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Carbon emissions from the Chilean public transport sector have doubled between 2000 and 2013. Thus,
the need to ﬁnd alternative clean-air solutions is becoming increasingly critical. With this in mind, this
paper addresses a solution to the aforementioned problem by studying the conversion of both taxis and
“colectivos” (public taxis with deﬁned routes) into electric vehicles (EV) to be used in the Chilean public
transport sector. In Chile, 80% of taxis are Nissan V16s, meaning that all of these vehicles will be replaced
and end up in landﬁlls within the next 5e8 years. This study presents an option to give a second life to
these vehicles, addressing environmental and ﬁnancial issues. It compares emissions from the Nissan
V16's conventional internal combustion engine (ICE) with an equivalent electric conversion prototype.
Furthermore, it analyses the CO2 emissions from the EV that has been fully charged by the Chilean grid as
well as one that has been charged by a solar photovoltaic system. A solar recharging station for EV taxis is
designed, taking advantage of the high levels of solar radiation in Chile. The results show that EV conversion does not lead to real environmental beneﬁts, in comparison to its ICE equivalent, when it is
charged with the grid. However, the results also show a considerable decrease in cost and CO2 emissions
per km travelled when using solar energy to charge the batteries. Future challenges include identifying
solutions to cope with solar intermittence and minimizing CO2 emissions during periods of low radiation.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
In recent years, Chilean CO2 emissions have increased drastically, due to the country's increasing industrial production, transportation needs, and electricity demand (IEA, 2009). Electricity
generation is one of the most important sectors responsible for CO2
emissions, as electricity is still mainly generated from the combustion of fossil fuels, such as coal, gas, and petrol (IEA, 2009; Shi
et al., 2016). These high CO2 emissions have caused many obvious
climate changes in the world, leading to numerous natural disasters, which affect millions of people's everyday lives. As a

Abbreviations: CdTe, cadmium telluride; CH4, methane; CO, carbon monoxide;
CO2, carbon dioxide; EM, electric motor; EV, electric vehicle; ICE, internal combustion engine; ICV, internal combustion vehicle; GW, gigawatt; HC, hydrocarbons;
HEV, hybrid electric vehicle; kWh, kilowatt hour; NCRE, non-conventional renewable energy; NOx, nitrogen oxides; PM, particulate matter; PV, photovoltaic.
* Corresponding author. Energy and Environmental Engineering, UAI Earth
~ ez, Av.
Research Centre, Engineering and Science Faculty, Universidad Adolfo Ib
an
~ a del Mar, Chile.
Padre Hurtado 750, Altos del Sporting, Vin
E-mail address: aymeric.girard@gmail.com (A. Girard).
https://doi.org/10.1016/j.jclepro.2018.11.092
0959-6526/© 2018 Elsevier Ltd. All rights reserved.

consequence, global warming and climate change awareness have
increased, along with research for sustainable alternatives to
reduce annual CO2 emissions. Although the World Health Organization states that a city's daily concentration of PM10 should not
exceed 50 mg per cubic meter (WHO, 2006), Santiago, Chile's capital, reached levels of 444 mg during its most severe episode in 2008
(Estrada, 2009). Moreover, Santiago is located in a basin surrounded by hills, which affects air circulation and prevents the
~ ez et al., 2013).
ventilation of pollutant emissions (Santiban
According to the International Energy Agency (IEA, 2009),
developing countries play an important role in increasing global
CO2 emissions. In Chile, the energy industry sector is the main CO2
emitter, due the massive use of fossil fuel sources for electricity
generation (IEA, 2018). In the past few years, the country has
established institutional legislations that compel companies to
generate electricity with a certain percentage of Non-Conventional
Renewable Energy (NCRE) sources (Simon, 2017). This has led to the
development of various sustainable energy projects (IEA, 2018).
Fig. 1 shows that the second highest CO2 emitter is the transport
sector. The majority of research in Chile is dedicated to ﬁnding
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Eb
EEV

Nomenclature
Cfull
CEV,g
CEV,ss
Ckm
Drange
CE
CEg
CEL
CEs
E150km

Cost to ﬁll up the gasoline tank (US$)
Cost to ﬁll up the EV battery from the grid (US$)
Cost to ﬁll up the EV battery from the solar station
(US$)
cost per km (US$/km)
distance range (km)
CO2 emissions (kgCO2)
CO2 emissions per unit of electricity generated from
the grid (kgCO2/kWh)
CO2 emissions per Litre of gasoline (kgCO2/L)
CO2 emissions per unit of electricity generated from
the solar charging station (kgCO2/kWh)
Electrical energy required to charge the EV battery to
last 150 km (kWh)

Eu,EV
Eu,ICE
EL
L150km

hb
hICE

Pe,g
Pe,ss
PL
Vt

EV battery capacity (kWh)
Electrical energy required to ﬁll up the EV battery
(kWh)
EV battery useful energy (kWh)
Useful energy provided by a full tank at the end of
chain (i.e. tank to wheel) (kWh)
Energy provided from one Litre of gasoline (kWh/L)
Litres of gasoline to run 150 km (L)
EV battery efﬁciency (dimensionless)
internal combustion engine efﬁciency
(dimensionless)
National grid electricity price (US$/kWh)
Solar station electricity price (US$/kWh)
Price of one Litre of gasoline (US$/L)
Volume of the tank (L)

Fig. 1. Energy consumption vs. evolution equivalent of CO2 emissions from 2000 to 2025 (INE, 2016).

renewable energy solutions in order to satisfy the energy demand
in a more sustainable way (IEA, 2018). This would reduce greenhouse gas emissions, thus also reducing the concentrations of
pollution particles and smog in the city. Nonetheless, for this to
occur, numerous improvements are required in the transport
sector, and more speciﬁcally, in the public transport system. Policy
makers are hopeful that these improvements will occur in this area
as a result of the green drive.
Chile's public transportation system is comprised of approximately 198,000 vehicles, divided between taxis, mini-buses, and
buses (INE, 2016). Fig. 2 shows the number of vehicles by type in the
public transport sector, also demonstrating the overall rise in the
number of vehicles throughout the past four years (see Fig. 2).
The public transport ﬂeet mainly consists of taxis and buses,
which emit 84% of public transport CO2 emissions (INE, 2016). Our
research demonstrates that electric vehicle (EV) technology may
contribute to a decisive drop in air pollution in Santiago and could
have an important role in driving the public transport sector

towards more sustainability. One particular advantage of EVs is that
their batteries, which store electrical energy, can be recharged from
different types of sources, such as solar energy (e.g. photovoltaic
solar panels, thermo-solar plants) and/or conventional grid electricity (Serra, 2013). According to life cycle analyses from the National Energy Commission (CNE, 2012), which measure the
environmental impact of solar photovoltaic panels from production
to decommission, CO2 emissions have recently dropped to around
0.022 kg of CO2 per kilowatt-hour generated. Meanwhile, the CO2
emissions factor of the Chilean grids can be assumed to be 0.45
kgCO2/kWh, due to the large presence of fossil fuel sources in the
electricity generation mix.
Many international studies have been conducted in order to
increase EV energy efﬁciency (Smith, 2010; Liu et al., 2013; Ma et al.,
2017). In line with this, Ebuggy is a German company that proposes
combining EVs along with a new battery system. The prototype,
called Ebuggy, is a battery system mounted on a trailer (Ebuggy,
2012). This option makes it possible for EVs to reach larger
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Fig. 2. Number of vehicles by type (INE, 2016).

distance ranges. Another important point in favour of EVs is that
their mechanics are simpler than those of internal combustion
engines (ICE). Indeed, they include fewer mechanical components,
and thus have much lower maintenance costs in the long-term
(Serra, 2013; Girard and Simon, 2017).
Fig. 3 shows that most of the vehicle ﬂeet in Chile is dependent
on petrol or diesel and that the share of EVs is very low. Thus, this
leaves room for a market to emerge in the coming years, and many
investors see this as a great opportunity to create businesses.
Moreover, the number of EV investors in Chile is continuously
ctricos de Chile, 2018; Piaggo, 2018).
increasing (Club de Autos Ele
This paper's main objective is to ﬁnd sustainable alternatives to
reduce CO2 emissions and vehicle running costs in the public
transport sector.
In its current state, Chile's energy sector does not have sufﬁcient
installed power capacity to respond to the growing demand caused
by the country's rapid economic development. In 2017, the total
installed capacity of electricity generation systems was about
17 GW, and authorities plan to install an extra 8 GW capacity before
2020 (IEA, 2018). In order to allow Chile to take more control over
increasing electricity costs, as well as to reach its environmental
goals, a large part of the new power plants under construction will
generate electricity from NCRE sources. Moreover, a new policy
dubbed “Energy Efﬁciency” has been enacted with the goal of
reducing energy consumption by 12% by 2020 (Bustos and Varas,
2012).

Regarding public transportation, Fig. 4 shows a summary of
pollutant emission policies enacted by the Chilean government in
2012 (Osses, 2010; Diario U Chile, 2012), where CO stands for carbon monoxide, HC is hydrocarbons, NOx represents nitrogen oxides, PM is for particulate matter, and CH4 is methane.
Due to Chile's economic development, an increasing number of
individuals can afford to buy cars, leading to a drop in public
transport use. Thus, fuel costs are expected to increase by 37% by
2020 (CNE, 2012). Moreover, an increase in emissions is expected as
individuals are more likely to buy an internal combustion engine
vehicle (ICV) than an EV. This is due to the fact that conventional
ICEs, as a mature technology, are currently much more affordable
than EVs.
Considering this aspect, the Chilean government has designed
various environmental policies to encourage Chileans to use public
transport. For example, subsidies of 800 million US dollars were
allocated in 2012 to public transport companies to promote public
services and to keep bus fares at reasonable prices (Diario U Chile,
2012).
2. Alternative vehicle technologies
The path to full electric vehicles is still quite long, because there
are currently no economic incentives for Chilean citizens to buy an
EV instead of an ICV. Hence, this study looks at a middle ground
solution between ICVs and EVs. Hybrid vehicles are made to
combine both thermal engines and electrical motors. Various
technologies have been developed, and it is important to understand their usage range (Banjac et al., 2009).
2.1. Parallel hybrid engine

Diesel
24.296%
LPG
0.167%
Electricity
0.006%
Petrol
75.531%

This conﬁguration allows both the electric motor (EM) and the
internal combustion engine (ICE) to drive the vehicle wheels. This
leads to many beneﬁts, such as the downsizing of the ICE and
therefore, a drop in fuel consumption and carbon emissions. The
fact that ICE and EM are linked by a power split device makes this
conﬁguration as powerful as a regular ICE vehicle. Moreover, its
simple design makes it easy to build for auto manufacturers, and
production costs remain quite reasonable (Serra, 2013).
However, this technology relies entirely on ICE technology,
which still requires regular maintenance and combustible gas.
2.2. Series hybrid engine

Fig. 3. Vehicle distribution per combustible type in Chile (INE, 2016).

Another form of connecting the ICE and EM is the series hybrid
engine. This conﬁguration uses the vehicle's kinetic energy to
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Fig. 4. Chilean engine emission standards.

charge the electrical battery, which powers the EM (GallardoLozano et al., 2012). This solution is called “regenerative braking”
and relies on a generator set to guarantee reliable energy supply for
extended ranges. The ICE is designed to operate within a very
narrow range of speed to maximize its efﬁciency. The EM then acts
as a buffer, providing power when the driving power exceeds what
the ICE can handle.
If the driving power consumption exceeds the ICE generator set
production, the electricity stored within the battery will be used to
provide the necessary extra power through the EM. However, if the
power consumption drops below the ICE production capabilities,
the excess power will be used to recharge the battery.
This technology then relies on an EM-based principle, which
makes it more affordable and reduces fuel consumption and CO2
emissions even further (Smith, 2010).

2.4. Complex hybrid
The complex hybrid conﬁguration appeared on the market in
2006 (Rivera Elorza, 2011). Subsequently, it then had to prove itself
as an efﬁcient vehicle, notably against the Toyota Prius. Its special
feature is that the wheels are driven by a two-axle propulsion
conﬁguration, with a regular hybrid branch for the front axle and a
full electric branch for the rear axle. This system is speciﬁcally
designed for sport vehicles and urban trucks.
However, these kinds of vehicles still emit large amounts of CO2
into the atmosphere. For instance, the conventional General Motor
Company Yukon emits around 275 gCO2/km (GMC, 2018), while the
same model equipped with the complex hybrid technology is
advertised with an emission rate of 205 gCO2/km; this is still 70%
higher than voluntary emission standards.
3. EV vs. ICV

2.3. Series/parallel hybrid
3.1. Advantages and disadvantages
Another possible conﬁguration is the series and parallel hybrid
combination. As parallel hybrids do not satisfy the demand for an
EM vehicle and series hybrids do not take full advantage of the
battery capacity, a series/parallel option has been developed. Both
EM and ICE can be downsized as they drive the wheels simultaneously. This conﬁguration still relies on the ICE since the EM is
always dimensioned below the vehicle peak power. This system
will require the assistance of the ICE for high power demand.
In this conﬁguration, the ICE is not used until the power demand
reaches the exact power range for which the engine has been
designed. This allows the ICE to be used only when it is the most
energy efﬁcient. However, this conﬁguration requires ﬂexible
planetary gear, which makes the vehicle's construction more
complex. Despite this constraint, manufacturers consider this
conﬁguration to be a cost effective and efﬁcient compromise between ICEs and EMs for the large-scale production of hybrid vehicles, and Series/Parallel hybrid EVs are expected to become more
important in the hybrid vehicle market. For instance, models such
as the Toyota Prius-C, equipped with the proprietary Hybrid Synergy Drive system (Toyota, 2018), or BYD's F3DM (BYD, 2018), are
designed to make EMs more popular in the vehicle transportation
sector.

This study focuses on urban area driving cycles, matching Santiago's internal vehicle ﬂow. EVs are more efﬁcient than ICVs in
urban areas for two main reasons. Firstly, the prime mover is more
efﬁcient (at low speeds and starting from cold). Therefore, for ICVs
at low speeds, the shaft power must spin fast enough to overcome
internal friction, which is around 5 kW. Thus, when the vehicle
speed is low, engine efﬁciency decreases. Secondly, the regenerative breaking capacity of the on-board system is around 65%. This is
advantageous in urban areas where stop-and-go trafﬁc is common
due to trafﬁc lights and pedestrians crossing roads. For example,
the full electric Nissan Leaf model, with a range of about 160 km
(Nissan, 2018), can be particularly well adapted in such urban areas.
3.2. EV energy storage
Currently, electrical energy storage is the biggest issue for the
market uptake of EVs. However, since the early 80s, with the rise of
micro-technology, batteries such as Li-Ion batteries are becoming
more and more efﬁcient with improved power capacities. For this
study, enough energy must be stored in the batteries to provide sufﬁcient driving power for the vehicle to travel at least 150 km per day.
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Many batteries exist with different components, and each type
of battery has its own performance, energy, and power autonomy,
as shown in Fig. 5. Although supercapacitors can provide high
speciﬁc power rates (up to 10 kWh/kg) at a particular moment, they
are unsuitable for EV applications because their speciﬁc energy
levels are not sufﬁcient to provide EVs with acceptable distance
range autonomies. Fig. 5 shows that lithium-ion batteries are the
most appropriate option for the EV market, as they offer the highest
rates of speciﬁc energy and speciﬁc power per unit of weight (He
et al., 2012).
As lithium dependence could be viewed as a future issue, there
is a general misconception by consumers, who tend to consider
lithium in the same way as gasoline. Indeed, a lithium-ion battery
requires a certain amount of lithium; however, once its components are assembled and the battery has been manufactured and
installed, it is ﬁlled up with electricity. On the other hand, an ICE
reservoir needs to be ﬁlled up with new gasoline every time it is
empty. Moreover, Chile holds more than 28% of the worldwide
Lithium reserve (see Fig. 6) and could take advantage of its natural
resources to create a new ﬂourishing market (COCHILCO, 2009;
Girard and Simon, 2017).
Many projects have been launched to increase EV range autonomy, and this study examines sustainable ways to match these
expectations. As mentioned previously, the “EBuggy” project,
developed by a start-up company in Stuttgart, Germany, addresses
this issue (Ebuggy, 2012). This vehicle pulls a trailer (i.e. the
Ebuggy), which is essentially a lithium-ion battery on wheels. Once
the batteries are empty, the trailer can be connected to a special
solar charging station, which continually charges other Ebuggies.
The advantage of this concept is that the car owner can drive to a
charging station and swap an empty Ebuggy for its charged
equivalent. The empty battery is then left to be recharged at the
solar charging station (Ebuggy, 2012).
Fig. 7 shows the design of a solar charging station prototype for
the Ebuggy project. One of the aims of this paper is to study the
construction of a similar solar charging station in Santiago. The idea
behind this proposal is explained in further details below.
4. Santiago solar radiation
A thorough study is developed in order to assess the feasibility
of building a solar charging station in a dense city like Santiago, and
to distribute the solar energy generated to the new prototype of
Nissan V16 converted to EV. As our study shows, the energy
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Fig. 6. Lithium reserve map.

Fig. 7. Ebuggy charging station (Ebuggy, 2012).

produced by the solar station is almost free of CO2 emissions, so
that the construction of this plant is a cornerstone for achieving the
objectives of this paper. Table 1 shows the monthly solar radiation
for Tobalaba, a locality in Santiago, Chile. This place was selected
because it is the nearest data point from a taxi terminal. The annual
radiation is 1488.2 kWh/m2 (UTFSM, 2008).

5. Methodology

Fig. 5. Energy/Power battery capacity by type (He et al., 2012).

This study used the following methodology, presented in Fig. 8,
to determine the project's carbon footprint, cost, and feasibility.
In order to carry out our research, we ﬁrst conducted a review of
the current literature on the topic. Subsequently, we performed a
fuel cost comparison between the current Nissan V16 taxis and
“colectivos” and fully electrical vehicles, which run on both grid and
photovoltaic solar electricity. The fuel cost comparison to run the
different vehicles is done in terms of US dollars per km, considering
each vehicle's average consumption in an urban area over the same
distance range. After choosing the adequate engine, we evaluated
the requirements needed in order to implement a full electric
Nissan V16 ﬂeet in Santiago; the size of the electric network is
calculated to fulﬁl the required energy expectations. We studied the
capital city's potential for Non-Conventional Renewable Energy,
deciding upon the use of solar energy due to Santiago's high levels
of solar irradiation. Thus, we then searched for an adequate location
to possibly create a solar station, deciding upon a rooftop with
suitable space for solar photovoltaic panels. Lastly, we validated the
ﬁnal model.
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Table 1
Global solar radiation for Santiago in Chile (kWh/m2) (UTFSM, 2008).
Locality

JAN

FEB

MAR

APR

MAY

JUN

JUL

AUG

SEP

OCT

NOV

DEC

ANNUAL

Santiago (Tobalaba)

193.1

162.0

127.8

96.1

69.3

51.9

62.0

83.5

112.1

145.6

180.7

204.2

1488.2

idea is to compare the cost per km to drive in a city area. The Nissan
V16 engine has a fuel capacity of 50 L (L). This study considers that
1 L of gasoline provides 9.63 kWh and that the price of gasoline is
1.64 US$ per litre in Chile (2017 national data). The amount of kWh
available at the end of the chain and the price of this energy are
calculated as follows.
Cfull ¼ Vt $ PL

(1)

Where Cfull is the cost to ﬁll up the gasoline tank (US$), Vt is the
volume of the tank (L), and PL is the price of gasoline (US$/L).
The cost to ﬁll up the gasoline tank is 82.25 US$. The energy
supplied by the full tank can then be calculated using Equation (2):
Eu,ICE ¼ Vt $ EL $ hICE

(2)

Where Eu,ICE is the useful energy provided by a full tank at the end
of the chain (i.e. tank to wheel) (kWh), EL stands for the energy
provided from one litre of gasoline (kWh/L), and hICE is the internal
combustion engine efﬁciency.
The energy generated at the end of the chain is thus found to be
74.6 kWh. The price per km is calculated using the following
Equation (3) and assuming the average distance range with a full
tank of gasoline in urban areas is 450 km.
Ckm ¼ Cfull/Drange

(3)

Where Ckm represents the cost per km (US$/km), and Drange is the
distance range (km).
Thus, the cost of gasoline for running an ICE Nissan V16 is 0.182
US$ per km (excluding maintenance costs).
6.1.2. Electric vehicle
Two options are available to charge an EV battery: using the
power from the grid or from a solar power station. The battery of a
fully charged electric vehicle contains about 18 kWh, meaning that
the grid must supply 36 kWh of energy (Chen et al., 2004).
Furthermore, the efﬁciency between the battery and the transmission axle is about 90%. The useful energy available in the EV
battery can then be found from Equation (4):
Eu,EV ¼ hb $ Eb

Fig. 8. Research structure.

(4)

Where Eu,EV is the EV battery useful energy (kWh), Eb is the EV
battery capacity (kWh), and hb stands for the EV battery efﬁciency
(dimensionless).
The price of electricity from the grid, administrated by the
company Chilectra, is assumed to be 0.167 US$ per kWh (Chilectra,
2017). The cost to ﬁll up the EV battery from the grid can then be
calculated using the following Equation (5):

6. Results and discussion
CEV,g ¼ Pe,g $ EEV,g

(5)

6.1. Fuel cost comparison
6.1.1. Nissan V16: gasoline vehicle
The conventional Nissan V16 ﬂeet is comprised of ICE vehicles,
with an estimated efﬁciency of between 15% and 19%. As these
engines age, an efﬁciency of 15.5% (Serra, 2013) is considered. The

Where CEV,g represents the cost to ﬁll up the EV battery from the
grid (US$), Pe,g is the national grid electricity price (US$/kWh), and
EEV,g stands for the electrical energy required from the grid to ﬁll up
the EV battery (kWh).
Considering that the EV battery can be fully charged from the
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6.2.2. EV model
Two studies were performed for the EV model. The ﬁrst study
consists of determining CO2 emissions when the battery is charged
from the electric grid (Equation (8)), while the second focuses on
when the battery is charged from the solar charging station
(Equation (9)).
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Fig. 9. Vehicle CO2 emissions.

grid for a cost of just over 6 US$ and achieve a range of 150 km in an
urban area, the cost per km to run the EV is 0.041 US$/km.
As for the second option, which contemplates charging the EV
battery with solar power, particularly through a solar power station
equipped with photovoltaic panels, the results are as follows:
CEV,ss ¼ Pe,ss $ EEV

(6)

Where CEV,ss is the cost to ﬁll up the EV battery from the solar
station (US$), Pe,ss is the solar station electricity price (US$/kWh),
and EEV represents the electrical energy required to ﬁll up the EV
battery (kWh).
According to (IRENA, 2018), the 2017 levelised cost of electricity
for photovoltaic solar systems in low-cost markets such as India,
China, Australia, and Spain is in the range of between 0.08 and 0.12
US$/kWh. Assuming a value of 0.14 US$/kWh for the price of
electricity generated from a solar station located in Santiago, the
cost to charge the EV battery from the solar station is thus found to
be just over 5 US$. Considering the same distance of 150 km for this
type of electric vehicle in an urban area, this means that the
running cost of the EV when charged by the solar power station is
0.0336 US$ per km.

6.2. Environmental beneﬁts

CE ¼ CEg $ E150km

(8)

CE ¼ CES $ E150km

(9)

Where CE is the CO2 emissions (kgCO2), CEg is the CO2 emissions
per unit of electricity generated from the grid (kgCO2/kWh), CES
stands for the CO2 emissions per unit of electricity generated from
the solar charging station (kgCO2/kWh), and E150km represents the
electrical energy required to charge the EV battery to last 150 km
(kWh). According to Chen et al. (2004), the value of CES can be
assumed to be 0.05 kgCO2/kWh.
Thus, emissions from a Nissan V16 EV, fully charged from the
national grid, amount to 45 kg of CO2 per 150 km, while emissions
from the vehicle charged from the solar PV power station amount
to 5 kg of CO2 for the same distance range.
Fig. 9 provides a graphical comparison of the CO2 emissions
produced by the three types of vehicles. It is clear that, when
powered by electricity from the national grid, an EV does not
contribute to reducing CO2 emissions. Considering the actual primary energy sources used in the electricity generation mix, the
studied EV leads to more CO2 emissions (i.e. 0.3 kgCO2/km) than an
ICE vehicle (i.e. 0.264 kgCO2/km). However, if the EV is fully charged
from a non-conventional renewable energy source, such as the Sun
through photovoltaic (PV) panels, CO2 emissions drop to 0.03 kgCO2
per km for the studied case.
Table 2 shows a summary of the cost and CO2 emissions per km
for each technology. The cost of the electric V16 is cheaper than the
ICE V16; thus, it is convenient for taxi drivers to work in an electric
car instead of a conventional ICE car. Furthermore, CO2 emissions in
the EV case decrease from 0.264 kgCO2/km to near 0 kgCO2/km
when charged by the solar station; therefore, changing to EV-based
public transport contributes to reducing the city's air pollution.

6.3. Solar power station performance

We analysed environmental beneﬁts for the two vehicles in
different experimental models. A traditional gasoline Nissan V16
and the proposed converted Nissan V16 with lithium-ion batteries
were compared for CO2 emissions in two scenarios: when the
electric car is fully charged from the national grid and when it is
charged from solar photovoltaic energy.

6.2.1. ICE model
As mentioned previously, the capacity of a Nissan V16 gasoline
tank is 50 L; thus, in order to make a comparison with respect to the
electric motor emissions, the assessment is done for the same
distance range of 150 km. The vehicle CO2 emissions can be
calculated using Equation (7). In this analysis, we assume a value of
CO2 emitted by gasoline of 2.38 kgCO2/L.
CE ¼ CEL $ L150km
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(7)

Where CE represents the CO2 emissions (kgCO2), CEL is the CO2
emissions per litre of gasoline (kgCO2/L), and L150km stands for the
litres of gasoline to run 150 km (L).
Thus, a Nissan V16 with a conventional combustion engine
emits 39.674 kg of CO2 per 150 km.

The so-called colectivos are a Chilean particularity in the public
transport sector. These are basically taxis with pre-deﬁned routes.
Many taxis and colectivos are based close to the Grecia Metro Station, in the Santa Isabel parking area. This is a much frequented
place because of the shopping mall, and it is therefore conducive to
improvements in public transport. One possibility would be to
install solar panels on the roof of this large and ﬂat building. Below,
we calculate the roof area needed to support the solar panels
required (Fig. 10).
The roof is divided into ﬁve useful areas (1, 2, 3, 4, 5) and another
useless area (red rectangle), which is already used for the building's
air treatment needs.
Total Area: 1 þ 2 þ 3 þ 4 þ 5 ¼ 3150
þ 2400 þ 150 þ 280 þ 1000 þ 300 ¼ 7280 m2
Table 2
Vehicle running cost and CO2 emissions.
Technology

Cost per km (US$/km)

CO2 Emissions (kgCO2/km)

ICE V16
Electric V16 (electric grid)
Electric V16 (solar panel)

0.182
0.041
0.0336

0.264
0.3
0.03
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thus, using CdTe can be a possible solution (Physorg, 2016). In
addition, among all solar technologies, cadmium telluride has the
lowest carbon footprint. Its yields continue to improve and tend to
be competitive with those of crystalline silicon. Thanks to research,
solar PV technology is becoming more efﬁcient and cheaper than
fossil fuels. In order to improve the power generation of the solar
charging station, it would be more efﬁcient to use CdTe solar cells.
Improvements in battery technology have also occurred. A new
generation of carbon batteries that can be recharged within a few
seconds has been developed. These use carbon nano-tube electrodes and can withstand up to a million charge and discharge
cycles without loss of performance (NAWA Technologies, 2017).
They are not only more efﬁcient and more powerful than lithiumion cells, but also safer and more environmentally friendly. For
this reason, it would be wise to use them in the vehicle and
transport industry. Moreover, with an increased battery life, it is
even more appropriate to use regenerative braking systems
installed on wheels in order to recover the kinetic energy from
braking. Such a system can charge the battery when braking and
provide extra energy when accelerating. This will also reduce CO2
emissions from public transport if implemented in public service
vehicles.
There are additional material technology needs beyond
improving solar PV or battery technologies that would be particularly beneﬁcial for the development of electric vehicles in Chile:

Fig. 10. View of Santa Isabel's roof.

Useless Area: 350 m2
Useful Area: 7280 m2e350 m2 ¼ 6930 m2
A solar station installed on this useful area could receive about
10.3$108 kWh/year. This represents 28$105 kWh/day.
For the technical-economic analysis, the following information
is used:

- Battery swapping stations can charge batteries in advance and
prepare them to be swapped in a considerably short time. The
exchange of batteries via specialized stations could aid in the
development of EVs, but it requires the establishment of an
agreement between car manufacturers on a battery pack “type”
and large infrastructures.
- In Chile, by July 2017, nine fast chargers for EVs had been
installed (ABB, 2017). Quick charge terminals can charge nearly
80% of the battery capacity in less than 30 min. The wide
installation of these quick charge terminals can be an effective
solution to overcome EV low distance range characteristics and
to boost the market towards transport electriﬁcation. Although
the number of these terminals is still too small to make a strong
impact on the electricity demand, this issue should be taken into
account by policy makers. NCRE power and smart grid technology may be appropriate to respond to this issue in the future.

 Three scenarios, deﬁned as summer-spring, autumn, and winter,
with respect to different radiation levels.
 PV panel: each photovoltaic panel has a power capacity of 200
Wp. Its dimensions are 1.2 m long by 1.34 m wide by 0.035 m
thick. The price of the kit for a 200Wp PV panel is assumed to be
n et al., 2013).
379.98 US$ (Ansea
 Li-ion batteries: each battery needs a certain amount of energy
to be charged with, depending on the scenario. The price of a
battery is taken at 159 US$.
Table 3 shows that, for large ratios of radiation, the price of
photovoltaic (PV) panels tends to decrease. The electric motor used
is 50 kW, and the price is assumed to be between 6000 US$ and
6500 US$. To satisfy the necessary energy demand for a car autonomy of 150 km, ﬁfteen batteries of 1.2 kWh capacity are needed,
costing a total of 2385 US$. The total investment to transform a
conventional ICE Nissan V16 into an EV is estimated to be between
8385 US$ and 8885 US$.

The growth of the EV market promises to open new opportunities for the Chilean mining sector. Today, less than 1% of the
world's vehicles are electric, but more than half of all new cars will
run on this form of energy by 2040 (Jamasmie, 2018). Indeed, while
a traditional car requires an average of 25 kg of copper, a hybrid or
100% electric vehicle requires 3 times more, between 45 and 70 kg.
Moreover, lithium should also be taken advantage of with this
trend. In fact, this metal is particularly used in lithium-ion batteries
for its ability to store energy. Considering that in the coming years
lithium-ion batteries may be adopted by the global automobile
industry in a progressive transition to EVs, the demand for lithium
in hybrid and electric vehicles is expected to increase annually by

6.4. Discussion
Researchers succeeded in improving the maximum voltage of a
solar cell of cadmium telluride (CdTe). The cadmium deposition
process for the production of solar cells is very fast, which reduces
production costs. Silicon cells currently represent 90% of the solar
PV cell market, but it is difﬁcult to reduce their manufacturing cost;

Table 3
Types of energy and costs per scenario.
Scenario

Hours of Radiation
(h)

Energy to ﬁll a battery (kWh)

Quantity of solar panel
(units)

Price for necessary solar panel
(US$)

Area occupied for solar panel
(m2)

SummerSpring
Autumn
Winter

12

2.4

8

3039.84

21.86

10
8

2
1.6

9
12

4559.76
3419.82

24.57
32.76
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over 27% till 2025 compared to 2011 lithium demand levels (Fox
Davies Capital, 2013). It is an undeniable asset for Chile, which is
the world's leader for copper extraction and the second largest
lithium producer.
7. Conclusions
Over the past 10 years, CO2 emissions in Chile have increased
dramatically, reaching values close to 82 million tonnes of CO2
equivalent in 2012 (EIA, 2014). One of the main reasons for this rise
is the expansion of the public transport sector. Our study discloses
the improvements that can be implemented in the Chilean public
transport sector in order to reduce CO2 emissions. We modelled the
conversion of a Nissan V16, the most common taxi vehicle, from
conventional ICV to EV, and then compared both versions
economically and environmentally. To this end, we ﬁrst shed light
on the economic dimension to obtain the cost per kilometre travelled, obtaining a value of 0.182 US$/km for the ICV, and 0.0336
US$/km for the EV model. With these results, we can infer that EVs
are cheaper; nonetheless, the value of the investment of changing
the ICE to an EM plus battery system must be taken into consideration. Furthermore, the energy source of electrical Nissan V16
must also be considered, because the objective is to highlight the
potential for CO2 emission reductions.
Our second analysis assessed the CO2 emissions from the two
different technologies, based on a distance of 150 km. For the Nissan V16 ICV, we obtained emissions of 39.674 kg of CO2. For the
electrical version, two types of emissions are relevant. First, 45 kg of
CO2 were found to be emitted over the 150 km distance when
charging the EV on the Chilean grid. Second, only 4.5 kg of CO2
emissions were found to run the same distance in the case when
charging the EV on a solar charging station. Thus, we conclude that
EVs do not help reduce CO2 emissions when their batteries are
powered by the Chilean electricity grid. This is because the grid
contains energy derived from burning fossil fuels. However, when
charged using solar PV power, EVs exhibit a signiﬁcant drop in
emissions. Therefore, future studies should focus on electricity
storage solutions in batteries in order to allow the supply of solar
electricity during periods of low radiation (i.e. on cloudy days, at
night and/or during winter).
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