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a b s t r a c t

The rapid increase in population and urbanization has led to an enormous increase in the overall
vehicular demand. In India, most vehicles run on conventional fuels producing harmful gases and par-
ticulate matter, causing an adverse effect on the human health & environment. Most urban cities in India
are witnessing a rapid increase in the level of urban air pollution, which can be largely attributed to the
continuous surge in the number of on-road vehicles. According to a KPMG report, it is estimated that by
2030 there will be a 100% incremental adoption of electric vehicles which will lead to the minimization
of the pollution level generated from the conventional cars. However, in India, 57.3% of electricity is
produced through coal thermal power plant. It cannot be denied that coal leaves behind harmful by-
products upon combustion. The emissions from the coal power plants in India increased from 901.7 g
CO2/kWh in 2005 to 926 g CO2/kWh in 2012. This is much higher than global averages in the same
period, which were 542 g and 533 g CO2/kWh, respectively. The increase in the number of electric ve-
hicles is likely to increase the demand for electricity, which may result in a rise in emissions from
thermal power plants, thus offsetting the reductions in tailpipe emissions. This study deals with
assessing the impact of shifting the fleet from internal combustion engine vehicles (ICEVs) to electric
vehicles (EV) on power generation sources, i.e., coal power plants, and its impact on the environment in
India. The implication viability of electric vehicle over internal combustion engine vehicle has been
assessed with exergy analysis, taking into account the total emissions involved fromwell to wheel. In the
current power generation scenario of India, a comparative analysis of direct and indirect emissions from
internal combustion engine vehicles and electric vehicles (powered with coal power generation) shows
that electric vehicles emit less CO2 and CO, whereas SO2 and Oxides of nitrogen (NOx) emisions (indi-
rectly from the thermal power plant), are higher.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

In the last two decades, India has experienced rapid urbaniza-
tion along with significant growth in motorized vehicle ownership
and usage. While there has been a tremendous increase in mobility
and accessibility in urban areas, it has also led to various issues such
as an increase in congestion, delay, accidents, energywastage, noise
& air pollution, etc. [1]. Air pollution is a significant concern for
India as well as the world, as it has a severe impact on human
health and the environment [2]. The emergence of the electric

vehicle is being seen as an alternative to the internal combustion
engine vehicles (ICEVs) that will reduce vehicular pollution and in-
turn improve air quality. Various governments and advocacy
groups across the world have promoted the adoption of hybrid and
electric vehicles as a significant part of the portfolio of technologies
required for reducing greenhouse gases (GHG) emissions and en-
ergy use [3e5]. The National Electric Mobility Mission Plan
(NEMMP)e 2020 has been launched by the Government of India in
2013, which aims to achieve national fuel security by promoting
hybrid and electric vehicles in the country. There is an earnest
target to achieve 6e7 million sales of electric and hybrid vehicles
year on year from 2020 onwards [6]. However, this increase in EVs
is likely to lead to an increase in the overall electricity demand.
India being majorly dependent on coal for power generation, an* Corresponding author.
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increase in electricity demand will place additional energy burden
on the coal (thermal) power plants. In addition, the current quality
of coal in India is poor as compared to other countries [7,8], which
results in the emission intensity being almost double that of the
global average. The electricity emissions intensity from the thermal
power plant in India was 901.7 gCO2/kWh in 2005 which has
increased to 926 g CO2/kWh in 2012, which is much higher than
global averages in those years, which were 542 g and 533 g CO2/
kWh, respectively [9]. This scenario is an area of concern while
implementing the switch to electric vehicle in India.

Inmost of the Asian cities, including India, where themajority of
the urban population is exposed to poor air quality, air pollution has
been considered as one of the serious environmental concerns.
Various health-related problems such as cardiovascular diseases,
respiratory diseases, risk of developing cancer and other serious
ailments, etc. take place as a result of poor air quality [10]. Air
pollution has reached a critical stage in recent years, where in most
of the Indian cities the air quality has failed to meet the safe limits
as stipulated by (World Health Organization) WHO. According to
WHO, New Delhi heads the list of most polluted cities in the world,
and the list also includes 12 other Indian cities [11,12]. India is
among the group of countries that has the highest particulate
matter levels of PM10 and PM2.5. New Delhi has the highest level of
airborne particulate matter PM2.5, which is at a level of more than
150 mg, which is six times more than the WHO “safe” limit of 25 mg,
for which the unrestricted vehicular growth appears to be the
primary reason [2].

In the present study, a general mathematical model is developed
to calculate the degree of viability (4) of implementation of electric
vehicles. In the mathematical model, a numerical code is developed
to calculate the emission index for ICEVs and EVs. The emission

index is derived by considering destructive exergy and emissions
generated in the process of delivering power to a vehicle from the
coal mines and oil wells. The emissions generated in all the pro-
cesses of production of fuel to the end user is determined from
different literary sources. The emissions index for ICEV is estimated
by considering all the emissions generated due to combustion in-
vehicle and during the production, refining and transportation of
fuel, whereas the emission index for EV is estimated by considering
the emissions generated at the thermal power plant and during the
process of coal extraction, transportation, storage etc. Thereafter, a
non-dimensional number, the degree of viable implication (4), is
introduced, which indicates the sustainability and effective
implementation of EVs over ICEVs. ICEV and EV of the same
configuration are studied and compared. The degree of viable
implication (4) is determined for different energy mix scenarios.
Thereafter, emissions in each scenario are estimated and compared.

2. Emissions assessment

2.1. Petroleum production process and associated emissions

Petroleum refining is an industrial process in which crude oil is
extracted from the ground and converted into desired products, i.e.
gasoline, diesel, kerosene, naphtha, LPG and heavy fuel oil, etc.
[13e15]. Crude oil is a naturally available, unrefined petroleum
product composed of organic materials and hydrocarbon deposits
[14]. After extraction of crude oil, it is then transported to refineries
where it undergoes various processes, including fractional distil-
lation, for separating the petroleum fuel and the extraction of the
desired products [16e19]. Thereafter, the required product is then
transported to the fuel station. Fig. 1 describes the steps involved in

Nomenclature

EIICEV Emission index of Internal combustion engine
vehicles (ICEVs)

ÊICEV Total emissions (Well to wheel per unit fuel)
Êwtt Well to tank per unit emissions of vehicle fuel
hE Energy efficiency of ICEV
hП ;ICEV Exergy efficiency of ICEV
Êt Per unit emission in transportation fuel
Êex Per unit emissions occurred in the excavation of fuel
Êref Per unit emissions in the refining of fuel
EIEVC Emission Index of the electric vehicle when powered

with coal power plant
ÊEVC Coal mines to wheel per unit emissions for an electric

car when powered with coal power generation
source

ÊCEE Per unit emissions due to coal extraction activities
ÊCTE Per unit emissions during transportation of coal
ÊEVl emission per unit due to the losses in electric vehicle
ÊPE Per unit emissions at coal power plants
EIEVM Emission index of the electric vehicle when powered

with mix energy sources
Irev Thermal losses due to irreversibility
Itot Total destructive exergy
Exaux Exergy of the auxiliary components
hcomb Efficiency of coal combustion
hturbine Efficiency of steam turbine
hBoiler Efficiency of Boiler
hП ;EV Exergy efficiency of electric vehicle

hu Exergy efficiency of the coal thermal powered battery
vehicle unit

hm Efficiency of motor
hT Efficiency of transmission
ElðoÞ Other energy losses at coal power plant i.e.

Condenser losses flue gasses losses etc.
mi Mass potential of species i
mo;i Chemical potential of species i
Po Reference pressure of the environment (atm)
To Reference temperature of the environment (K)
V Volume of the system contents
S Entropy of the system contents
dV=dq Rate of change of cylinder volume with crank angle
mf Masses of the fuel contents
m Masses of total cylinder contents
af ;ch Fuel chemical exergy
_Sgen Rate of entropy production in the cylinder due to

irreversibility (J/K)
mb Burned masses of cylinder contents
mu Unburned masses of cylinder contents
_QJ Heat transfer through the boundary at the

temperature Tj at location j
_W Work rate
ei Total exergy of each chemical species i
eph Physical exergy
Wind Indicated work output
Emax Maximum extractable exergy
VB Terminal voltage of the battery
IB Terminal current of the battery
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thewhole process. Every step consumes a certain amount of energy
and generates emissions in the process. The study by Furuholt,
1995, quantifies the energy consumption and emissions involved in
the production of gasoline and diesel. Table 1 shows the well to
tank GHG (equivalent CO2) emissions involved in each process of
production of petroleum-based fuel [17].

Table 2 shows the total energy consumption and related emis-
sions for the production of 1000 L of fuel, in which all the process
steps have been considered. These values are used in the study for
calculating the Emission Index (EI) and total emissions generated
from an ICEV.

Tables 1 and 2 indicates the total energy that is consumed and
lost during different stages of fuel production. All the energy losses
of an engine (ICEV) are in the range of 68e72%. Exhaust heat,
pumping, friction, engine cooling and incomplete combustion are
the sources in engine loss in vehicles [20]. Thereafter, drive train or
transmission system leads to 5e6% energy loss [21].

2.2. Coal power plant emission

Nearly 60% of India’s total energy requirements are met from
coal [22]. According to Ministry of coal, Government of India has
319 billion tonnes of coal resources. The available coal reserves in
India are sufficient to meet the demand for at least another 100
years. India now stands at second position amongst the coal pro-
ducing countries in the world [22]. The production of coal was
662.79 million metric tons (730.60 million short tons) in 2016-17,
which is a growth of 4.69% over the previous year. The production
of lignite was 45.23millionmetric tons (49.86million short tons) in

2016-17, a growth of 3.17% over the previous fiscal year [23].
However, India also imports a certain amount of coal from other
countries, since Indian coal contains a high level of ash. Sensitive
and critically polluted areas are required to use coal with a
maximum of 34% ash level for which imported coal is required [24].
The actually installed coalecapacity and its predicted growth
pattern can be visualized in Fig. 2 [25].

In coal-fired plants, when coal burns, the chemical energy
converts to heat energy followed by many chemical reactions that
produce toxic airborne pollutants and heavy metals into the envi-
ronment [26]. Coal combustion majorly releases carbon monoxide
(CO), carbon dioxide (CO2), Nitrogen oxides (NOx), Sulphur dioxide
(SO2), and particulate matter (PM). The major and minor contrib-
utors of particulate matter are coal fly ash, sulfates & nitrates
respectively. Along with these major air pollutants, coal contains a
trace of impurities of Radon (Rd), Thorium (Th), Uranium (U) and
other radioactive metals [27,28]. On burning the coal, these radio-
active contaminants are released in the environment. Burning of
coal in large quantities, such as for a nation’s power generation,
increases the traces of such radioactive elements to a considerable
amount [23]. In the process of power generation from coal, various
losses take place starting from the coal mines to the end users’
locations. Each activity of mine to end-user produces emissions and
consumes power. Fig. 3 describes all the processes and losses
involved in mine to end-user. The study of Agrawal et al. [29],
shows that the total GHG emission from coal is 1127 g CO2 eq. per
KWh of electricity generated. This is a result of the various input
and output processes in electricity generation such as mining or
extraction of fuel, transportation of fuel, and combustion in thermal
power plants to calculate the total GHG emissions from coal power

Fig. 1. Line diagram for petroleum well to end-user.

Table 1
Well to tank GHG emissions (equivalent of CO2) of petroleum-based fuel production
[17].

Activity CO2 Generated for gasoline
(g/l)

CO2 Generated for Diesel
(g/l)

Crude oil extraction 41.064 58.286
Overseas

transportation
32.016 35.512

Petroleum refining 298.932 102.676
Domestic

transportation
14.268 14.282

Total 397.764 210.756

Table 2
Total energy consumption and emission for production of 1000 L of fuel [17].

Activity Gasoline Diesel

Energy consumption (MJ) 3030 1960
CO (kg) 0.021 0.023
NOx (kg) 0.54 0.57
SO2 (kg) 0.22 0.25
VOC (kg) 6.33 2.26

V. Nimesh et al. / Energy 195 (2020) 116976 3



production [30,31]. In addition, various major process during coal
excavation, i.e. exploration drill, coal drilling, and blasting etc. also
leads to losses and emissions [32,33]. Thereafter, various emissions
and losses take place in transporting the coal to power plant
depending upon the type of mode used for transportation. Finally,
at the time of electricity generation, emission from the combustion
process takes place along with various losses such as coal storage
loss, boiler loss etc. [32]. Emissions involved in the above all

activities are considered by the study in calculating the EI of EVs.
The study performed by Mittal et al., and Chakraborty et al. have
reviewed to identify the pollutants and their emission coefficients
from Indian coal power plants [34,35], as is shown in Table 3.

3. Methodology

This study deals with assessing the impact of the switch in
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ridership from internal combustion engine vehicles (ICEV) to the
electric vehicles (EVs) on power generation source and subse-
quently on the environment. For assessing this impact, the rela-
tionship between the emissions and the factors responsible for the
emissions are identified. Power losses and exergy destructives are
calculated through exergy analysis. Thereafter, Emission Index (EI)
equations are developed for ICEVs and EVs. Emission index is
defined as emission (mi) released per unit of energy value (KWh).

EI¼ mi

KWh
(1)

The emission index is derived by considering “emissions per
unit energy” e which is generated in delivering the power from
coal mines and oil wells to the vehicles. However, energy analysis
can be misleading sometimes for its inability to address the quality
form of energy. To identify these areas, energy and exergy analysis
is taken into account [36,37]. With exergy analysis, the more
limited concept of a thermal energy reservoir is extended to a
general reference-environment model. Exergy is calculated with
respect to a reference-environment model, with the exergy of a
flow and system being dependent on the intensive properties of the
reference environment. The exergy of the reference environment is
zero, and the exergy of a stream or system tends to zero when it is
in equilibrium with the reference environment [38].

Subsequently, the term degree of viable implication ð4Þ is
developed to analyze the sustainable implementation of EVs in
place of ICEVs. Two variants of Mahindra Verito are considered,
since this car model is available in both ICEV and EV in India. The
study has considered energy consumption and emissions gener-
ated from the processes involved in power generation i.e., Mines to
EVs and Well to ICEVs.

3.1. Emission index for I.C. engine vehicle

Emission index of ICEVs is a function of combustion efficiency,
engine efficiency (includes exergy efficiency), and transmission
efficiency. Also, emissions resulting from fuel extraction and re-
finery process, per unit of fuel produced, for IC engine are
accounted in the EI calculations.

Emission Index of ICEVs:

EIICEV ¼ f
�X

ÊICEV
�

(2)

ÊICEV ¼ f
�
Êwtt ;hcomb:;hП ;ICEV ; hT

�
(3)

Êwtt ¼ f
�
Êt ; Êex; Êref

�
(4)

The emission index of an I.C. engine vehicle (EIICEV Þ is a function
of the total well to wheel emissions per unit fuel produced ðÊICEV Þ).
This in turn is dependent on well to tank emissions per unit of
vehicle fuel produced (ÊwttÞ, combustion efficiency of ICEV ðhcomb:Þ,
exergy efficiency of ICEV ðhП ;ICEV Þ and efficiency of transmission
(hT ). Further Êwtt depends on per unit emission in the

transportation of fuel (Êt), per unit emissions occurring in the
excavation of fuel (Êex) and per unit emissions in the refining of fuel
(Êref ).The terms hT ; hП ;ICEV ; in equation (3) are significant factors
affecting the major emission concentrations discussed through
detailed exergy analysis.

Exergy is defined as the maximum theoretical work that can be
obtained from the system when the system comes into thermo-
dynamic equilibrium with the environment. The system equilib-
rium is achieved when it is thermally, mechanically and chemically
in equilibrium [39]. The maximum available work from a closed
system emerges as the sum of two contributions: thermo-
mechanical exergy (Atm) and chemical exergy (Ach) [40]. Thermo-
mechanical exergy is defined as the maximum work extractable
from the system under thermal and mechanical equilibrium with
the surroundings. The mathematical relation includes Mass po-
tential of species iðmiÞ, Chemical potential of species iðmo;iÞ, Refer-
ence pressure of the environment ðPoÞ , and Reference temperature
of the environment (K), ðToÞ as shown below [39]:

Atm ¼ E þ poV � ToS�
X
i

mo;imi (5)

where, E ¼ U þ Ekin þ Epot, the total internal, kinetic and potential
energy; V is the volume and S is the entropy of the system contents;
mi and m0;i are the mass and chemical potential of species i, which
are calculated at restricted dead state conditions, and po and To are
the fixed pressure and temperature of the environment.

The initial conditions correspond to a system which is in ther-
mal and mechanical equilibrium with the environment. However,
no work potential, existing between the system and environment
due to temperature and pressure gradients are considered. The
chemical equilibrium is difficult to establish as reacting compo-
nents of the system are not allowed to mix with each other. The
difference between the compositions of the system at the initial
conditions and that of the environment can be used to obtain
additional work, in order to reach chemical equilibrium. The
maximum work obtained in this way is called as chemical exergy,
given as [39,41]:

Ach ¼
X
i

�
mo;i �moi

�
mi (6)

If, the initial system is in thermal, mechanical and chemical
equilibrium with the environment; by using equations (5) and (6),
the total exergy (A) can be calculated as [30]:

A¼Atm þ Ach ¼ E þ poV � ToS�
X
i

moi mi (7)

The rate of exergy loss or gain by the internal combustion engine
vehicles can be interpreted in terms of crank angle degree (CAD),
which is the most comprehensive way to identify the significant
locations of thermodynamic losses leading to high values of emis-
sions. The rate of exergy loss/gain for the engine cylinder in a dif-
ferential form on a crank angle basis is represented as [42]:

dA
dq|{z}
1

¼
�
1� To

T

�
dQ
dq|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

2

�
�
dW
dq

� po
dV
dq

�
|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

3

þmf

m
dxb
dq

af ;ch|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
4

� Itot|{z}
5

,

(8)

The first term in equation (8) is the rate of change in the total
exergy of cylinder contents. The second term represents exergy
transfer with heat. The third term shows exergy transfer by means
of indicated work transfer, where dV/dq is the rate of change of
cylinder volume with crank angle. The fourth term corresponds to

Table 3
Emission coefficient from coal power plants [34,35].

Pollutant Range of measured emission coefficient
(Mittal and Sharma 2003) (Chakraborty et al., 2008)

CO2 (kg kWh�1) 0.8e1.8 0.776e1.49
SO2 (g kWh�1) 4e18 5.210e15.99
NO (g kWh�1) 6e13.1 1.540e3.263
CO (g kWh�1) Not available 0.055e24.49
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the burned fuel exergy, where mf and m are the masses of fuel and
total cylinder contents, respectively, and af,ch is the fuel chemical
exergy. The last term in the equation illustrates exergy destruction
in the cylinder due to combustion and heat transfer. It is calculated
as:

_Itot ¼ To _Sgen (9)

The destructive entropy generated due to combustion inside the
engine cylinder contributes to the approximately one third of
exergy losses. The entropy balance can be represented in terms of
the rate of entropy production in the cylinder due to irreversibility
ð _Sgen), unburned masses of cylinder contents (mu) and entropy
values of unburned gas (su) as [42]:

_Sgen ¼ d
dq

ðmusuÞ þ
_Qb

Tb
þ

_Qu

Tu
(10)

where,Qb and Qu are heat losses from burned and unburned gasses,
and Tb and Tu are temperatures of the burned and unburned gas
zones, respectively. The exergy efficiency of the ICEV (hП ;ICEV ) can
be helpful in determining the irreversible thermodynamic losses as
shown in equation (11), whereWind is referred to as indicated work
output and Emax as maximum extractable exergy.

hП ;ICEV ¼Wind

Emax
¼ Wind

Wind þ _Itot
(11)

The exergy efficiency stresses both on exergy transfer losses and
internal exergy destruction due to irreversibility. Hence, hП ;ICEV is a
vital parameter that is affecting the degree of viable implication ð4Þ.

3.2. Emission index for electric vehicle

Electric vehicle emissions depend on the sourcewhich is used to
power the vehicle. As such, Emission Index (EI) of an electric vehicle
is a measure of indirect emissions from EV according to the power
source. Any nation does not solely depend on a single source of
power generation. India is majorly dependent on power produced
by thermal power plants operating with coal. Hence, in this study,
different ratios of thermal power and renewable energy are
considered and emissions index for the electric vehicles are
calculated.

3.2.1. Emission index for electric vehicle powered with coal thermal
power plant

Research has shown that more than 93% of the CO2 is emitted
from coal combustion and rest is emitted in the process before coal
reaches for power plant operations [29,43]. The derivations below
depict a scenario where the electric vehicle is powered using coal.
Energy consumption, emissions, and exergy destruction will take
place during several processes i.e. coal extraction, coal trans-
portation, and coal power plant operations. Emission Index of EV
(powered with coal thermal power plant) (EIEVC) is a function of per
unit emissions generated from coal mines to wheel powered with
coal ðÊEVCÞ. These emissions further depend upon per unit emis-
sions due to coal extraction activities (ÊCEE), per unit emissions
during transportation of coal (ÊCTE), per unit emissions at coal po-
wer plants ðÊPEÞ and exergy efficiency of electric vehicle (hП ; EV ).
Thereafter, the coal power plant emissions are a function of com-
bustion efficiency of coal (hcomb), mechanical efficiency of turbine
(hturbine), and emissions due to other losses (ElðoÞ).The exergy effi-
ciency of the total power plant (hП ;EV ) is dependent on the exergy
efficiency of the coal thermal powered electric vehicle unit ðhuÞ,
efficiency of transmission (ht), exergy efficiency due to power

generation ðhp;gen;Þ and efficiency of auxiliary component (haux).

EIEVC ¼ f
�X

ÊEVC
�

(12)

ÊEVC ¼ f
�
ÊCEE; ÊCTE; ÊPE; hП ; EV

�
(13)

ÊPE ¼ f ðhcomb;hturbine; hBoiler; ElðoÞÞ (14)

hП ;EV ¼ f
�
hp;gen;hu;haux; ht

�
(15)

The exergy lost in the process is due to heat dissipation in terms
of chemical reaction, heat transfer, transmission and thermal los-
ses. The exergy balance of the system by neglecting the changes in
kinetic and potential energies is expressed as [44,45]:

X
i

_Irev ¼
X
i

_Exin �
X
i
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�X

i
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�
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(16)
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(17)

ech ¼
�
xo;l
X

xie
l
i þ xo;v

X
yie

v
i

�
(18)

where, the environmental temperature and pressure (To and Po)
used in the present study are 298.15 K and 1.0 atm respectively. The
overall exergy efficiency of the coal thermal powered electric
vehicle is discussed in terms of exergy due to power generation and
exergy of the electric vehicle unit.

According to the exergy balance of the coal thermal powered
electric vehicle unit, the destructive exergy can be expressed:

_Itot ¼
� X
k¼ðCoal;O2Þ

_mk

�
eph þ ech

�
k

�
in
þ
�
1� To

TB

�
Qdiss

�
� X
k¼ðproductsÞ

_mk

�
eph þ ech

�
k

�
out

� VBIB (19)

where, Qdiss refers to the heat dissipation from the electric battery
to the atmosphere. The power consumption by the blower, fan and
other electronic components are neglected. However, the effects of
charging and discharging are taken into consideration. The exergy
efficiency due to power generation, hp,gen can be expressed as [44]:

hp;gen ¼

0
BBB@PB;dch

PB;dch
hbattery

1
CCCA� hconvertor � hinvertor (20)

In general, the rechargeable battery capacity is affected by a
number of charge/discharge cycles. The battery efficiency of the EV
is assumed to be constant. For simplicity, hconvertor and hinvertor are
assumed to be constant. The exergy efficiency of the coal thermal
powered electric vehicle unit can be expressed as:
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hu ¼
VBIB þ

�P
k¼ðproductsÞ _mk

�
eph þ ech

�
k

�
out

�
�
1� To

TB

�
Qdiss�P

k¼ðCoal;O2Þ _mk
�
eph þ ech

�
k

�
in

(21)

The other auxiliary components of the electric vehicle compo-
nents also contribute to the exergy efficiency. The exergy efficiency
of the auxiliary components, haux can be termed as:

haux ¼
P

i
_ExauxoutP

i
_Exauxin

(22)

Hence, the overall exergy efficiency of the electric vehicle can be
represented as:

hП ;EV ¼ hp;gen � hu � haux � ht (23)

hП ;EV is a crucial parameter affecting the degree of viable implica-
tion ð4Þ.

3.2.2. Emission index for electric vehicle powered with mix energy
(coal and renewable energy)

In India, approximately 65% of power is generated through
thermal power plants. In which 56.5% is generated through coal,
7.1% through gas and 0.2% is generated through oil thermal power
plants and rest is generated through hydro, nuclear and renewable
energy sources [46].

The emission index of the electric vehicle when it is powered
with mix energy sources:

EIEVM ¼ x1EIEVS1 þ x2EIEVS2 þ x3EIEVS3 þ…þ xyEIEVSy

;
Xy
i¼1

xi ¼ 1
(24)

Here,

� EIEVM ¼ Emission index of electric vehicle

when powered with mix energy sources;

� xi ¼ Share power generation Source
� EIEVS1 ;EIEVS1 ;EIEVS1 ;etc: are emission index of electric

vehicle when powered with

� energy sources S1;S2; etc:

3.2.3. Electric motor losses and efficiency
The propulsion system is the heart of an EV, and the electric

motor sits right in the core of the system. The motor converts
electrical energy that it gets from the battery into mechanical en-
ergy which enables the vehicle tomove [47]. An electric vehicle can
use AC or DC motors; these motors have two types of losses i.e.
constant or fixed losses and variable losses. Constant losses remain
constant over a normal working range of induction motor, which
includes iron or core losses, mechanical losses and brushes friction
losses. Variable losses are called copper losses. These losses occur
due to the current flowing in stator and rotor. Fig. 4 describes the
losses in the entire process of running and also indicates the power
remaining after these losses.

h¼ output power
input power

¼ Pm
Pi

x 100% (25)

3.3. Degree of viable implication

In this study, “degree of viable implication”, denoted by (4) has
been introduced as a non-dimensional number which is the ratio of
e Emission Index of the electric vehicle and Emission Index of the
internal combustion engine vehicle. The viable implication of
electric vehicle depends on the sources of power used in charging
the vehicle. It varies according to the nature of power availability of
a country, the country which has more renewable energy sources
will have less emission index for electric vehicle and results of
degree of viability will be less than 1.0.

4¼ EIEVM
EIICEV

(26)

In this study, the degree of viable implication (4) indicates the
sustainable and effective implementation of an electric vehicle over
ICEVs.

The study assumed an ordinal scale from 0 to 1, which was
further divided into two equal halves, i.e. 0e0.5 and 0.5e1.0 [48,49]
as shown in Table 4.

Further, the study also asserts that for the best outcome and to
mitigate the problem of vehicular emissions, the degree of viability
should be as close to 0 as possible.

Fig. 5 illustrates the mathematical models and process used to

Fig. 4. Losses in electric motor.
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calculate the emissions and viability in the form of a flowchart. In
the first step, the emission index of ICEV and EV was calculated
depending upon their fuel type. This data is further used to calcu-
late the degree of viable implication (4) using equation (26). If 4< 1:
the electric vehicles are emitting fewer pollutants than conven-
tional vehicles. Hence, the implication of electric vehicle is viable.
However, if 4 > 1, it means the electric vehicle is emitting indirectly
more pollutants than the conventional vehicles. Therefore, it is not
a positive implication, which can be achieved by increasing the
share of renewable energy in the total energy mix. Iterations can be
carried out until the value of 4 is less than 1.

The Indian EV market is in a budding stage and only a few
companies like Hyundai, Mahindra, Tata etc. have introduced plug-
in EVs. Further, only Mahindra and Tata have introduced car vari-
ants in both electric as well as I.C. engine i.e. Mahindra Verito and
Tata Tigor. Although, there is a difference in the maximum power
outputs between the two variants of both the models, it is
comparatively lower for Mahindra Verito. On the contrarywhenwe
look at the conventional engine car with the same power output as

of its electric variant, its passenger and luggage capacity and di-
mensions are considerably reduced. The efficiency of conventional
diesel engines is in the range of 40e45%. However, Electric vehicles
are much more efficient in the range of 85e90% which is majorly
due to the absence of hydrocarbon emissions and lesser internal
irreversibility [50]. Therefore, for a healthy comparison between
the different variants of the same model, it will be erroneous to
select them only on the basis of the same power output. From the
customer’s perspective, they tend to shift within the same price
range, size, luggage capacity and passenger capacity [51]. Therefore,
we have compared variant of Mahindra Verito in this study as it has
less difference in power output between the variants than Tata
Tigor and other models.

In this study, both the variants of Mahindra’s Verito e ICEV and
EV have been considered for analysis; technical details of both the
variants are given in Tables 5e7. The mileage for conventional and
electric car mentioned by car manufacturer was considered. The car
company in India follows the “Modified Indian Driving Cycle”
(MIDC) as per Bharat stage norms with certification from ARAI for

Table 4
Classification of degree of Viable Implication.

Degree of viability emissions (electric/
conventional)

Viability Explanation

4 > 1 Not
viable

This implies that the indirect emissions from electric cars (through coal power plants) are higher than the current
emissions from conventional vehicles.

0.50 <4 � 1 Viable This implies that the indirect emissions from electric cars (through power generation) are less than current emissions
from conventional vehicles. Therefore, the lesser the degree of viability will be, the lesser will be the emissions from
total on-road vehicles.

4 < 0.5 Most
Viable

In this scenario, electric car implementation will be effectively avoiding almost 70% of emissions referred from the
results, Figs. 7 and 8

Fig. 5. Flowchart for EV implication calculation.
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fuel consumption performance. Further, this average mileage was
considered and the emissions were calculated for per 100 km
distance.

4. Results and discussion

In the present study, the degree of viable implication is math-
ematically derived. The degree of viable implication indicates the
sustainable switch of ridership from I.C. engine vehicles to electric
vehicles. It includes the emission index of electric vehicle and I.C.
engine vehicles. All the emissions involved in all activities from coal
mines to wheel for electric vehicle and oil well to wheel for I.C.
engine vehicles, as well as exergy destructive in both the cases are
considered in the analysis. The electric vehicle and I.C. engine
vehicle of the same configuration (Mahindra Verito) is taken as a
case. The emissions are calculated and compared for I.C. engine
vehicle and electric vehicle per 100 km. Finally the degree of
viability is calculated and compared for an Indian scenario.

4.1. Emissions comparison

Emission comparison of I.C. engine vehicles and electric vehicle
(poweredwith coal power) is described in Fig. 6. Bharat stage IV (BS
IV) emission standards are taken as reference. The comparison re-
sults indicate that NO emissions from electic vehicle are 4 times
more than the BS IV standards for I.C. engine vehicles. The indirect
sulphur dioxide (SO2) emissions from the electric vehicle are 30
times more than I.C. engine vehicles. According to BS IV standards,
there should not be any SO2 emissions from I.C. engine vehicles
[54]. The SO2 emissions shown in Fig. 6 are generated during the
production of fuel for ICEVs and during electric power generation
for EVs from coal power plants. The CO emissions are less in electric
vehicles as compared to I.C. engine vehicles.The CO2 emissions from
electric vehicles are approximately 40% higher than I.C. engine
vehicles. The emissions in coal burning are higher because of the
difference in the calorific value of coal and gasoline. The lesser
calorific value of coal generates higher emissions.

4.2. Degree of implication viability

The degree of implication viability ð4Þ for an electric vehicle
over I.C. engine vehicle according to the net emissions and energy
destructive is calculated and shown in Fig. 7 for different ratios of
thermal power to renewable energy. The results indicate that if
power generation from thermal power plant share is more than
65%, the viability 4 will be more than 1.0. Increase in the thermal
power generation share leads to 4>1:0, resulting in neither sus-
tainable and nor beneficial in switching to EVs. The results indicate
that India’s current energy mix ratio of 57% thermal and 43%
renewable is somewhat viable (4 ¼ 0.9) to implement EVs over
ICEVs as shown in Fig. 8. This analysis shows that the current sit-
uation in India is viable. But the viability score is nearer to 1 and at a
verge of non-viability. This means the greenhouse gas emissions
will certainly decrease by around 17% if India shifts to electric ve-
hicles as per the current power generation scenario. The viability
ð4Þ is unity at 65% share of thermal power production in the Indian
scenario. This implies, at 65% share of thermal power generation, it
will not affect the net emission generated but only will shift the
emissions from the roads of the city to the thermal power plant
regions. These emissions at a power plant can get dispersed due to
wind and can spread to the city as well. During the dispersion, the
intensity might be more at nearby region than the emissions
generated due to I.C. engine vehicles. This intensity might be more
harmful to human health. However, further study is required to
determine the exact nature of this impact.

Table 5
Electric vehicles (EVs) versus I.C. Engine vehicles [52,53].

Specification Mahindra Verito (ICEV) Mahindra Verito EV (EV)

Length (mm) 4277 4247
Width (mm) 1740 1740
Height (mm) 1540 1540
Kerb Weight (kg) 1140 1265
Mileage 21 Kmpl 18 KWh/100 km
Car body Sedan Sedan

Table 7
I.C. Engine vehicle specification.

I.C. ENGINE VEHICLE

Engine 1.4L MPFI
Displacement/Cubic Capacity 1390 cc
Type 4 Stroke
Bore x Stroke 79.5 � 70.0 mm
No of Cylinders 4
Compression Ratio 9.5:1
Max. Engine Output (kW @ rpm) 65 Bhp @4000 rpm
Max. Torque (Nm @ rpm) 160 Nm @2000 rpm
Power/Weight Ratio 57.01 Bhp/ton
Torque/weight ratio 140.35 Nm/ton

Table 6
Electric vehicle specification.

ELECTRIC VEHICLE

Driving range
Certified range as per MIDC (km) 181
With Revive ® (km) 8
CHARGING TIME @ 25 �C
Normal Charging (0e100%) (h) 11 HOURS 30 MIN ( ±15 MIN)
Fast Charging (0e80%) (h) 1 h 30 min
Motor
Construction 3 Phase AC Induction Motor
Power (kW) 31 kW @ 4000 r/min
Torque 91 Nm @ 3000 r/min
Controller 550 A
Battery
Installed Capacity (Ah) 288
Technology Lithium Ion
Total Installed On-board Power (kWh) 21.2
GEAR BOX
Type Direct Drive
No of Forward Ratios 1
Gear Ratios 10.83:1

CO SO2 NO
EV 70.74 156.528 43.56
ICEV 101.26 5.3 11.24
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Fig. 6. Emissions comparison of EV and ICEV.
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The level of emissions for different degree of viable implications
is shown in Fig. 8. The reference line of BS IV is indicated in Fig. 8.
The BS IV reference line for SO2 and NO indicates that these
emissions are more when shifting to an electric vehicle at a high
share of thermal power generation. The result indicates that these
emissions can be decreased by decreasing the share of coal thermal
energy generation and increasing the share of renewable energy
generation. The CO emission is higher in I.C. engine vehicle as
compared to electric vehicle and implies the positive side of
shifting to electric vehicle.

The current situation of power generation (Fig. 8) in India i.e.
57% of total power generation is thermal power, corresponds to a
degree of viable implication of 0.90. The results reflect that in the
current scenario, CO2 emissions from electric vehicles are 11.58 kg
per unit vehicle per 100 km whereas the corresponding CO2
emissions from ICEV is 14 kg per unit vehicle per 100 km. This
corresponds to a decrease in 17% of CO2 emissions for the current
power generation scenario in India. However, the SOx emissions
from electric vehicles are 89.22 g per vehicle per 100 km, which is
negligible in case of I.C. engine vehicles nowadays, and NOx

Fig. 7. Implication viability of electric vehicles.
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emissions are 24.82 g per electric vehicle per 100 km, which is 1.2
times of NOx generated from I.C. engine vehicles. If these were
tailpipe emissions, theywould be violating the current Bharat Stage
IV emission standards. In the future, if thermal power generation
dependency continues to increase, and reaches 100%, i.e. corre-
sponding to a degree of viable implication of 1.58, the CO2 emis-
sions are likely to increase to 20.32 kg per unit electric vehicle per
100 km, which is a 75% increase from the current scenario. The NOx
emissions can be brought into the limits of emission standard by
increasing the renewable energy share to more than 70% of total
electricity generation. According to the BS IV standards, there
should not be any SOx emissions from tail pipe of ICEV. Since the
coal power plants are a major source of electricity in India, there-
fore the SOx emissions cannot be completely eliminated. However,
the SOx emissions can be decreased at a very significant rate by
increasing the renewable energy share, improving the quality of
coal and implementing new technologies in thermal power plants
of India.

5. Conclusion and recommendation

As India gears up to make the shift from internal combustion
engine vehicles to electric vehicles, there is a need to understand its
implications on the environment. The electric vehicles, on the one
side promises to eliminate emissions along roads, however the
additional electricity demand that it will generate may result in an
increase in emissions at the power generation source. This study
develops a technique to determine the total emissions generated,
from oil wells and coal mines to wheels, for both I.C. engine vehicle
as well as for electric vehicle. Furthermore, the exergy analysis in
this study shows the power loss potential for each of the activities,
from fuel extraction to the power delivered at wheels. Subse-
quently, the degree of viable implication shows the impact on the
environment, as a result of the shift to electric vehicle from I.C.
engine vehicles. As such, the major conclusions of the study are
mentioned below:

� Introduction of electric vehicle in Indiawill decrease CO2 and
CO emissions

In the current scenario, the results of degree of viability
assessment (4) show that shifting from conventional vehicle to
electric vehicle will lead to an overall decrease in CO & CO2e-
missions by 60% and 17% per unit vehicle respectively. However,
this decrease in emissions is likely to be greater in the city core as
compared to the urban periphery, where the emissions are likely to
be greater. This situation may arise because the increase in elec-
tricity demand as a result of electric vehicles is likely to increase the
load on coal fired thermal power plants, which are situated in the
outskirts of urban areas. This in-turn may not have a positive
impact on the rural/suburban population of the region.

� Switching to the EV is not a panacea for reducing all types of
emissions

The power demand for EV will be fulfilled by the power grid
mix, which currently is 57% coal, and the rest 43% are a mix of other
sources, including renewable sources of energy. The coal power
plant generates SO2 at a very significant rate. The study results
reveal that 89.22 g of SO2 is emitted per electric vehicle per 100 km,
whereas such emissions are negligible in the current conventional
ICEV fleet. In addition, the 24.82 g of NOx is emitted per electric
vehicle per 100 km, which is 1.2 times more than that of conven-
tional ICEV vehicles. Thus, in the current scenario of energy pro-
duction mix, the introduction of electric vehicles is likely to

increase the SO2 and NOx emissions of the region.

� Power generation scenario renders EV viability at the verge
of unsustainability

The current electricity generation scenario in India is dominated
by coal-fired thermal power plants. The implication viability
assessment conducted in the study indicates that the degree of
viability (4) of electric vehicles in India is currently at 0.9, which
makes the scenario marginally viable for a shift to electric vehicles.
Asmore fleet shifts from conventional to EV, the electricity demand
will increase, and a majority of this additional burden is likely to be
met by the coal thermal power plants. The study indicates that
when the share of coal-fired thermal power production increases to
65%, the degree of viability ð4Þ will be 1, in which case electric
vehicles will no longer be viable for the Indian scenario.

� EV as a viable option over ICEV in future if power energy grid
shifts to clean mix.

A clean energy grid is a necessity for a sustainable imple-
mentation of electric vehicles. A degree of viability ð4Þ of up to 0.63
can be attained by increasing the share of renewable sources to 60%
of total power generation. This scenario will witness a reduction of
around 72% in CO and 42% in CO2 when electric vehicles are
introduced. However, there is still a rise of 6.18 g and 57.3 g per unit
vehicle per 100 km in the case of NOx and SOx respectively. The
emission of these gases cannot be completely omitted from thermal
power generation but can be decreased by adopting better quality
of coal and new technologies to increase the efficiency of the
thermal power plant.

Hence, to achieve a sustainable and eco-friendly transition from
I.C. engine vehicles to electric vehicles, shifting to renewable en-
ergy sources of power generation is a necessity. As a future scope,
the methodology provided in the study can be used by researchers
for conducting viability assessment of electric vehicles in a more
holistic manner at the national level by considering the forecasted
data of different proportion and type of electric vehicle fleet. Also,
the study provides a platform to researchers to carry out in depth
research to analyze the quantitative as well as qualitative effects of
“spatial shift of emissions” to the periphery of the city as well as on
the environment due to introduction of electric vehicles in the
mainstream traffic. Further research will also be required to assess
the viability of increasing the energy generation from renewable
sources, and their subsequent use by electric vehicles.
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