehicles by electric vehicles.

One ton of gasoline is taken as equivalent to 1.05 TOE of gasoline [20]
and the density of gasoline is considered to be 0.75 kg/liter [21]. Likewise,
one ton of diesel fuel is taken to be 1.01 tons of diesel [20] and the density of
diesel is taken as 0.85 kg/liter [22]. For gasoline cars:

total distance covered by gasoline cars

= total distance covered by electric cars,

⇒ Fg,c × Tg

gasoline density × TOE per ton of gasoline × 106
= Fe,c × Eg,

⇒ Eg =
Fg,c × Tg

Fe,c × 787500
. (1)

Similarly, for diesel vehicles:

⇒
Fd,i × Tg

disel density × TOE per ton of diesel × 106
= Fe,i × Ed,

where the subscript i can represent car (c), van (v) or bus (b),

⇒ Ed =
Fd,i × Td

Fe,i × 858500
. (2)

Let p be the renewable energy penetration in the electricity grid in
fraction. We assume that the share of renewable energy in supplying the
additional demand caused by EVs charging shall be the same as the existing
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share of renewable energy penetration, i.e., 20%. Also, let Nt be tons of
CO2 emission per GWh from thermal plants, Ng be tons of CO2 emission
per TOE of gasoline and be Nd be tons of CO2 emission per TOE of
diesel. The net emission saving by the adoption of electric vehicles can be
calculated as:

Net saving = Ng × Tg +Nd × Td −Nt × (1− p)× (Eg + Eg). (3)

4.1 Electrical Energy Required to Replace Gasoline Vehicles

The total gasoline consumption is assumed to be solely by reference conven-
tional gasoline cars (see Section 3) as vans and buses are all diesel-based in
Madeira. Therefore, in the scenario we are considering, the reference electric
car shall replace every reference gasoline car.

Assuming battery charging efficiency of 89% [23], the energy required
to charge 41 kWh battery of the reference electric car is approximately
45.55 kWh. This gives a fuel economy (Fe,c) of 6.59 km/kWh for the electric
car. By substituting Fg,c = 23.8 km/ltr and Tg = 32, 002 in Equation (1),
the total electrical energy required to charge the electric cars that will replace
gasoline fuel is found to be 146.52 GWh.

4.2 Electrical Energy Required to Replace Diesel Vehicles

An approach similar to the one carried out above for gasoline is utilized
for diesel. The total diesel consumption is assumed to be shared among
diesel cars, vans and buses with percentage share of 45%, 40% and 15%
respectively. The total electrical energy required to charge EVs that shall
replace diesel fuel is found to be 310.35 GWh.

4.3 Net Carbon Saving

The amount of CO2 emission per TOE of gasoline consumed is taken as
3.0 tons [24]. Likewise, the amount of CO2 emission per TOE of diesel
consumed is taken as 3.2 tons [25]. Also, the amount of CO2 emission per
GWh of energy generated is 622.37 tons/GWh for thermal power plants in
Madeira [9]. By substituting Ng = 3, Nd = 3.2, Nd = 73, 898, Td =
32, 002, p = 0.20, Eg = 146.52 GWh and Ed = 310.35 GWh in Equa-
tion (3), the net emission savings is found to be 106.55 kilo tons (kT).
The total potential emission savings from EVs is 332.48 kT but there are
additional emissions from fossil fuel-based power plants as more electricity
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has to be generated to charge EVs. If the renewable energy penetration in the
electrical grid is assumed to remain 20% under the considered scenario where
all conventional vehicles are replaced by EVs, the additional emission from
power plants is 228.47 kT and thus the net savings is 104.01 kT. Therefore,
the emission from power plants causes an offset of 68.72% of the potential
savings that could be achieved from EVs.

5 Sensitivity Analysis of Renewable Energy Penetration

This section examines the effects that the renewable energy penetration in
the electricity grid will have on the net CO2 emission savings in a scenario
where all conventional vehicles are replaced by EVs. The renewable energy
penetration in the electrical grid is varied from 0% to 100% and the net
CO2 emission savings for different percentage shares of renewable energy
penetration is calculated.

It can be seen in Figure 1 that the net CO2 emission savings increases
linearly with the increase in the percentage share of renewable energy in
the electrical grid. Therefore, the higher the percentage share of renewable
energy in the electrical grid, the higher also will be the potential of CO2

emission savings by the adoption of EVs.

Figure 1 Relationship between Renewable Energy (RE) penetration and net CO2 savings.
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6 Approaches for Planning the Charging Schedule

It is noted that greater the percentage share of renewable energy penetration
in the grid, the higher is the amount of CO2 emission offset by the adoption
of EVs. Therefore, charging EVs at the time of the day when renewable
energy penetration is relatively high can help increase the amount of CO2

emission offset. In this section, strategies to plan the charging schedules of
EVs that result in relatively higher CO2 emission offset are discussed based
on dispatchability of renewable energy sources. Technical challenges that
constrain the charging schedules are also discussed.

Average daily renewable energy penetration profile in the Madeira grid
is shown in Figure 2 at the temporal resolution of 1 hour. It is noted that
the penetration is relatively high during the period of 10:00 hours to 14:00

Figure 2 Average daily share of renewable energy in electricity grid.

Figure 3 Average daily load consumption pattern of Madeira.
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Figure 4 Daily electricity tariff structure of Madeira.

hours. The average penetration over this period is 21.46% whereas the
average penetration over the remaining hours is 18.95%. We assume that the
additional amount of renewable energy can be generated during the period of
10:00 hours to 16:00 hours so that the percentage share of renewable energy
penetration remains the same as Figure 2 in a scenario where all EVs are
charged during this period. The high renewable energy penetration during
the period of 10:00 hours to 14:00 hours is due to electricity from solar PV
systems; Madeira is sunny and the potential for electricity generation from
PV is not yet saturated, therefore the assumption is reasonable. Theoretically,
the annual savings of 7 kT (6.6% of the total) of CO2 could be achieved
if all the charging can be done during the period of 10:00 hours to 14:00
hours based on the sensitivity analysis (See Section 5) under the prevailing
assumption. However, this leads to an increase in daily variability of power
consumption, and in turn to an increase in variability of power generation
from renewable energy sources. This variability of power generation from
renewable energy systems such as solar PV can cause swinging of power
factor value of the electrical grid as well as causing an imbalanced load [26].
Therefore, distributed PV systems that bypass the main electricity grid of
Madeira designed only for EV charging purposes could be required in order
to achieve charging of all EVs during the period of 10:00 hours to 14:00
hours.

In a situation where EVs are charged at private houses, the electricity
for charging will be transmitted via the electrical grid, and in such cases the
matching of demand and supply is important for load balancing. The average
daily electricity consumption pattern of Madeira is shown in Figure 3 at
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the temporal resolution of 1 hour. From the perspective of smoothing out
fluctuation in electricity consumption, the charging of EVs between 0:00
hours and 9:00 hours is ideal. This is also true from the perspective of
economics and can be noted from the electricity tariff structure of Madeira
(Figure 4). It is noted that the tariff is at a minimum when the electricity
demand is minimum.

7 Conclusions

Potential CO2 emission savings in the transportation sector during the opera-
tional phase of vehicles is estimated for a scenario where conventional fossil
fuel vehicles are fully replaced by EVs. The geographical location under
consideration is Madeira, Portugal where electricity is mainly supplied by
the burning of fossil fuels. Although this study presents a case of Madeira
as an example, the presented approach can be utilized for any other location
without the loss of generality.

The relationship between renewable energy penetration in the electricity
grid and potential CO2 emission savings from EVs is examined. Furthermore,
approaches to schedule the charging of EVs are presented. The results from
this study can provide inputs for comparative life cycle assessments of
conventional fossil fuel vehicles and EVs. In addition, the obtained results
can provide information on scheduling the charging time of EVs.
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