
1 
 

 

SIMULATION OF AN 

EXTENDED RANGE ELECTRIC 

VEHICLE USAGE IN A REAL 

ENVIRONMENT 

Bachelor Degree Project in Mechanical Engineering 
22.5 ECTS 
Spring Term 2012 
 
Lazúen Ramírez, Álvaro 
Linero Jiménez, Adriano 
 
Supervisor: Thomas Carlberger 
Examiner: Anders Biel 



I 
 

Abstract 

In this paper the performance of an extended range electric vehicle (EREV) already 

available on the market is analysed through a simulation using MATLAB. A real route 

has been modelled. The route, 140 km, is longer than the majority of the daily travelling 

distance of the population in order to show how this vehicle is capable to cover the 

requirements of the drivers. The importance of an adequate recharge net for electric cars 

has been showed through the simulation of two different scenarios; the current scenario 

and a hypothetical future scenario where recharge points were available in all public 

parking. In this second scenario, the Opel Ampera has been capable to work fully in 

electric mode, reducing the CO2 emissions 38%. 

An optimal management of the extender range of the car has been presented which 

reduce emissions 20%, reduce cost of the route 33%, and operating time of the range 

extender 30%, in the current scenario compared with the management made by the 

existed conduction modes of the car. 
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1 Introduction  
We are living at a crossroad. A deep economic and environmental crisis is threatening 

our lifestyle and European countries do not seem to find a way out in this situation. In 

that scenario it is more urgent than ever to undertake all kinds of projects that contribute 

to reducing our dependence on exterior energy sources. At the same time we are trying 

to protect the environment. The climatic change is the seed of many of the most 

important future problems of humanity. Social and economic problems are closely 

related with its effects, and to continue developing the obsolete economic model of 

today is morally and economically unacceptable. 

Petroleum is without any doubt a severe source of conflicts, politic instability and social 

injustice. The light-duty vehicle fleet, which is primarily comprised of conventional 

internal combustion engine vehicles (ICEV), uses petroleum for an estimated 95% of its 

energy needs and is responsible for an estimated 27% of global petroleum use 

(International Energy Agency, 2011).This shows the evidence that to induce a change as 

soon as possible is urgent. Other problems resulting from the combustion of oil are 

worrying, such as the fact that transport emissions also create local environmental 

health risks, such as exposure to road traffic is a risk factor for cardiovascular and 

respiratory diseases (Corvalán, 2006), or acoustic pollution in cities. 

Fortunately, there is already technology capable to reduce the dependency of petroleum 

and the emissions associated with it. Plug-in hybrid electric vehicles (PHEV) can 

potentially offer substantially lower CO2 emissions (Impacts of driving patterns on tank-

to-wheel energy use of plug-in hybrid, 2011) that have been linked to global 

temperature rises (Warming caused by cumulative carbon emissions, 2012), particularly 

in markets where the carbon intensity of electricity generation is low (Karplus, et al., 

2010). A recent study calculated that, if the entire 2009 passenger car fleet was replaced 

by equal shares of three currently available battery electric vehicles (Think City, REVA 

G-Wiz i and Tesla Roadster) then well-to-wheels CO2 emissions would be reduced by 

51% in the UK, 60% in the US, and 91% in France (King, et al., 2010). 

The possibility of reducing our dependency of fossil energy sources is not the only 

advantage of massive substitution of ICEVs by electric vehicles (EV). That would 

reduce the amount of energy that transport system needs. Electric engines have a high 
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efficiency (>75%) in comparison with combustion engines (< 45%). EVs manage 

energy much more efficiently than ICEVs. Some crucial differences between these 

vehicles make the EV the better energy manager. Speed and fluctuations in speed 

associated with road type and level of traffic congestion do not affect EVs in the same 

proportion as ICEVs. Tank-to-Wheel (TTW) cost of fuel in EVs does not increase in 

adverse conditions driving (Raykin et al., 2011). For example, EVs employ regenerative 

braking, which involves recapturing of some of the energy otherwise lost during braking 

(Bradley and Frank, 2009) and do not have much fuel consumed during stops.  

The electric conversion of the light-duty vehicle fleet seems inevitable, but it presents 

two main inconveniences: the electric car’s limited range and the acquisition price of it. 

Both limit the commercial attractiveness of that kind of vehicle (Graham-Rowe, 2011) 

(Haren, 2011) 

This paper analyses that problem answering the next questions: 

• Are the present extended range electric vehicles EREV capable of covering the 

real requirements of drivers? 

• Is the EV an attractive commercial option? 

• Do drivers want to drive EVs? 

• Have EREV enough performance? 

The study describes the present state of the technology and makes some suggestions in 

order to facilitate the substitution of the ICEV fleet. It shows through a simulation in a 

demanding scenario of an extended-range electric vehicle (EREV) that supplying all the 

demands of drivers using that car, is possible. The paper analyzes TTW cost per 

kilometer, and other interesting aspects in order to compare EREVs with ICEVs and 

give a perspective about the real performance of present EREVs. 
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2 Types of EVs and specifications 

2.1 Brief historical introduction  

The rising popularity of electric vehicles (Lieven, et al., 2011) that we see today makes 

us think that this kind of vehicle is new. Partially this is true; for example, 

improvements in batteries have made these vehicles one of the most serious candidates 

to substitute Internal Combustion Engine Vehicles (ICEV). However, today is not the 

first time that both technologies compete. A century ago, petrol engines unbalanced 

these scales in their favour, relegating electric vehicles to much more specific and less 

important tasks. 

The first appearance of electrical vehicles was at the beginning of the 19th century. 

Around 1830, a Hungarian called Ányos Jedlik invented a rudimentary kind of electric 

motor moving a small car, and Thomas Davenport developed an electric motor fed by 

non-rechargeable batteries. The latter motor could run at 600 revolutions per minute, 

and it is considered the first American DC electrical motor being also tested in a small 

car. At the same time, In Scotland and in the Netherlands, electric cars were developed 

by Robert Anderson and Strating & Becker respectively, see Figure 2.1 (Bellis, 2010). 

Figure 2.1. Stratingh and Becker electric car (Bellis, 2010) 
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During this time, zinc for batteries could be forty times more expensive than coal 

(Høyer, 2007), so this technology was not economically viable for vehicles. However 

this goal was obtained in the 1860s, when the dynamo was invented and perfected. 

Moreover the first rechargeable battery was invented in 1859 by Gaston Planté, a 

French physicist (Høyer, 2007). 

The feasible electric vehicle was becoming more real. At the 1867 World Exhibition in 

Paris, a two-wheel cycle was exhibited propelled by electricity. It had been invented by 

the Austrian Franz Kravogl. During the same year, Gustave Trouve, a French inventor, 

presented a new and much smaller electrical motor to the French Academy of Sciences, 

which was used in the first marine outboard motor and in a tricycle; this was considered 

the first electric vehicle. Furthermore, in 1881 two more vehicles were designed. 

Charles Jeantaud, in collaboration with Camille Faure, built a light vehicle and William 

Ayrton and John Perry built other prototypes of vehicles. One of them had a range 

between 16 and 40 km (Electric vehicles news, 2010).  

Electric vehicles were considered a good choice by costumers. Thomas Parker and Paul 

Bedford founded Elwell-Parker Ltd in October 1882 (Bellis, 2010). The company 

developed a new high capacity rechargeable battery and then expanded into dynamos, 

motors and controllers. Using this technology, they were able to design and construct 

trams powered with these batteries, carrying passengers around Birmingham.  

There was a quick increase of prototypes in every industrial country during the 

following years. Many carriages were adapted with electrical motors and batteries and 

many industries began to develop such carriages. Most of them had the same 

characteristics: low speed but absence of the disadvantages of petrol engines such as 

smoke, vibrations and noise or the danger of starting the motor. They were clean and 

did not need any effort to start, so the car companies claimed that this type of vehicle 

was perfect for women (Bellis, 2010). 
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The appearance of several electric vehicles demonstrated the viability of this alternative: 

Riker Electric Motor Company with their first models, "Dog-cart", a vehicle that 

belonged to Elwell-Parker Ltd, "Electrobat" designed by Henry G. Morris and Pedro G 

(see Figure 2.2). Salomon, "Le Jeantaud" by Charles Jeantaud or William Morrison 

cars. Moreover, many technologies were developed in these years, such as regenerative 

breaks and hybrid vehicles. Louis A. Krieger placed parallel bifilar coils in front of the 

wheel to retake some energy, and Dr. Ferdinand Porsche built the first hybrid vehicle in 

1898. Equally Hirema Percy Maxim created the considered “the first practical 

commercially available electric car” in 1898. (Bellis, 2010) 

Electric vehicles were icons of modernity and progress. The "fight" to obtain the record 

of speed between Count Gaston (Jeantaud) and Camille Jenatzy (Dog-cart) is a proof of 

this. Lastly, Camille Jenatzy driving a modified rocket vehicle named Le Jamais 

Content, was the first vehicle to go over 100 km/h. Some years later, Walter Baker 

drove over 164 km/h with his Torpedo, an EV prototype (Romero, et al., 2009). 

At the turn of the century, the percentage of cars used in America was 40% steam 

vehicles, 38% electric vehicles and only 22% gasoline vehicles. The Electric Vehicle 

Association of America was founded and they standardized the charging plug-in. 

(Høyer, 2007) 

However, ICEV started advancing on electric vehicles. Their higher power, lower price 

and better autonomy made them winners. Recharging of lead batteries cost roughly 20 

Figure 2.2. Electrobat" by Henry. G. 

Morris (Bellis, 2010) 
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cents per kWh compared with five cents per gallon of gas in 1903 (Bellis, 2010). Then, 

an electrical recharge network was needed, and it was impossible in the countryside. 

The impossibility to build these stations everywhere, Ford's applied assembly line of 

production in 1913 and the invention of the petrol engine starter were decisive factors 

when electric vehicle disappeared from the market in 1935. 

Between 1930 and 1990, electric vehicles were used only for specific usages. The 

attempts to produce electric cars such as "Henney Kilowatt", "Elcar" or "Citicar", were 

failures. Only in delivery vehicle floats, such as post service, EVs were used 

satisfactorily (Ramón, et al., 2009).  

Later, when the petrol crisis started in 1974, the interest in EVs increased again, helped 

by environmental politics. The California Government launched the Zero Emission 

Mandate in 1990, whereby car manufacturers that wanted to sell cars in California, had 

to produce a certain percentage of zero emission vehicles (Ramón, et al., 2009). Then 

the car companies began to create EVs. The most famous was the EV1 by General 

Motors. Toyota, Ford, Honda and Nissan also created some vehicles, but after the law 

was softened, these vehicles disappeared from the streets. 

Lastly, economic and environmental factors have made EVs the best solution to replace 

ICE vehicles at the moment, and many battery electric vehicles (BEV), plug-in hybrid 

electric vehicles, EREVs and more types of EV have been developed and made 

available in markets during the last few years. 
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2.2 Electric Vehicles (EVs) 

2.2.1 Characteristics 

The world’s population is estimated to increase during the next 50 years from 7 billion 

to 10 billion and consequently the number of vehicles will increase. An estimate is that 

the number of vehicles will increase from 700 million to 2.5 billion while petrol 

reserves are decreasing (Maggetto & Van Mierlo, 2001). Therefore, an environmental 

friendly solution is sought, to solve both the transport problem and emission of 

greenhouse gases. Electric vehicles partially solve this problem. A BEV does not emit 

CO2 locally, but the electric energy that it uses may be produced by petrol products, so 

CO2 is emitted indirectly (International Energy Agency, 2011). 

Electric vehicles present characteristics that suggest them as substitutes of ICEV. 

Surely, these characteristics are not only advantages and there exist weakness also.  

On the one hand, the low cost of electricity, low or zero emissions, friendly use, low 

maintenance and easier mechanical powertrain make that EVs excel over ICEV. To 

better understand the EV characteristics, a comparison is made between these two 

technologies in Figure 2.3. 

Disadvantages:

- Major Initial cost
- High battery cost, toxicity and limited raw material.
- Recharge network
- Heavier vehicle
- Less power  than petrol vehicles.
- Less range.

Advantages:

- Decrease local CO2 emission
- It could use renewable energy
- Electric energy cheaper than petrol 
- Decentralization of energy sources
- No lubricanting oil and replacement
- Motor more efficient and trusted
- Less noise
- Simpler and easier to drive
- Less maintenance and simpler 
design
- It could store energy at night 
- Constant motor torqueFigure 2.3. Advantages and disadvantages of electric 
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2.2.2 Classification  

Electric vehicles are defined as all vehicles which use at least one electric motor to 

propel themselves. Therefore, several different powertrain configurations could be 

included under this definition. At this point a first classification will be introduced, 

based on the term Rate of Hybridization (RoH). This term "describes the relative 

contribution of each energy source (in the case of series hybrid vehicles) or traction 

system (in the case of parallel hybrids)" (Tuttle & Baldick, 2012). This may be 

expressed in percentages. Figure 2.4 shows the evolution from ICE to BEV. 

 

Figure 2.4. Different electric vehicles according to RoH 

According to the figure, the RoH value of petrol engines should be 0 because they do 

not have any propulsion by electric motors. Conversely, BEVs should has a RoH value 

equal to 1, due to no extra energy source propelling these vehicles. This graphic could 

also represent the logical evolution from ICEVs to BEVs (Maggetto & Van Mierlo, 

2001). Hence, start-stop systems and PHEVs have been produced for a massive market, 

but it is expected in the future that the emphasis in the production of EVs will be on 

vehicles with higher RoHs (Portland General Electric, 2011). However not all types of 

EVs are represented in Figure 2.4. Therefore, in Appendix I, a complementary 

classification will be exposed, taking into account more aspects, such as the size of 

battery, plug-in possibilities or energy sources types. This is shown schematically in 

Figure 2.5. 
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Several different classifications of EVs can be found in the literature, and depending on 

the point of view, many vehicles could belong to other classes. Even similar systems are 

named in different ways depending on the manufacturers. Even intermediate categories, 

which are shown here, are created by manufacturers too. Therefore, this classification 

has been composed taking into account others, but under our criterion. Firstly, EVs will 

be divided into two main groups, attending to the possession of an alternative energy 

source. The result of this is, on the one hand, BEV and on the other hand HEV. In 

Appendix I, a brief explanation of every type of vehicle is made. 

2.3 Battery electric Vehicle (BEV) 

Battery electric vehicles use the energy from batteries only; therefore they are plug-in 

vehicles. Consequently, their range only depends on the battery capacity. This made 

BEVs need large batteries, which increase the final price of the product (Intitute for 

Analisys of Global Security, 2012). Moreover, they are simple in mechanical design. 

Their operation cost does not directly depend on oil price. Thus, alternative energy 

sources, such as renewable energies, could be used to produce the energy needed 

without CO2 emissions. Consequently, it makes them dependent of a recharge network, 

capable of supplying the demand. Two main configurations of BEVs are possible to 

find on the market: central motor drive and wheel hub motor drive. 

Due to the technical characteristics, the range of these vehicles is between 120 and 200 

km, which make them insufficient for long trips. The time to recharge varies between 30 

minutes and 6 hours, depending on the recharge mode.  

Figure 2.5. Classification of EVs 
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2.4 Hybrid Electric Vehicles 

Hybrid electric vehicles are vehicles whose energy source is not only the chemical 

energy stored in batteries, but they have other energy supplying systems. They solve 

many problems such as the "range anxiety" of customers, this will be explained later in 

chapter 3.12), avoid the over sizing of petrol engines and permit a faster recharging than 

BEV. However, they have disadvantages too. Many disadvantages are consequences of 

using ICE, such as the double drive train, higher price, the complexity and the direct 

dependence of petrol energy (Aparicio, 2011). Because of this, the HEV is considered a 

bridge between plug ICEV and BEV.  

The classification of HEVs is determined by various factors which could be of the 

nature of the secondary energy source, the possibility to be plugged in and the RoH. 

Moreover, the principal feature that differentiates them is how they fit together, in other 

words, if they add torques, electricity or both (Maggetto & Van Mierlo, 2001). In series 

HEVs, the secondary energy storage, supplies electricity to the battery or directly to the 

electric motor. Hence, the electric motor is the only source which supplies torque to the 

vehicle. Contrarily, in parallel HEVs, two different motors add torques to propel the 

vehicle. The batteries of these vehicles can be recharged while the ICE propels the 

vehicle. In addition, it exists a third group which is named parallel-series hybrid, 

because it can work as parallel or series when required (Tuttle & Baldick, 2012). In 

Appendix I, the main types of HEV will be briefly explained, from the lowest RoH to 

the highest.  
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3 Drivers Requirements  

Nowadays, as reflected in many studies, the range is one of the major concerns when 

people consider an EV (Haren, 2011), but is not the only one. The purchase price of 

EVs and the possibility of its amortizing are other sources of mistrust for consumers 

(Graham-Rowe, et al., 2011). Other less obvious factors could also play a vital role in 

the development of the EVs market. 

In this section, the requirements of drivers, and their state of satisfaction are analysed. If 

those requirements are converted in characteristics of EVs, it may make that kind of 

vehicle into a commercial success. 

3.1 Range Requirements  

These requirements are the main for drivers. The biggest contrast between both BEVs 

and ICEVs since the point of view of performance is the range.  

3.1.1  Daily Range Requirements 

In a survey realized by Deloitte in April of 2011, the affinity of the consumer for 

electric vehicles was studied. The survey was completed online by 12,559 adults in 16 

countries around the world from November 2010 to March 2011 and showed very 

illustrative results, (Deloitte Global Services Ltd., 2011). 

Two goals of that survey were to discover what range drivers expect from their EV, and 

what range they really need. Differences between countries were observed. Japanese 

drivers are those who travel the fewest kilometres per day and the Chinese are drivers 

who travel the farthest, possibly due to geographic circumstances of each country and 

its size. European and American drivers have similar needs. 

To observe the contrasts between the real range requirements of the drivers daily 

travelling distance and their demand, is particularly interesting. In all cases studied by 

Deloitte, there is a contrast between desires and needs. Desires are much more bigger 

than the real daily requirements of drivers (see Figure 3.1 and Figure 3.2).  
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Figure 3.1. Daily Range Expected by Drivers (Deloitte Global Services Ltd., 2011) 

Figure 3.2. Daily Distance Travelled by Drivers (Deloitte Global Services Ltd., 2011) 
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In the case of US, the results are peculiar due to the fact that some of best-selling 

automobiles of the country have a shorter range than the 482 km expected from an EV 

by consumers. 

The  Table 3.1 shows that cars which are not able to cover the range expected by drivers 

do not have any problems to be commercially attractive.  

 

Ranking 2010 Model  Range (km) 

1 Ford F150 Pickup 4WD  233 
2 Chevrolet Silverado 4WD 307 
3 Toyota Camry 239 
4 Honda Accord 239 
5 Toyota Corolla 186 
6 Honda Civic 178 
7 Nissan Altima 236 
8 Ford Fusion  AWD FFV 139 
9 Honda CR-V 198 
10 Dodge Ram 1500 Pickup 146 

           Table 3.1. Range of Best Seller cars in U.S.A (Haren, 2011) 

The reason why the manufacturers of ICEV can produce cars with a more limited range 

without losing customers will be analysed later.  

Accenture is a company that conducted a survey on consumer preferences regarding 

electrified vehicles in 13 countries, during December 2010 and January 2012 

(Accenture, 2011). It was a quantitative global survey of consumer opinions and 

preferences regarding PEVs and supporting services. The study was based on a 20-

minute survey of 7003 individuals across 13 countries: Australia, Canada, China, 

France, Germany, Italy, Japan, Netherlands, South Korea, Spain, Sweden, United 

Kingdom and United States. 97% of respondents were holders of driver's license and the 

sample is considered representative of the user of cars. The survey shows many 

interesting results, concerning The Range Anxiety and many other aspects as well (see 

Figure 3.3.). To the question: What would be the main reasons for you to choose a plug-

in hybrid electric vehicle rather than a fully electric vehicle? The respondents have 

pointed the limited range, which is the cause of the range anxiety, as the main reason 

not to consider the purchase of a purely electric vehicle. The limited range is associated 

with others factors, like the insufficient recharging network, and time of recharge.  
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Figure 3.3. Main reasons to consider PHEV against EVs (Accenture, 2011) 

 

To the question: On average, how many kilometres do you drive per day? The 

respondents confirm the result of the survey of Deloitte, with the difference that now the 

question is qualitative, regarding drivers perceptions, and not a quantitative study. 

Assuming that EVs have a range of around 150 km (Lieven, et al., 2011), the virtual 

totality of drivers could cover their daily needs only using pure electric vehicle. Only 

10% of drivers travel farther than 100 km in a day. The average journey length is 52 

km. 

To the question: How many kilometres would you like to be able to drive with a fully 

charged battery in order to consider an electric vehicle for your next purchase? Again 

observed drivers’ answers are very interesting. They want to be able to travel much 

farther than they use to travel each day. Only 9% of the drivers want to be able to go 

less than 200 km per journey. That is a distance very difficult to cover with many pure 

electric vehicles. In average they expect be able to drive 437 km (see Figure 3.4 and 

Figure 3.5). 
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Figure 3.4 (left figure).On average, how many kilometres do you drive per day? 
(Accenture, 2011) 

Figure 3.5 (right figure). How many kilometres would you be able to drive with a fully 
charged battery in order to consider an EV for your next purchase? (Accenture, 2011).  

 

 

Figure 3.6. Kilometres driven every day and range expected in EV for purchasing 
(Accenture, 2011) 

 

In conclusion, the majority of drivers travel a shorter distance per day than the range of 

a common EV, and virtually all drivers desire to be able to travel much farther than the 

existing possible range of nearly all electric vehicles.  
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3.1.2 Total Range Requirements 

Hitherto, this paper is focused on the daily needs of the majority of drivers, due to less 

than 10% of drivers travel more than 100 km each day, in average. Practically any EV is 

capable to cover that distance without recharging batteries or using the secondary 

combustion engine. In addition, as surveys show, the majority of people want to be able 

to travel many kilometres over the range of EVs. In that scenario, to pose the question 

of what the most demanding single-trip range in a vehicle’s life is necessary. A car, 

which could be able to cover that distance in an acceptable way by consumer point of 

view, would eliminate the Range Anxiety and the commercial problem that entails.  

The article How much range is required for a day’s driving? (Pearre, et al., 2010) poses 

exactly that question. In that investigation, an extensive monitoring of 484 ICEVs was 

done for a full year. It was performed using GPS technology. The collected data was 

used to analyse daily driving patterns, and from those infer the range requirements of 

EVs. As many others studies claimed, the authors assume that EV drivers would not 

change their current gasoline-fuelled driving patterns, and also that they would charge 

only once daily, typically at home over night. The place selected for the study was an 

area surrounding Atlanta accounting for roughly half of Georgia’s population, which are 

9.7 inhabitants. That area is representative of all United States for many reasons put 

forward by the authors, supported on The USDOT Bureau of Transportation Statistics 

of United States. (U.S. Department of Transportation, 2007). Behaviours of drivers are 

very similar in all countries, and of course, in the more developed countries with mainly 

urban population. Due to that, the results in United States are extrapolated to other 

countries and in particular to Europe.  

Daily driving distance: The above approach to that topic gives a revealing perspective. 

The result agrees with the precedents, but shows much more information. It is true that 

the majority of drivers travel less than, for expanple, 160 km any day. However, only 

9% of drivers never exceed that distance along a full year. In this case, only 9% of 

drivers see their total needs covered by EVs which have a common range around 160 

km. Figure 3.7 and Figure 3.8 show the number of days that the drivers under 

investigation travel farther than a concrete distance in order to know how many times it 

is not able to supply the needs of that driver. 
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Figure 3.7. Average daily mileage distribution. Histogram of daily mileage during 
148,000 driving days over a year. Grey bars show 4 miles/day bins; zero daily miles is 
not tabulated in the histogram. The black line shows the sum (Pearre, et al., 2010). 

 

 
Figure 3.8. Maximum daily mileage. The cumulative distribution functions of each of 
the 363 vehicles’ maximum daily driving distance over a year. For each value of 
distance on the x-axis, the curve indicates the fraction of the fleet that never travels 
more than that distance during the year. (Pearre, et al., 2010) 

 

Days requiring adaptation: Due to the fact that practically any EVs have enough range 

as to satisfy the present fuel driving-patterns, to consider the options of choosing a 

mixed transport way is revealing. Given that, using a purely electric vehicle in a large 

amount of journeys is possible. Using other transportation alternatives only during the 

days when the distance requirements are larger than the range of the car, could be a 

solution. The article that is analysed here discusses how many days would be necessary 

to do some kind of adaptations if an EVs fleet is used. The “adapt behaviour” should be 

to use public transport or rent an ICEV only those concrete days.  
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Figure 3.9 shows the number of days needing some kind of adaptation in the transport 

way due to the limited range of an EV, and the percentage of the ICEV fleet that could 

be replaced by that EV. For example, a car with 160 km range could replace all the 

ICEV fleet with 25 days of adaptation. A car with a range of 320 km could replace 25% 

of the fleet without any adapt behaviour. That way of analysing data reflects clearly 

how far it is possible to implement the current EV and in what way it may be done.  

 

Figure 3.9. Fraction of the 363 vehicle fleet (numbers on lines) which would be suitable 
for an EV with the shown vehicle range (X-axis), on all but a given number of days 
requiring adaptation (Y- axis). (Pearre, et al., 2010) 

Figure 3.10 shows the percentage of the ICEVs fleet that could be replaced for EVs 

with a given number of adaptation days. Using that information to know how many 

adaptation days we need for replacing a percentage of the ICEV fleet for a particular 

EV, is possible. 
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Figure 3.10. Driving success surface by adaptation days. Fraction of the 363 vehicle 
fleet appropriate for varying vehicle ranges, with the four lines representing, (Pearre, et 
al., 2010) 

Summarizing, it depends on, with a few adaptation days, drivers who have an EV could 

cover all their distance requirements using electric vehicles with the current technology. 

In addition, as many authors reflect, the fact that many long travels over the nominal 

range of EV have relations with family and free time. To use the second car that many 

families have, and use the EV the rest of occasions, is possible. In the US, the average 

household owns at least one car, and 66.4% of households own two or more vehicles 

(U.S. Department of Transportation., 2011). Europe show similar numbers. The public 

transport is a good option in those days as well, although this may not be possible in all 

the US. That data suggests how easily the necessary conversion of the present ICEV 

fleet into electric can be made. 

 

3.2 Psychological Requirements of Drivers 

Until now, all the efforts done by governments and investigators to facilitate the 

conversion of the vehicle fleet towards EVs, have been made with the conviction that 

people are willing to change their current ICEVs to electrical ones. Many studies which 

have been done until today have treated drivers as rational agents that are worried about 

durability, cost, range of the car and other quantitative parameters of EVs (Musti, 2011). 

However, consumers are also motivated by the desire of getting pleasure, or minimize 
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the negative effects of travelling (Gardner, 2006). Additionally, purchasing decisions 

can be formed by the symbolic and identity-related meanings of product choice or use 

(Thomas S. Turrentin, 2006). People’s social interactions may also influence product 

desirability beyond simple utility considerations (Axsen, 2008). In this section of the 

paper other non-quantitative aspects that affect the potential consumers of EVs, will be 

analysed.  

In the study “Mainstream consumers driving plug-in battery-electric and plug-in hybrid 

electric cars: A qualitative analysis of responses and evaluations” of Ella Graham-

Rowe and Benjamin Gardner (Graham-Rowe, et al., 2011), 40 persons between age 24 

and 70 in United Kingdom, who are not commercial drivers, have been polled 

concerning BEV and plugging HEV at the end of a period of 20 days driving one of 

those cars, in 2011 (Graham-Rowe, et al., 2012). The participants have driven a HEV or 

a BEV during one week. Subsequently, they were asked about their impressions. The 

paper focused six different aspects: Cost minimization, vehicle confidence, vehicle 

adaptation demands, environmental beliefs, impression management and the perception 

of the electric car as “work in progress” products. The investigation identifies barriers 

and problems, related to the impressions of drivers when they use EVs, in the massive 

implantation of this kind of vehicles. The sample was carefully chosen for being 

representative of the total population of drivers of United Kingdom and to generalize it 

to the rest of countries is possible. The results of the study are shown in the next section. 

3.2.1  Cost minimization 

• For many drivers, the purchase cost looks unjustifiable when they try to compare 

the saving and the invested money in EVs, in comparison with ICEV. 

• Most polled recognize that the refuelling operation is cheaper in electric 

vehicles, and they remark it positively.  

• Drivers enjoy saving money adapting their habits to new ways of driving. 

Especially the users of HEV have enjoyed driving under the threshold where the ICEV 

engages. 

• The polled have expressed their concerns about the difficulty of forecasting how 

much money they are saving, given the unknown value of many costs like taxes, 

maintenance and insurances.  

• They are worried about the depreciation of EVs with time. 
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3.2.2  Vehicle confidence 

• Polled have felt bad sensation related to the power of EVs, arguing that in their 

ICEV it seems higher. Consequently, many drivers declare to feel less pleasure than 

driving conventional vehicles. They remark as negative the fact that they expect higher 

power performance. 

• Drivers of BEV have experimented range anxiety and that causes less usage of 

the climate-control or the sound equipment. Due to the range restrictions, BEVs are 

used only as “second car”.  

3.2.3 Vehicle adaptation demands 

• Polled were positively surprised by the easiness of the recharging operation. 

They appreciated the refuelling at home due to this giving them autonomy.  

• Sometimes the drivers have been obliged to change their life style. For example, 

sometimes they did not travel due to a low charge level of the battery or they had to 

plan longer trips in advance. 

• Many drivers considered the lower noise level of EVs pleasant, especially when 

they were driving at low speed. However, some of them missed the information that 

noise provides. That less noise level may cause problems to pedestrians, who are 

warned by the noise of the approaching vehicle. 

3.2.4 Environmental benefits  

• The majority of the drivers think that driving an EV is environmentally friendly 

and this reduces the resistance for driving. 

• Driving EVs, polled feel that they are more conscious about environmental 

problems and they identify themselves as more socially compromised. 

• Some participants show themselves sceptical due to the doubtful carbon 

footprint of EVs. 

• Many drivers, regardless of the positive environmental benefits of driving EVs, 

do not find special satisfaction in it. When they were asked concerning the most 

important factors to consider the purchase of a new vehicle, they referred to other 

parameters as more important, like power of the motor, price of acquisition, and range: 

“What do I gain from having [a PHEV] as opposed to [a non-] hybrid vehicle?’’ 
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3.2.5 Impression management 

Drivers were worried about the impressions which they could cause on the people when 

they were driving their EV. 

• Several drivers felt the need to minimize embarrassment created by driving an 

EV because they did not have the same visual appeal as did ICE cars. Above all the 

comparisons with more glamorous ICE cars increased embarrassment. 

• People with reduced mobility do not find inconvenience in the limit performance 

of EVs. They value functionality more than pleasure. 

• The green identity that EVs offer is not seen as positive for some drivers. 

However, others find social gains in the fact to be associated with people 

environmentally responsible.  

 

3.2.6 EVs as a ‘work in progress’ 

• Drivers believe that EVs are in the developing phase. They are sure that the 

objective of manufacturers is to equal the current performance of ICEVs and they are 

waiting until that moment to be able to get an EV with similar characteristics as ICEs. 

• Polled anticipate that in the future, there will exist a developed recharging 

network. 

• The perception that EVs are in the developing phase causes a low demand of 

electric cars due to drivers expecting to be able to acquire one with better performance 

in the future. 

It is possible to deduct as main conclusion sustained in many studies, that consumers 

have the same preferences when acquiring an EV as when acquiring an ICEV, see 

Figure 3.11. 
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Figure 3.11. Means of priorities of six criteria for conventional and electric vehicles. 

Subjective punctuation of respondents on the vertical axel from 0 to 6. (Lieven, et al., 

2011) 

3.3 Unmet Requirements of Drivers and Ways of 

Solution 

Many of the current requirements of drivers of EVs are not covered, as has been shown 

in the preceding sections. In this section of the paper, the main obstacles to the massive 

sale of electric cars will be analysed, and some of the current developing ways in the 

direction of solving those inconveniences will be studied.  

3.3.1 Unmet Range Requirements and Refuelling Solution 

Considering the fact that 50% of drivers travel farther than 500 km at least once a year, 

(Figure 3.2), consumers will only be able to cover that distance by using the present 

ICEV technology, without having to impair their comfort level. Nowadays, hardly any 

purely electric vehicle is capable to cover that range. Only some EREV models have 

enough range for that lengthy journey without recharging. The fact that batteries are 

devices in developing and constantly improving performance is assumed. For example, 

Li-ion battery technique has increased its energy density from 88 Wh/kg (1991) to 280 

Wh/kg (2011), and technology is still far from the theoretical limit which ranges 1-3 

kWh/kg for the common types (Haren, 2011). However, batteries with competitive 

prices that could provide energy for so long journeys are not expected in a foreseeable 

future. 

A short range according to the battery may be not a problem if we were capable of 

making “Electric Refuelling” operations quickly and easily. If a driver has a 
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hypothetical ICEV with a small fuel tank which only provided a range of 150 km, to 

cover very long distances per journey simply by refuelling at any gas station would still 

be extremely easy. The reason is simple: an ICEV driver is able to do a complete 

refuelling operation spending less than five minutes, virtually anywhere, while an EV 

driver needs typically from 30 minutes (80% quick-charge (Haren, 2011))to 48 hours 

(slowest wall-outlet charge for Tesla Roadster (Tesla Motors Ltd. and Nissan Ltd., 

n.d.)). 

To illustrate that fact, filling the tank of 51.1 litres of the Ford Focus 2009 spends two 

minutes. Considering the calorific power of gasoline and the refuelling time, 1.9 GJ of 

energy recharged in 2 minutes gives a power of refuelling of 14,000 kW. If we compare 

this amount with the power of recharging EVs, which provides power ratings anywhere 

between 1.92 kW (standard United States household outlet) and 62.5 KW (Haren, 

2011), differences are obvious. Currently, the fastest recharging method for EVs is the 

substitution of the empty battery for another full one. The company Better Place has 

designed a method with which it is possible to replace the empty battery of a Nissan 

Leaf in less than 1.5 minutes (Better Place Ltd., 2012). It is 1500 kW of power. 

Although, if the refuelling of ICEV is compared with the battery swap of Better Place, 

results still are low. However, if it is done with the range provided by both, the results 

are comparable, (see Figure 3.12).    
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Figure 3.12. Effective charging rates for the different methods (Haren, 2011). 

  

In conclusion, to travel anywhere using the present purely electric vehicles would be 

possible if were available a battery swap infrastructure comparable at the current 

refuelling network for ICEV, without expecting any batteries development. 

Recharging Network: The lack of an adequate network for recharging, increases the 

range anxiety of drivers, and impedes the possession of an EV for anyone who does not 

dispose of a private parking space with recharging possibility. Nowadays, this is almost 

the only place where to be able to recharge the electric car, if a recharging point is 

installed. In many cases, people do not have a private parking space and usually parking 

their car on the street or in public parking lots does not offer any recharging.  

A large amount of the daily commuting could be done electrically, as it has been shown 

in the previous sections of the paper. If there was a public recharging network with 

enough availability, drivers would not experience the main obstacle of purchasing of 

EVs. This fact could extend the range of EVs, if, for example, people were able to 

connect their electric cars to the grid in their working places. The majority of workers 

spend all the workday at the same place. Therefore, cars are parked enough time as to 

complete a full recharge there, and in that way extend its range to the double, reducing 

the range anxiety. In addition, to connect EVs to the grid all the time that they are 
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parked may bring many advantages, economic and regarding the management of the 

renewable energy sources (Cruz, 2010), (Binding, 2010). Regarding the fact that a large 

percentage of the vehicle fleet is parked any hour during the day, it is easy to imagine 

how the provided energy of cars may be used to level electricity consumption peaks 

(See Figure 3.13). 

 

Figure 3.13. Fraction of vehicles parked in each 10 min interval on weekdays (left 
graph) and on weekends (right graph). The average of 484 vehicles over all days is 
indicated by the thick black line, while one standard deviation of the distribution is 
outlined in grey. The minimum fraction during the year is indicated by the thin black 
line; note that the y-axis scale is truncated at 0.75, not zero, (Pearre, et al., 2010). 

 

The investment in developing and managing the infrastructure of the current petrol 

station network has been necessary, and we do not find reasons for not doing the same 

for the electric vehicles. Foremost, the charging equipment is not expensive, and to 

install such equipment would not be difficult for households and commercial enterprises 

(Lovellette, 2011).  

The concept of “Vehicle to Grid” (V2G) and other questions regarding the recharge 

network and ways to recharge will be raised in the Appendix III of the present study. 

3.3.2 Unmet Economical Requirements  

As it was showed in chapter 3.2.1, the widespread view among consumers is that 

purchasing an EV is not a good business. The acquisition price is the main obstacle, but 

the impossibility to know the charging cost is also a problem.  
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In 2011, a study conducted by Henry Lee and Grant Lovellette (Lovellette, 2011), of the 

Harvard Kennedy School, found that the comparison between purchase and operating 

costs of electric and conventional cars continue giving very bad results for the first 

category. Consumers at the moment are right. According to the estimates, a PHEV with 

40 miles of electric range (PHEV-40) is $5,377 more expensive than an ICEV, while a 

BEV is $4,819 more expensive. In other words, the gasoline costs savings of electric 

cars over the cars’ lifetimes will not make up for the higher purchase price. This fact 

deducts much commercial attractiveness. Even the massive implantation of these cars, 

due to the fact that car buyers seem to be unwilling to pay more for an electric car, 

could be unviable. A survey taken by Nielsen for the Financial Times has shown that 

65% of Americans and 76% of British are not willing to pay more for an electric car 

than for a gasoline car (Reed, 2011).  

This situation will change in the future. The study (Lovellette, 2011) points out that in 

the next 10 to 20 years, BEVs will become significantly less expensive than 

conventional cars ($1,155 to $7,181 cheaper). PHEVs, however, will be more expensive 

than BEVs in almost all comparison scenarios. For now, it seems that EVs cannot 

compete with ICEV, but this will change soon. Adequate policies and efforts in 

marketing would accelerate this process. 
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4 Why an EREV? 

Many different electric cars can be found on the market, as the Appendix II shows. This 

chapter analyses some of the more commercial current configurations and discusses 

what can make the best adaptation to the requirements of consumers, and the 

development status of infrastructures for EVs. The project is focus on private transport, 

more precisely, typically five-seat cars, which could be considered the most usual kind 

of car today (edmuns.com, 2012). Non-plug-in electric vehicles are not considered, even 

though it is a good option at present, they are not enough environmentally friendly 

compared to conventional ICEVs and they do not add more than a little reduction of 

CO2 emissions.  

4.1 Battery Electrical Vehicle: BEV 

BEVs are the only pure electrical car. This kind of vehicle is the most environmentally 

friendly of all considered technologies in this paper (Fessler, 2011), as it only uses 

electric energy. This fact, besides to be the less contaminant way for providing energy 

to the transport system taking into account the current electricity mix (Haren, 2011), 

leaves the door open to a future renewable mobility if the electricity mix becomes 

completely renewable. Those and other indirect benefits, such as the reduction of 

exterior energy sources in countries that do not produce fossil combustibles, the 

displacement of pollution outsides urban centres, and the drastic reduction of acoustic 

pollution, make these cars the most desirable option. Nevertheless, BEVs face some 

insurmountable weaknesses, those prevent its massive commercialization.  

• Limited Range: Any BEV is capable to cover the minimum range required by 

drivers (Haren, 2011), due to the early stage of batteries’ development (Gerssen-

Gondelach & Faaij, 2012) (Gondelach, 2010). This fact causes range anxiety. 

• Absence of Recharging Network: The limited range would not be a problem if 

there was an adequate recharging network (see Appendix III). Some already 

existing recharging solutions, such as the “electric refuelling” of Better Place 

(Better Place Ltd., 2012), could provide quick recharging anywhere, in a similar 

way to the current gasoline refuelling. It could make unnecessary to wait the 

improvement of battery technologies. 
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• High purchase price: BEVs with less performance than ICEVs have a higher price. 

Sometimes is almost double. Only models that do not include the battery, making 

the buyer to rent it, have similar prices, see Table 4.1. Nevertheless, in those cases 

price of cars are confusing, as clients do not know the real price of the car. * These 

prices refer to ICEV models with equivalent performance from the same manufacturers. 

**The price does not include the battery (for rent, around 80€/month)  

• Table 4.1 shows the prices in Spain of some BEV models and their equivalent 

ICEV. Those differences are applicable to the rest of countries.  

Model of BEV* Price (€) Model of the equivalent ICEV Price (€) 

Renault Zoe Preview 21.000**  Renault Laguna 20,400  

Peugeot iOn 29.150  Peugeot 107 11,900 

Nissan Leaf 29.950 Nissan Note  13,940 

Renault Fluence 19.800 Renault Clio 13,400 

Citröen C-Zero 29.146 Citroën C3 11,100 

Mitsubish i-MiEV  34.400 Mitsubish Colt 11,260 

Renault Kangoo 14.000**
 Renault Kangoo 15,200 

Smart fortwo electric 19.000**
 Smart 45 HMD 9,795 

* These prices refer to ICEV models with equivalent performance from the same manufacturers. 

**The price does not include the battery (for rent, around 80€/month)  

Table 4.1. Comparison of BEVs and their equivalent ICEV (Coche Eléctrico: El coche 

eléctrico en España, 2011) (Renault España, n.d.) (Motorpasion, 2012) (Blog de 

conducción ecológica y eficiente, 2012) 

4.2 Plug-in Hybrid Electric Vehicle: PHEV 

PHEVs combine some of the advantages of ICEVs and BEVs, and of course, some of 

their inconveniences while BEV technology is definitely improved. Each configuration 

of HEV presents weaknesses and strengths. However, all of them try to solve the main 

obstacles to the purchasing of pure electric vehicles: Limited Range, impossibility of 

fast refuelling anywhere, and the excessive acquisition cost. The potential for PHEVs to 

reduce per-vehicle petroleum consumption is high. Reductions of 45% are possible 

using designs of PHEV20 (PHEV with 20 km of electric range) (Simpson, 2006). As its 

name indicates, HEV are the nexus between fuel and electric cars. Compared to BEVs, 

HEVs have many advantages as it has not the problem of a pure electric vehicle. On the 
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other hand, its environmental strong points are not so beneficial (Energía y Sociedad, 

Iberdrola., 2011) (Vliet, et al., 2010). 

• Range: The range is very limited in the electric mode, but in many cases, it is enough 

to cover many of the daily commuting of the population, see Figure 3.6. Using the 

fuel mode, those cars have a range perfectly comparable with common ICEVs. It has 

the option to make a normal refuelling at the current petrol stations and eliminates 

the range anxiety.  

• Price: There is still a high purchase price, higher than for ICEVs. In general, the 

difference is related to the size of the battery. Every additional 15 km in vehicle 

electric range adds about $1,000 to the cost (Intitute for Analisys of Global Security, 

2012). These differences permit buyers to study the best options, in relation to their 

particular behaviour.  

• Environmental: The well-to-wheels (WTW), which means the emission related with 

all the processing of petrol, since is extracted to is used to produce energy (directly in 

the car through the fuel engine, or in power stations to producing electricity and 

recharge the car) may reach 50% regarding with ICEV (Intitute for Analisys of 

Global Security, 2012).  

 

Figure 4.1. Potential reduction of petroleum consumption in charge sustaining mode 

(CS- mode) PHEVs (Simpson, 2006) 
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4.2.1 Parallel Settings vs. Series Settings: PHEV vs. ERE V 

It is some controversy concerning to the classification of the different technologies and 

configurations for hybrid vehicles. General Motors (GM) defines the extended range 

cars as follows: 

“A vehicle that functions as a full-performance battery electric vehicle when 

energy is available from an on-board RESS [Rechargeable Energy Storage 

System] and having an auxiliary energy supply that is only engaged when the 

RESS energy is not available.” (Green Car Congress, 2008) 

They use the term PHEV for plugging hybrid vehicle configured in series. Using this 

terminology, GM made a study whose goal was to determine which of the EV non 

purely electric, PHEVs or EREVs, contribute more strongly to reducing the real fuel 

consume (HEVs were not considered as they are not plug-in), or in other words, which 

of as they has a more electric performance (Tate, et al., 2008). For that purpose, a 

simulation was done using the real driving data of 621 drivers, captured in the Southern 

California Association of Governments (SCAG) Regional Travel Survey (RTS). These 

driving cycles are more demanding than normalized ones, as they are extracted directly 

from real driving journeys. Only 5% of the PHEVs simulated in the study would 

achieve EV-only operation, in contrast with 64% of the EREVs. 

The study of GM showed the following results and conclusions (see Figure 4.2, Table 

4.2 and Figure 4.3): EREV are the hybrid vehicles that consume less fuel. 

 

Figure 4.2. Average fuel Consumption of different Simulated Vehicles (Tate, et al., 

2008) 
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Table 4.2. Terminology used by GM in the simulation (Green Car Congress , 2008) 

• 60% of the population are able to drive with 100% EV operation if they are user 

of EREVs, while less than 6% of PHEVs drivers can.  

Figure 4.3. Per cent of population with EV operation (Tate, et al., 2008) 

• EREVs are more than ten times more likely to finish a driving day in electric mode 

than PHEVs. 

• EREVs consume less than a half the amount of petrol compared to PHEVs, if 

overnight recharging is supposed, in the real world 

• EREVs will reduce regulated emissions that are due to initial trip starts by more than 

70% when compared to PHEVs in the actual application: 100% of EREV drivers 

start their journeys in EV mode, and only 10% of PHEVs drivers do the same. 

• In the event of problems with petroleum supply, the majority of drivers could do 

their journeys without problems if they drive an EREV. 

Terminology Meaning  

Conventional Conventional powertrain 

HEV Hybrid Electric Vehicle (HEV) with a 40 kW electrical power constraint 

Conversion 

PHEV 

PHEV powertrain with a 56.32 km/h speed constraint, a 40 kW electrical power 

constraint, 3.5 kWh of usable electrical energy (as opposed to total battery pack 

energy), and a blended operating strategy 

Urban-Capable 

PHEV 

a PHEV powertrain with a 96.56 km/h speed constraint, a 53 kW electrical power 

constraint, and 3.5 kWh of useable electrical energy 

E-REV 
a powertrain with 8 kWh of useable electrical energy (Volt pack is spec’d at 16 kWh 

total) and EV capability not limited by electric power or driving speed 
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5  Modelling of the Route 

5.1 Choice of the vehicle 

To performance the simulation, the first step is to choose a commercial EREV vehicle. 

There are three vehicles under EREV definition in the massive market today: Chevrolet 

Volt, Opel Ampera (see Figure 5.1) and BYD F3DM (Opel, 2012) (BYD Autos, 2012). 

However, the two first vehicles are “twins”; both vehicles are manufactured by General 

Motors. The third vehicle is an EREV manufactured by the Chinese company BYD. 

The vehicle selected for this simulation is Opel Ampera. The decision has been taken 

considering various factors: 

• Car of the year: Chevrolet Volt (Opel Ampera in Europe) was elected the car of 

the year in 2011 in North America, and the car of the year in 2012 in Europe 

(Opel, 2012). 

• Technical information available: There is more information available about Opel 

Ampera than BYD F3DM.  

• External appearance: The design of Opel Ampera is adequate for the purpose. 

The medical company used to simulate the route in this paper, Acuña Fombona 

(Acuña Fombona, 2010), needs a respectable image. 

• Experiences: There are more comments and tests available in technical 

magazines. 

• Security: Opel Ampera has five stars in Euro NCAP safety test (Opel, 2012). 

 

Figure 5.1.Opel Ampera (Opel, 2012) 
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5.1.1 Characteristics and function 

Opel Ampera is an EREV, which powertrain consists of two electric motors and one 

ICEV. The two electric motors have different tasks: the principal and bigger (111 kW), 

which assumes the motion task of traction, and the secondary, which usually works as 

generator. The ICE is an Opel 1.4 Eco Tec, with a maximum power of 86 kW (Carinfo, 

2012). The battery has a capacity of 16 kWh, but only uses 10 kWh, in order to improve 

the battery life (Opel, 2012). There are four modes of internal operation, which means 

that the driver cannot select them (Scott-Thomas, 2011), see Figure 5.2. 

• Mode 1: The Ampera operates normally in this mode. The traction is entirely 

electric, and the Range Extender (RE), is disconnected. The 360 V DC is 

converted into three phase AC to the traction 

• Mode 2: This is the High Speed mode. The efficiency of the electric motor 

decreases at high revolutions. At the time, the second electric motor helps the 

principal. As a consequence, the primary motor can reduce its revolution per 

minute (rpm) without losing power. The motors can run in different speeds 

because of the planetary gearbox. 

• Mode 3: This mode switches on the RE when batteries are discharged. Thus, the 

engine powers the generator only to charge the batteries. The principal motor, 

obtaining the energy from the batteries, powers the wheels. 

• Mode 4: This mode is used when higher power is required, and the State of 

Charge (SoC) of batteries is low. Then, the engine switches on and powers the 

wheels directly. The extra energy is stored through the generator in the battery. 

This mode made the vehicle more a hybrid than an EREV. 
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Figure 5.2 .Opel Ampera operation scheme, (Opel, 2012). 

However, there are also four driving modes that the driver can choose. These modes are 

designed to improve the efficiency considering the route or the driver desires (Opel, 

2012). These modes are: 

 

• Normal: This mode is used in normal conditions. This is the mode that the 

manufacturer recommends. This mode runs in electric mode when the state of 

charge goes between 98% and 23%. When the battery charge reaches the 

minimum level, the range extender switches on. 

• Sport: This mode increases the accelerations but could reduce the efficiency. 

• Mountain: This mode keeps some energy in the battery to overcome the power 

peaks in mountains. The vehicle switches on the RE when the state of charge is 

lower than 45%.  

• Hold: This mode reserves the remaining battery to be used as the driver desires. It 

could be used before entering a city. It has the same performance as Mountain 

mode, but the percentage of energy stored is not controlled. 

• Mode F: This is not actually a drive mode, because it is selected in the gear lever, 

but affects the SOC. This is one of the modes available in the shift lever. Mode F 

helps to stop the vehicle without using brakes, but using regenerative braking. Is 

useful going downhill, to retake the maximum energy possible (Scott-Thomas, 

2011). 

The dates about the vehicle used in this simulation are in Appendix V 
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5.2 Selection of the driver 

As the object of this project is analyzing the performance of EREVs in difficult 

situations, the selection of the driver is crucial to investigate the real advantage of this 

vehicle. Hence, in this paper the driver is a salesman of medical products. In order to 

achieve relevant information, the authors have been in contact with Juan José Jiménez 

Merino, salesman manager of Acuña Fombona. This company supplies spinal prosthesis 

to hospitals along Andalucía. The aspects considered are: 

• Daily travelling distance: As noted in chapter 3, 95% of the drivers drive less 

than 120 km each day, so in this project we have to choose a person who drives 

more than this distance in a standard work journey. The selected salesman has 

to visit several hospitals, medical centres and private clinics, located in cities or 

in other towns, and return home, so the range per day needed is around 140 km.  

• Different routes each day: The salesman gets new directions for a route every 

morning. This means that the car has to be prepared every moment to provide 

the correct power.  

• Place of residence: In chapter 3, the suitability of EV in urban usages was 

demonstrated, where the multiple stops and accelerations increase the fuel 

consumption in ICEVs. However, it is in interurban roads and highways where 

these vehicles present their weakness, and although EREVs solve them in most 

of the cases, if the battery is low and power demand high, the power of the 

vehicle is restricted. For this reason, we have chosen someone who lives outside 

of a city but have to work both inside and outside of it. We have also supposed 

that he lives in a private house, to make the charge during the night possible.  

• Recharge Points: As presented in chapter 3, an adequate recharge network can 

extend the range of EVs. The same occurs with EREVs. If a sufficient network 

were present, a recharge of the battery could be possible at each stop, and thus 

the electric range could be extended.  In the case of taxi drivers, the periods 

when vehicles are stopped are irregular, and they can be long. Thus, if there 

were recharge points available in each taxi stop, the range using the range 

extender would be reduced. For these reasons, it is decided not use a taxi driver 

in this simulation.  
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5.3 Selection of the route 

The selection of the route is an essential part of this project. Depending on the route 

characteristics, the vehicle will be tested to a greater or lesser degree. This route ought 

to be exigent, considering different environments, distances, slopes or traffic situations. 

The route selected is placed in Málaga, city of Andalucía, Spain. It is the sixth city in 

Spain considering population with about 560.000 habitants. Malaga has been elected by 

the international program Smart City, which consist of an implantation of a smart grid in 

a real environment. This program is running also in cities such as Stockholm and 

Amsterdam. The points considered, and the justification for these decisions is exposed 

during this section: 

• Number of Kilometres: One of the main problems of EVs is the range, see chapter 3), 

so this is the first feature that the route has to consider. EREVs can solve the problem 

of the range, but these vehicles do not have the same power available along the route. 

Thus, the task is to complete the journey without power deficiencies. As a 

consequence, the selected route is 140 km which is more than the 95% global 

population journal range, cf. See Figure 3.1. 

• Environment: The chosen path contains all environment situations: urban, interurban 

and highways roads. The driver drives inside a large city, in small towns, and 

highways placed in hills. This requires that the vehicle has to adapt to each 

environment using the different conduction modes available in this car. Málaga is 

placed near the coast but is surrounded by mountains, and with a great number of 

small towns in the vicinity. A considerable number of people who live there, travel 

every day to and from the centre of the city. Most of the hospitals and private clinics 

are placed in the city of Málaga, but in the selected route, three are in other towns. 

The first stage is placed in TPA (Technologic Park of Andalucía), where the medical 

company is located. Here is where the driver receives the route in the beginning of 

each day. Climate factors also have been considered in the selection of the place. The 

average temperature during a year in Málaga is 18ºC, which is beneficial for a 

correct life of the batteries. 

• Elevation differences: Vehicle manufacturers usually indicate the range of their EVs 

in flat routes (Nissan, 2012). However, when the terrain has significant elevation 

differences, and the power requirements are higher, the range of the EVs could be 
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severely reduced. Approximately the 60% of the route is performed in highways 

placed in mountains, see Figure 5.3. This part of the scenario is designed to probe the 

Mountain Mode of the vehicle. This could show how influential a previous GPS 

analysis of the route could be to know when and where to switch to this mode, in 

order to maintain an accurate distribution of power. The mountain roads also allow 

controlling the amount of energy retaken by regenerative braking. 

 

Figure 5.3. Accumulated distance vs. height 

5.4 Route Design 

Once the location of the route is decided, the exact path has been specified, knowing the 

stops and recharge points previously. Besides, the different environments forces the 

creation of different speed ranges and profiles. The simulation of the chosen model of 

EREV, the Opel Ampera, has been done with MATLAB®. MATLAB ® (matrix 

laboratory) is a numerical computing environment and fourth-generation programming 

language. In this paper, a new code in this programming language has been created in 

order to create a realistic simulator of the behaviour of the car. This has been done using 

the mathematical relationship described in chapter 5.5. Thus, a parameterization is 

needed in order to include the route characteristics in the code. Therefore, a route 

parameterization system has been developed and is explained along this section. 

5.4.1 Environment  

This factor represents the type of road during each part of the route. The program works 

by fixing the speeds in each sub-point and thereafter it calculates the acceleration and 
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other values. Hence, to assign logical values to each sub route is crucial. The different 

environments considered are the four main speed steps in the Spanish road network: 

residential, urban, interurban and highways. Every environment has its own speed 

range. Figures 5.4 and 5.5 show the speed range in each environment and the 

percentages of each type of environment in this simulation. The Highway environment 

is the most used in this route. The route has been designed in this way to really subject 

the vehicle to a tough test without ever losing realism in the simulation. To each 

environment we have assigned one number and colour. 

        

Figure 5.4. Percentage of each environment Figure 5.5. Speed limit of each 
environment in the route used in this 
paper.        

 

5.4.2 Speed Profiles 

These profiles dictate the speed and when to accelerate or when to decelerate in each 

step. Twenty four different profiles have been created to simulate different behaviours. 

Each profile combined with any environment gives a concrete speed behaviour which is 

used to calculate the other parameters. All these profiles are in Appendix IV and they 

have been designed taking different conduction standards and different conduction 

cycles into account. These profiles have 5 points in the most of the cases, except the 

specials which have 8 points. These points represent percentages of speed and distance, 

so when this profile is assigned to one step, we obtain five of eight new points with a 

concrete speed, elevation and length. Between two of these points, we consider a 

constant acceleration, and it is calculated with the difference of speed of each point. 
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Moreover, these values are used also to calculate the power required. Every profile is 

explained in Appendix IV. 

Recharge points are other crucial aspects of this simulation. We will consider two 

situations: the real recharge points today available and a supposed recharge network in 

the future, where the recharge points are placed on public buildings. The current 

situation has three points: at home, at work in the TPA, and in Maria Zambrano train 

station, where there are free chargers. These chargers use the regenerative braking 

energy of trains. These different scenarios will provide useful information to assess all 

of the net impact on the viability of EREV. 

5.5 Theoretical Background 

All mathematical relations, who describe the performance of the vehicle, are detailed in 

this section of the paper. Some physical phenomena that influence the behaviour of the 

car have been ignored, as the friction of the air or the wheel slip, due to their low 

relative importance. They unnecessarily complicate the simulation. All these 

assumptions are explained in chapter 5.6. Aerodynamic drag force (FAD), force caused 

by slope (FS), and inertia of the car (FiC),  rolling resistance (FRR) and the wheel 

rotational inertia, (τW) are the forces taken into account. Table 5.1. describes the 

nomenclature.  

Parameter Abbreviation   

Drag Force FAD 
Force of Slope FS 
Force of car’s inertia FiD 
Rolling Resistance FRR 
Wheel Torque of Inertia τW 
Torque caused by FRR τRR 
Torque from the engine Te 

Torque from brakes Tb 

Weight supported by each wheel Mvg 
Reaction force Nv 

Radius of the wheels RW 

Forces on the body FB 
Forces on the wheels FW 

Table 5.1. Parameters 
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5.5.1 Forces on the body:  

Aerodynamic drag force: that force is function of air density	�ρ�, the drag coefficient 

specific to the vehicle (���, speed of the car (�� and frontal area of the car (��. 

�	�	 
	1 2 ��ρ	�
��         (1) 

Force due to slope: This force depends of the angle θ of the slope. 

�� 
 �� sin �          (2) 

Force related to the car’s inertia: Where (a) is the linear acceleration of the car, and (M) 

the mass. 

���	 
 ��          (3) 

Forces on the body: They are applied over the centre of gravity of the car (CoG), (see 

Figure 5.6). 

�� 
 �	� � �� � ���          (4) 

 

 

Figure 5.6. Forces on the body of the car 
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5.5.2 Forces on the Wheels 

Wheels’ inertia torque: This torque is caused by the angular acceleration of the wheels. 

(α) is the angular acceleration of the wheels, and (MW) their mass. 

 τ� 
 1
2 	��α         (5) 

  

Rolling Resistance: This force is caused by the deformation of the wheels in contact 

with the ground. This fact produces a torque that opposes the rolling. �	��	is the rolling 

resistance coefficient and � the slope. 

	���	 
 �	���� sin �         (6) 

	τ��	 
 �����          (7) 

Force on the wheels: They are applied as Figure 5.7 shows. 

��	 
 �	�� �	τ���         (8) 

       

 

Figure 5.7. Forces on the wheels 

5.5.3 Power requirement  

According to Chapter 5.6., the acceleration remains constant between consequtive 

points in the route. However, the power demanded by the route is a function of the 
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speed, and changes continuously in a non-linear way. This fact makes the calculation of 

the energy demanded by the car in each route section more difficult, due to the energy 

being calculated using average values of the instantaneous power between consequtive 

points.  

Power required by the drag force: This is the only component of the total required 

power by the route that is a non-linear function. The average value of this power 

between two points has been calculated in MATLAB® using a loop. That loop divides 

the route section into 1000 points and calculates the power for each point, and takes the 

average value of them. This value is assumed as the average value during the route 

section.  

�	�	 
	1 2 ��ρ	� �         (9) 

Power of the rest of body forces: The rest of the body forces over the car do not depend 

on the speed, so the power that they demand depends linearly on the speed. Medium 

values for this instantaneous power are easily calculated, considering an average speed.  

�� − �	�	 =	 (�� + ���)�        (10) 

Power required by the forces on the wheels: These powers depend linearly on the speed 

as well. Equation (11) is used to calculate the power due to the forces on the wheels, 

where ω is the angular speed of the wheels. 

�� =	 (τ� + τ��)ω          (11) 

Total required power by the route: The addition of all the powers previously defined 

gives the total required power on the route. This power can be positive or negative. 

When this power is positive, is supplied from the different energy sources of the car 

(battery or gasoline tank). The amount of energy consumed from these sources is 

calculated multiplying the average value of the power by the time going from one point 

to another. When the power is negative, it is absorbed by the brakes. A part of this 

amount of energy is restored to the battery through the regenerative braking. The 

equation (12) defines the total power required by the route, where E is the amount of 

energy and ∆t is the spent time going between two points. 

" = 	 (P� + P�)∆$          (12) 
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5.6 Assumptions 

The different assumptions taken into account in the modelling of the car are presented in 

the present section of the paper. Some of them have been done in order to simplify the 

mathematical modelling of the car, when simplification does not greatly affect the 

results. Other assumptions have been considered due to the impossibility of finding 

data.  

5.6.1 Operating diagram of the car 

A simplified diagram of the car has been considered. Some of the operation modes of 

the car cause little modification in the efficiency, (Drive for innovation, 2010) and thus, 

they have not been considered. Only two modes of internal operation have been taken 

into account: purely electric mode and range extender mode. In those two modes, the 

ICEV and the generator are never connected with the drive unit. The only purpose of the 

range extender is to supply energy to the battery. The difference between the modes is 

the running or not of the ICE. Figure 5.8 shows the simplified diagram of the car. 

 

Figure 5.8. Simplified diagram of the car 
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5.6.2 Two-dimensional route 

The power losses in curves have not been considered in the route. The overwhelming 

majority of the time, cars is going straight. In curves, the speed is less and the power 

losses are minimized.  

5.6.3 Constant acceleration 

When modifications in the speed are required by the route, they have been realized with 

constant acceleration. This has been done in order to simplify the mathematical relations 

between the different magnitudes used to calculate the required power in each point of 

the route. That assumption does not affect to any result of the simulation. 

5.6.4 Regenerative Braking 

A maximum capacity of the regenerative braking has been supposed, as function of the 

speed and the negative acceleration of the car. Two coefficients have been defined to 

describe the energy that could be recovered in each braking. One depends of the speed, 

and the other depends of the acceleration (driveforinnovation.com, 2012.). See Figure 

5.9 and Figure 5.10. 

 

Figure 5.9. Regenerative capture as function of the speed (National Renewable Energy 

Laboratory, 2012) 
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Figure 5.10. Regenerative efficiency as function of negative acceleration (Drive for 

Innovation, 2010) 

 

5.6.5 Operation of the Range Extender 

The ICE used as range extender in the Opel Ampera works between 2000 and 4000 rpm 

(Opel, 2012). The speed of rotation of the combustion engine is electronically managed 

by the onboard computer in order to maximize engine efficiency. A constant speed of 

rotation of 4000 rpm has been supposed due to the lack of information about the 

electronic management of the engine. This range corresponds to the maximum torque of 

the engine. All technical data are detailed in the Appendix V. 

5.6.6 Grid to Vehicle (G2V) 

According to the manual of the Opel Ampera, a recharge at home of 240 V and 10 A 

has been supposed. 240 V and 16 A has been considered in public parking where the car 

is recharged. 

5.6.7 Mountain mode 

This operation mode of the vehicle turns on the range extender when the battery charge 

level is below 45%. A shutdown of the extender range has been supposed when the 

battery charge level is 55%.  
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5.6.8 Meteorological conditions 

25ºC and atmospheric pressure have been supposed. These are normal conditions 

around Málaga city. Those values influence the air density, and the power losses due to 

the drag force, which depends of the air density.  

6 Simulation 

Three different simulations have been realized. Two of them have been done assuming 

the real route, with the existing recharge points. The third one has been simulated 

considering a possible future scenario: the installation of recharge point in every public 

parking place. This could extend the purely electric range of EREVs.  

• The first simulation uses the Normal mode and the Mountain mode. In the mountain 

mode, the driver switches on the RE before entering a mountain zone and 

disconnects it when he believes that it is not necessary. Thus, in this mode, the GPS 

information is managed by the driver to decide where to connect the RE.  

• The second simulation uses the Normal and the Hold mode. In this simulation the on-

board computer decides when to switch on the RE and when to disconnect it. Using 

the GPS information, the on-board computer engages the RE when the SoC is lower 

than 1 kWh. Then, the on-board computer calculates the time that the RE has to be 

connected to finish the route with the battery almost empty, in order to cover the 

maximum of the route in electric mode.  

• The third simulation is completely realized in normal mode in a future scenario. 

This scenario includes more recharge points in every parking or hospital. 
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6.1 Methodology 

An orderly and accurate method is required, due to the great number of points and 

calculations. This simulation has been developed following a sequence of 

predetermined steps. The process is diagrammatically shown in Figure 6.1. 

 

 

Figure 6.1. Steps of the methodology 

6.1.1 Selection of the stops and the route 

First of all, it is necessary to choose the scenario where the simulation will be 

conducted. Once the region is selected, the destinations shall be determined through 

which the route has to pass. Then, the optimal connection between points will be 

created to draw the route. The final choice and the argument for this decision are 

explained in chapter 5. The program used to calculate this route is Google Earth.  

6.1.2 Division of the route 

 The full route is divided into sections in order to simplify the analysis. Following, the 

route sections have been drawn in Google Earth (see Figure 6.2) separately to obtain 

their own height profile. Once all route sections are obtained, each section has been 

divided into steps, through the introduction of decision points. These decision points are 

usually situated in places where these two situations occur: change of road or slope. 

Therefore, multiple points have been created where the speed, environment, or slope 

change. The distances between these points are steps, where the slope percentage is 

constant. This system of divisions made it easier to parameterize the route. 
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6.1.3 Parameterization of the route 

To insert all these points in the MATLAB code, an intermediate process is required. 

This process consists of assigning an environment and a speed profile to every step. In 

this manner, a nice adaptation of real behaviour to this route is obtained, while still 

having a random component. The speed profiles have been designed with input and 

outputs only at 0%, 20%, 80% and 100% of the speed range. In conclusion, the route is 

built as a puzzle; each step is a piece and has to be assembled correctly with the 

adjacent. The management of the data is performed in an Excel worksheet. The results 

from this worksheet are arrays, which represents distance, height, speed profile, 

environment and slope between decision points. 

6.1.4 Speed diagram  

This diagram is the result of the union of each step until the path is complete. The data 

outputs of the Excel worksheet become inputs in the MATLAB code. Then, the 

program takes the points of the corresponding profile, the speed range of the 

environment and calculates the speed, and accumulated distance of each points of the 

step. The speed diagram is a graphic where is represented the speed respecting to the 

distance. 

Figure 6.2 Geographical localization and division of the route into stretches 

and decision points. 
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6.1.5 Calculate acceleration and power 

The line that joins two points in the speed diagram has a constant slope. The slope of 

this line is the acceleration. The distance between decision points is not constant, and 

some profiles with short steps could produce very high acceleration. Sometimes, these 

accelerations produce instantaneous powers higher than the nominal power of the Opel 

Ampera. To solve this problem, once the acceleration arrays are calculated, the 

conflictive points have been detected. Special speed profiles have been created to 

modify these conflictive steps, to produce adequate accelerations that do not produce 

higher power than the car’s available power. The power required is calculated through a 

balance of the forces which act on the vehicle and the characteristics of the step, see 

Chapter 5.5. 

6.1.6 State of charge, conduction modes and emissions 

Considering the average value of the instantaneous power in each step, the state of 

charge is modified in each decision point. This state of charge could increase or 

decrease, depending on the power balance. SoC is increased when the power is negative 

through the regenerative braking, and is decreased when the power is positive. The 

conduction modes also act on the state of charge and in the CO2 emissions due to they 

having influence on the running time of the range extender. One of the goals of this 

simulation is to complete the route with the minimal consumption and without power 

insufficiencies. This depends strongly on the correct use of conduction modes. Once the 

zones where the power requirement is higher are detected, the points where to switch on 

the range extender can be decided. 

6.1.7 Economic factors 

One of the most relevant results of this simulation is the economy of the use of this 

vehicle. To calculate these costs, besides of fixed costs, it is necessary to calculate the 

electricity and gasoline consumption. These costs depend on the electricity prices, the 

gasoline price and the usage of the range extender. The electricity not always comes 

from the same source, so different prices are used in the different scenarios. In the first 

scenario, only the cost of the consumption at home is considered, because the other two 

recharge points of the route do not increase the total cost of the route; the first is payed 
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by the company, and the second one is. In the second scenario, all recharge points are 

not free and corresponding energy prices are applied. 

6.2 Results 

During this section, the results of each simulation will be exposed. However, this 

paragraph is only to show the results. The interpretation and discussion about the results 

are placed in the previous section. 

Three scenarios have been studied in this paper: two with the available recharge 

network of today and one future, considering recharge points in every public place. The 

scenarios referring to the current network have the difference in the drive mode used. 

The first scenario uses the mountain mode and the second scenario uses the hold mode. 

In the future scenario, only the normal mode is used. The route elevation, speed, 

acceleration and power profiles are the same in every simulation. In other words, this 

simulation compares the differences of energy consumption using different driving 

modes, but with the same route and drive behaviour. 

Note: The acronyms between brackets are the notation used in the MATLAB code. 

The results are the following:  

• Drive Cycle: This is the speed behaviour during the route. It is the same in every 

simulation. This graphic shown the correct couple of each speed profile and the 

environment (see Figure 6.3). 
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Figure 6.3. Driving cycle 

• Height profile: This graphic shows the elevation profile along the route. It is the 

same in the three scenarios. This graphic is shown also in chapter 5.3, but it is 

considered a proof of the goodness of the simulation. 

 

Figure 6.4. Profile of the route 
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• Power requirement Profile: This graphic shows the power in each control point. 

This profile is the same in each simulation, see Figure 6.4. 

 

Figure 6.5. Power requirement profile 

• Acceleration Profile. The figure shows the acceleration values during the route. 
It is the same in every scenario (see Figure 6.5). 

 

                        Figure 6.6. Acceleration profile 
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• State of Charge Profile: This graphic shows the SoC of the battery during the 

route. This graphic changes depending on the mode used. The time that the 

vehicle is stopped is equal in every scenario, and it is 30 minutes. The vertical 

lines are recharge points.  

 

Figure 6.7. SoC in scenario 1 

 

Figure 6.8. SoC scenario 2 
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Figure 6.9. SoC scenario 3 

• State of charge at the final point (SoC): This value represents the amount of 

energy available in the battery at the final point of the route. The energy is 

expressed in kWh. 

• Energy supplied by RE (Ae): This is the amount of energy supplied by the 

Range Extender to the vehicle. This parameter is expressed in kWh. This energy 

depends on the scenario (see Table 6.1). 

• Range Extender Uptime (t1): This is the time that the RE is working, expressed 

in minutes. This time depends on the mode used (see Table 6.1) 

• Total time of the route (time): This is the time that the driver is using the 

vehicle, whatever the mode of operation. This time is the same in every scenario 

(see Table 6.1). 

• Distance using the RE (km): This value represents the number of km that the RE 

is working. This value changes in every scenario (see Table 6.1). 

• Energy supplied by the external network (G2V): This is the amount of energy 

that the vehicle receives from the network. This number only considers the 

energy obtained during the route, not at home. The simulation assumes that the 

vehicle starts the route every day with SoC at 100% (see Table 6.1). 

• Total distance (total_distance): This value is the total distance of the route. This 

value is the same in every scenario (see Table 6.1). 
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• CO2 emissions (CO2): This value represents the mass of CO2 emitted in each 

scenario. These emissions are well to wheel, which are the emissions considering 

also the emissions created in the energy source; this means that the generation 

emissions have been also considered. This quantity is expressed in g/km (see 

Table 6.1). 

• Litres of gasoline (litres100): This value is the amount of litres per 100 km 

consumed by the RE in each scenario (see Table 6.1). 

• Energy costs (Eur): This value represents the cost of the route in energy 

considering electricity and gasoline. The changes of the electric fee depending of 

the hour have been considered too in this price (see Table 6.1). 

• Total costs (TotEur): This value is the total cost of the route considering the 

price of acquisition and operation. This cost is expressed in Euro and depends on 

the mode used (see Table 6.1). 

 Mountain Mode Hold Mode Normal Mode 
Ae (kWh) 9.375 6.55     -      
t1 (minutes) 11.434 7.98     -      
Time (minutes) 146.525 146.52    146.52    
km (km) 21.087 10.46     -      
G2V (kWh) 7.306 7.306    7.84    
total_distance (km) 137.894 137.894    137.894    
CO2 (g/km) 57.277 45.68    35.31    
litres100 (litres / 100 km) 0.97 0.48   -      
Eur (€) 2.32 1.54    1.89    
TotEuro (€) 39.28 38.51    38.86    
SoC (kWh) 2.84 0.0088 1.104 

Table 6.1. Result of the simulations 

6.3 Analysis of the Results 

During this chapter, the results of the simulation are analysed. The method of analyses 

that will be used is to select one by one the results and compare the values of the three 

scenarios. Through this analysis, the following conclusion is exposed: 

• Drive cycle: The drive cycle diagram shows the speed of the vehicle in each control 

point. In the diagram, the range of speeds of each environment can be seen. The 

mean speed is over 83 km/h, higher than speed recommended by the manufacturer to 
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avoid a high consume (Opel, 2012). This is a proof of the correct choice of the route; 

most of the time the car is in the exigent zone.  

• Power Profile: The power profile shows the power in between control points. The 

peaks over zero represent the power supplied by the vehicle. In contrast, the peaks 

under zero represent the braking power. A part of this braking power can be 

recovered by the regenerative braking. The maximum power required is less than 

112 kW, which makes this route adequate to the specifications of this vehicle. The 

minimum power value is over -112 kW. The mean of the positive power is 28 kW, 

while the mean of the total powers is 9.7 kW (see Figure 6.4). 

Figure 6.10. Accumulated distribution of power. 

 

• Acceleration Profile: This graphic shows the acceleration between control points. 

The values of the acceleration oscillate between 2 and -2 m/s2. These values are 

considered as soft conduction (Long, 2000). There are only a few points where the 

acceleration is higher; the maximum acceleration is around 4.55 m/s2 and the 

minimum is -6.25 m/s2. The mean of the positive acceleration is 0.2 m/s2 (see 

Figure 6.10). 
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Figure 6.11. Accumulated distribution of the accelerations. 

 

• SoC Profile: At the graphics of SoC-distance, different situations can be 

observed. While the function is a vertical line, the car has been recharged (V2G). 

In the rest of the route, the SoC decreases at the points where the power is 

positive, and increase at the points where the power is negative due to the 

regenerative braking.   

 

Each scenario has been considered separately, due to different results: 

 

In the first simulation, see Figure 6.6, the SoC decreases before the RE connects. 

Then, the SoC moves within the charge range assigned by this mode (between 

45% and 55%), being the SoC profile almost horizontal. Then, the SoC decrease 

when the driver disconnects the RE.  

 

In the second simulation, see Figure 6.7, the points where the RE is connected 

and disconnected are shown. This function minimizes the usage of the RE 

compared with the first simulation, and as a consequence, the fuel consumption. 

Furthermore, this mode reduces the number of times that the RE has to be 

connected. 

 

Figure 6.8 shows the simulation of the Normal mode in a future scenario. The 

SoC increases vertically several times due to the large number of recharge 

points. This scenario has been performed in Normal mode, to check if the RE is 

needed. As the figure shows, the RE is unnecessary, and the complete route is 

performed in electric mode.  
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• SoC at the final point of the route: As Table 6.1 shows, the first simulation 

finishes the route with higher energy remaining. This means that the RE has 

produced more energy than the vehicle needs. Contrarily, the second simulation 

finishes with the lowest SoC. Therefore, this mode optimizes the gasoline 

consumption. Normal mode does not consume gasoline because the vehicle 

completes the route in electric mode. 

 

• Energy supplied by RE: The energy provided by the RE in First simulation is 

9.37 kWh and in the second simulation is 6.55 kWh. This implies a reduction of 

30% of the gasoline used with the on-board computer management.  

 

• Time and distance using the RE: The first simulation uses the RE during 11.43 

minutes and 21.1 km, while the second simulation uses the RE during 7.98 

minutes and 10.5 km. This gives a 30% of reduction of running time and 50% 

distance reduction in the second simulation. 

 

• G2V: The amount of energy that the vehicle obtains from the network is higher 

in the third simulation, due to the increase of recharge points along the route. In 

first simulation and second simulation, these values are equal. 

 

• CO2 emissions: The CO2 emissions are higher in first simulation, followed by 

second simulation and at last, the third simulation. The reason is that in the third 

simulation, the RE is not used, and the emissions are only generated in the 

electricity production. The first simulation emits 20% more than the second 

simulation and 38% more than the third simulation. 

 

• Fuel consumption: The fuel consumption increases 50% in the first simulation 

compared to the second simulation. In the third simulation, there is no gasoline 

consumption at all.  

 

• Cost of the route: The total cost of the route is higher in the first simulation, 

followed by the third simulation. The cost of the first simulation route is 19% 

higher than third simulation and 33% higher than second simulation. 
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7 Discussion 

During this paragraph, the results of the simulation are compared with other studies or 

works. Respecting to the electric range, the higher electric range obtained by the 

program in this simulation, without the use of home recharger, is 71 km. This range 

agrees with the range given by the manufacturer, which is between 40 and 80 km (Opel, 

2012). Despite that the route is exigent, the range obtained is high. This could occur 

because the security reservoir that the manufacturers could leave in the battery.  

The gasoline consumption, the vehicle obtained in this simulation, is between 0.48 and 

0.97 litres per 100 km. The average fuel consumption given by the manufacturer is 1.2 

litres per 100 km (Opel, 2012). Besides, the mixed consumption of a current gasoline 

vehicle (ICE) with the same power (Opel Insignia 1.4) is over 5.9 litres per 100 km, 

which is considerably higher (Opel, 2012). This means that the route is not so exigent as 

it was supposed, due to the great number of recharge points. Furthermore, the other 

assumptions that minimize the power required by the route could affect this value. In 

the same manner, the time and the distance that the RE is running are affected by the 

same factors that affect the fuel consumption.  

The CO2 emissions obtained in this simulation are between 57.27 and 35.25 g/km and 

the manufacturer states emission between 0 and 27 g/km, while Opel Insignia 1.4 emits 

139 g/km (Opel, 2012). This difference is related to the fact that the manufacturer 

considers the emissions tank to wheel, while this paper assumes emissions well to 

wheel. 
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8 Conclusions 

This paper simulates, in three different Scenarios of a real route performed by an EREV. 

In the first simulation, the Mountain mode has been used. This simulation has given 

results similar to the values given by the manufacturer. In the second simulation a 

program to manage the RE operation in mode Hold has been used. This intelligent 

management integrated in the on-board computer could decrease the fuel consumption 

50%, thus decreasing the cost of the route by 33%, reducing CO2 emissions with 20% 

and reducing operating time of the RE by around 30%. Moreover, in a possible 

scenario, where each public building has recharge points, the gasoline consumption 

would disappear, due to working the full route in electric mode. The price of the route in 

this simulation only depends on the electricity prices. Besides, the emissions of these 

vehicles are only those created in the generation of energy. 

With this simulation, the importance of an adequate recharge network, to fulfil the 

demand of EV and particularly, EREV, is demonstrated. Moreover, the introduction of 

the simulation code created in this project and the use of the on-board computer, can 

optimize the vehicle performance.  
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9 Future work 

The results exposed in this paper are purely theoretical. Therefore, an experiment to 

check the results could be an interesting future work. 

The main purpose of this paper is optimizing the performance of an EREV by 

considering the GPS data. In this paper, a route parameterization system and a program 

has been created. To achieve the goal, the data of the route is introduced in MATLAB 

by hand, through an Excel worksheet. However, if the GPS data could be read directly 

by this code, a real time calculation of how use the RE could be performed. This means, 

that only introducing the route, the program could be able to read the map and make the 

calculations. 

There are tools for MATLAB that are able to do this job. OpenStreetMap Functions for 

MATLAB v.0.2 is a program created by Athens University that reads the information of 

free license maps. With the data coming from this program, the route parameterization 

system developed in this paper could create the arrays that the simulation needs. In this 

manner, complete information about the power requirements, the RE usage, the 

consumption and cost could be known at the beginning of the route. 

This could be the next step of this project; introduce this code inside the on-board 

computer of the vehicle, and calculate previously and in real time where and when 

switch on the RE.  
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Appendix I – EV configuration 

During this appendix, the information about EV configuration started in chapter 2 

motor, which supplies torque to the differential, and finally to the wheels. These 

vehicles need one converter that transforms the current from the battery to the motor. 

These converters can be AC-DC or DC-DC. Nissan Leaf, Mitsubishi i or General 

Motors EV1 are examples of this type of vehicle. The basic scheme is represented in 

Figure 10.1. 

 

Figure 10.1. Central Motor Drive Battery Electric Vehicle 

I.I Wheel hub motors drive 

Battery electric vehicles could have more than one motor. The motors can power each 

shaft or even in wheel hubs. The latter option, named wheel hub motor, reduces the 

number of components such as gearbox or differential device, and increases the 

valuable space in the passenger compartment. In contrast, this configuration needs one 

converter per motor, increasing the total price. Furthermore, due to the increase of 

height of the wheel, the tires could lose traction to the road in irregular terrains, as a 

consequence of the oscillations of the suspension (Michelin Group, 2008), see Figure 

10.2. 

Figure 10.2. Motor in Wheel Drive Battery Electric Vehicle 
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I.II Parallel Hybrid Vehicles 

Parallel Hybrid Vehicles have at least one electric motor and one ICE. In this 

configuration, connections between motors do not exist, so each motor works 

independently. 

Starting with the lowest RoH, we have the Mild hybrid system, (also named "Start-Stop" 

or Micro Hybrid, depending of the nomenclature that uses the manufacturer). This 

configuration consists of an ICE current vehicle, with a small electric motor that enables 

to turn off the engine at each stop (Opel, 2012). This target is fulfilled increasing the 

size of the motor starter and the lead acid battery, although sometimes an additional 

battery is needed. Depending on the vehicle, this system could recuperate some part of 

the energy dissipated in brakes and save it to start the engine after each stop (Aparicio, 

2011). Most of the car companies have this "micro hybrid" system in their ICE vehicles 

at present with some minor differences in configuration and nomenclature. 

Parallel HEVs have, independently of the RoH, a similar function. Within this definition 

it is possible to divide them into two different groups: weak and strong parallel hybrids. 

Weak Parallel hybrids are similar to a Start-Stop system but their electric motor is more 

powerful. Their electric motors not only permit that the ICEV it is turned off at stops, 

but it helps during acceleration too. This helps to reduce the instant fuel consumption 

during acceleration, (Aparicio, 2011). However, the electric motor is unable to propel 

the vehicle by itself. The electricity used by this motor comes from the recuperation of 

energy when the vehicle is decelerating during braking. The Honda Insight is an 

example of this configuration (Honda España, 2012). Figure 10.3 represents the 

schematic configuration of Start-Stop and Weak Parallel Hybrids systems.  
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Figure 10.3. Weak Parallel Hybrid scheme. 

In contrast to the motor of weak parallel HEV, the electric motor of Strong Parallel 

Hybrids is able to propel the vehicle by itself. This is possible because a larger battery 

and motor are used in these vehicles. Its "All Electric Range" (AER), depending of its 

RoH, is around 10 km (U.S Departament of Energy, 2009). Therefore these vehicles can 

work in three different states: with electric energy, using the electric motor only, using 

the petrol engine or both. However, the petrol engine is not able to recharge the batteries 

directly (Masmoudi & Ben, 2011). 

Nevertheless this configuration is not exactly what car manufacturers use presently. In 

these vehicles, there exists the possibility to recharge the batteries with ICE, so they are 

not pure Parallel Hybrids. The correct term is Combined Hybrid Vehicle (Tuttle & 

Baldick, 2012). The most well-known vehicle of this category at the moment is Toyota 

Prius (Technology News Team- Source Toyota, 2007), and its functional scheme is 

shown in Figure 10.4. 

However, this configuration does not let the ICEV charge the battery without supplying 

torque to the powertrain. It is impossible in Combined Parallel hybrids run the gasoline 

Figure 10.4. Combined Parallel Hybrid scheme. 
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engine with the sole purpose of charging the batteries, as would a series hybrid. The 

F3DM vehicle, produced by BYD, can operate as a BEV, a series HEV or and a parallel 

HEV (BYD España, 2012). 

The Parallel Hybrid Vehicles currently on the market can only get energy to charge the 

batteries from regenerative braking or from the petrol engine. The next step to gain 

efficiency is to include devices to recharge the batteries from the external network. This 

mean to use the pluggable technology from BEV to improve the AER of this vehicle 

type. Plug-in Hybrid Electric Vehicles (PHEVs) is the term of this hybrid vehicle type. 

Actually, PHEVs are HEVs with higher battery capacity, which enables PHEV achieve 

ranges over 40 km (U.S Departament of Energy, 2009). Its RoH is higher because the 

electric propulsion of the vehicle increases its importance compared to the petrol 

engine. The difference between PHEV and HEV is only the plug-in system capability, 

and the capacity of batteries. 

I.III Series Hybrid Vehicle 

Series Hybrid vehicles have the petrol engine only to recharge the battery or directly 

support the electric motor if the battery is low. Hence the petrol engine does not supply 

torque, but powers a generator to produce electricity. According to figure 2.3, these 

vehicles have higher RoH because the propulsion is only performed by the electric 

motor. These vehicles can be pluggable and can use flywheels or super capacitors to 

assume the quick charges and discharges. Figure 10.5 represents this configuration 

(Thomas, 2009). 

Figure10.5. Series Hybrid 
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The series hybrids have the advantage over parallel hybrids in the simpler configuration, 

due to the fact that the petrol engine works stationary. The engine always runs at the 

optimum speed, obtaining a higher efficiency. Furthermore, these vehicles avoid the 

"range anxiety" too (U.S Departament of Energy, 2009). 

"Extended Range Electric Vehicles" are the continuation of these vehicles following the 

increasing RoH direction. These vehicles have the same configuration as series hybrids. 

However the ICE is smaller and consequently the battery is larger. These vehicles have 

a range over 60 km, and when the batteries are low, the petrol engine is engaged to 

charge them. Similarly to series hybrids, ICE only supplies electricity and it is not 

directly involved in the propulsion of the vehicle (Mackintosh, et al., 2009). The price 

of these vehicles is high because of the size of the batteries and the petrol engine (Opel, 

2012).  

Internal combustion engines are not the only solution to power an on-board battery 

charger. Fuel cells can also perform this task. These devices consume hydrogen, stored 

in tanks and produce electricity to charge the battery. This option is more 

environmentally friendly than petrol engines, but hydrogen is at the moment too 

expensive, making fuel cell vehicles economically unviable (Khaligh & Li, 2010). A 

scheme of this typology is represented in Figure 10.6. 

To provide a clearer overview to the reader, Table 10.1 shows details of the different 

vehicles and some examples. 

Figure10.6. Fuel Cell Hybrid 
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Features 
Weak 

HEV 

Strong 

HEV 
PHEV 

BEV EREV 

Examples 
 

Honda 
Insight 

Toyota 
Prius 
Ford 
Escape 

Toyota 
Prius 

Nissan Leaf 
Mitsubishi i 

Opel Ampera 
Chevrolet Volt 

Plug-in No No Yes Yes Yes 

Approximate 
range (km) 

800 800 900 160 700 

Approximate 
AER (km) 

- 20 50 - 65 

Cost 
(€) 

20,000 25,000 30,000 30,000 45,000 

Charging 
Time (h) 

- - 4-5 0.3-20 4-10 

Table 10.1. EV characteristics (Honda España, 2012) (Opel, 2012) (Nissan, 2012) 
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Appendix II – EV technology 

II.I Batteries for BEV 

Battery capacity is undoubtedly the key battleground in the development of electric 

cars. Batteries constitute the largest part of the purchasing prices of EVs (Gondelach, 

2010) (Haren, 2011) (Gerssen-Gondelach & Faaij, 2012) (Thomas, 2009). It is the main 

issue to extending the range, and it is the main factor which limits the lifetime of 

electric vehicles. Other technologies that differentiate the electric car from ICE are well 

developed. They are not as significant as batteries in the commercial battle. For those 

reasons, to understand the current state and the future of electric cars without a thorough 

analysis of battery technology is not possible  

The next list shows the magnitudes to improve in order to develop a competitive battery 

that was able to give the definite boost to EVs. (Gondelach, 2010) (Gerssen-Gondelach 

& Faaij, 2012) 

• Battery Performance: 

- Energy storage capacity (kWh) 

- Specific energy (Wh/kg) 

- Maximum Specific Power (W/kg) 

• Cycle of Life 

- Charging time (min, hour) 

- Energy efficiency (%) 

- Operating temperature  

• Cost 

- Total and specific cost of the battery (€ and €/kWh) 

• Material Use 

- Environmental Impact 

- Scarcity of raw material 

- Safety 

 

 



85 
 

II.I.I  What Battery do BEVs need for being competi tive? 

The market demands small batteries, in order to minimize their weight and volume 

(Patil, 2008). Battery weight increases the TTW of BEVs (Green Car Congress July, 

2010) (Gondelach, 2010). Weight makes this kind of vehicle less environmentally 

friendly and reduces competitiveness against ICEVs. Of course, a heavy battery needs 

more raw materials and is more expensive. As a consequence, the range of BEV is 

limited for the battery weight; due to cars cannot be too much heavy. Vehicle 

manufacturers are trying to find a compromise between all factors, while they are 

awaiting the development of battery technology.  

The U.S. Advanced Battery Consortium (USABC) defines the goals for advanced 

batteries for BEV (see Table 11.1), now and in the future, which would promote the 

massive implantation of BEV, while taking the price of the battery into account (U.S. 

Advanced Battery Consortium (USABC), 2010). 

 

Power Density (W/L) 
Minimum Goal for Long Term 

Commercialization 
Long Goal Term 

Specific Power - Discharge, 80% DOD/30 sec 
(W/kg) 

460 600 

Specific Power - Regen, 20% DOD/30 sec (W/kg) 300 400 

Energy Density -C/3 Discharge Rate (Wh/kg) 150 200 

Specific Energy - C3 Discharge Rate (Wh/kg) 230 300 
Specific Power/Specific Energy Ratio 150 200 
Total Pack Size (kWh) 2:1 2:1 
Life (years) 40 40 
Cycle Life 80% DOD(Cycles) 10 10 
Power and Capacity Degradation  
(% of rated spec) 

1000 1000 

Selling Price- 25000 units @40kWh($/kWh) 20 20 
Operating Environment (oC) <150 100 

Normal Recharge Time 
-40 to +50 (20% Performance 
loss) 

   -40 to +85 

Table 11.1. Goals of USABC for BEV Batteries (U.S. Advanced Battery Consortium, 

2010) 

 

Currently, the majority of electric cars use the lithium-ion battery technology. The Table 

11.2. shows that current batteries are not on goals yet. 
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Table 11.2. Performance of some representative BEV (California Air Resources Board, 

2009) (Tesla Motors, n.d.) (Gondelach, 2010) (Mitshubishi Motors, n.d.) (Jacob, 2009) 

(S. Vermeulen, n.d.) 

II.I.II Battery Technology Currently in Use 

There are many different types of batteries that could play an important role in the 

developing of BEV, but many of them are in a very early stage of development 

(Scrosati & Garche, 2009). Several have never been tested in the function of providing 

energy to BEV (Gerssen-Gondelach & Faaij, 2012). Only four of those technologies are 

available today for that purpose: Lithium-ion, Lithium Metal-Polymer, Nickel–Metal 

Hydride and ZEBRA (Gondelach, 2010). There are other kinds of batteries that are very 

promising, but their availability in a short term is not expected yet (Gerssen-Gondelach 

& Faaij, 2012). The future of batteries of BEV will be detailed in the ninth section of 

the paper. Table 11.3 shows the current status of batteries for electric car purposes.  

 

Th!nk 

(2-seater) (9) 
Tesla Roadster 

(sports car) 

Mitsubishi 

i MiEV 

(compact car) 

Energy Storage Capacity 
22 kWh (Li-ion) 
23 kWh (ZEBRA) 

55kWh 
Li-ion 

600 

Range 160 km 400 km 400 

Maximum Speed 110 km/h 200 km/h 200 

Battery Lifetime  7 Year or 1609 km 300 
Battery Recharge Time 7-8 hours 3.5 hours 200 

Battery Cost 
 Retail price: $36,000 (1) 

Cost: 409 to 545 $/kWh (4) 
 

Purchasing Price of Vehicle  €84,000 (excl. VAT) (5)      48,000€ 
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Battery 

Theoretical 

Specific 

Energy 

(Wh/kg) 

Development Stage  

NiMH >200 Commercial production for HEVs 
Lithium Batteries   

Lithium ion >300/600 Commercial Production for BEV 

Lithium Metal Polymer 500/890 Commercial Production for BEV 
Lithium Sulfur 2500 Demonstration/pack field not in BEV yet 
Metal air   
Li-air 11000 Laboratory R&D 
Al-air 8000 Laboratory R&D 
Zn-air 1200 Small electronics Applications 
Fe-air 1883 Laboratory R&D 
Silicon-air 8470 Laboratory R&D 
High Temperature   
ZEBRA 787 Commercial Production for BEV 

NaS 
 
750 

Commercial Production for Stationary 
 Application not for BEV 

Other Batteries   
Conversion Batteries 

Organic Lithium Batteries 
 

Laboratory R&D 
Laboratory R&D 

Ambient Temperature Na-ion  Laboratory R&D 
Nickel-lithium  Laboratory R&D 
Lithium copper  Laboratory R&D 

All-electron battery  Laboratory R&D 

Table 11.3. Current Batteries Technologies with Interest for BEV (Thackeray, 2009) 
(Cairns, 2009) (Scrosati, 2001) (Sion Power, n.d.) (Sion Power, n.d.) (Green Car 
Congress, 2009) (Gondelach, 2010) 

II.I.III Lithium-ion 

Lithium-ion is currently the most commonly used battery technology in BEVs due to, 

among other reasons, the low equivalent weight of lithium and the drastic increase of 

the specific energy that implies (Patil, 2008). Nowadays, Lithium-ion batteries provide 

a range around 150 km to BEV, and a continuous increase of this range in the next 

years, is expected (Scrosati & Garche, 2009). Nevertheless, the main goal in research 

activities is to improve the specific energy of Li-ion batteries, and still is the main 

weakness of this technology. A range of cathode materials is being used, with varying 

strengths and weaknesses (International Energy Agency., 2009). Safety is in 

compromise with the cost and specific power in this kind of battery (Anderman, 2010). 

The Figure 11.1 analyses the current status of lithium batteries technologies.  
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Figure 11.1. Present status of five Li-ion chemistries (Gondelach, 2010). 

 

Performance: Still under the goals of USABC. The theoretical limit for the specific 

energy is around 600 Wh/kg (E.J. Cairns (2004). Batteries, 2004), which is more than 

the valid limit, but for the moment, the commercially available batteries are in range 

between 80 and 125 Wh/kg (Kalhammer, 2007). This value is below the limit set by 

USABC of 150 Wh/Kg (U.S. Advanced Battery Consortium (USABC), 2010). The 

specific power of Li-ion batteries is low relative to Nickel-Metal-Hydride (NiMH) 

batteries (Gerssen-Gondelach & Faaij, 2012), which specific power is in accordance 

with the USABC goals.  

 

Safety: The Lithium-ion battery presents serious safety inconveniences: instability at 

high voltages, flammability and risks for the environment and human health. 

Nevertheless, these risks can be solved by choosing proper electrode and electrolyte 

materials (J.Garche & &, 2010). As shown in Table 11.1 there are relations between 

safety and battery parameters. Consequently, it is necessary to find compromises. This 

means that safety enhancements may even demand sacrifices in battery performance 

and cost (Gerssen-Gondelach & Faaij, 2012) (Anderman, 2010). 

 

Cost: The cost of Lithium-ion batteries is still so high. (700-1200 $/kWh) (Gerssen-

Gondelach & Faaij, 2012). High costs are in relation with low production, and 
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decreasing cost with start of mass production is expected. The continuing development 

of Lithium-ion technology will reduce the costs, according to manufacturers 

(Gondelach, 2010). 

II.I.IV Lithium Metal Polymer (LMP) 

Very closely related to the Lithium-ion batteries are the Lithium Metal Polymer 

batteries. Metallic lithium is used instead of non-metallic, which is more expensive than 

the Li-ion. Better performance than common lithium technology is expected, but for 

now, at a level of 100 Wh/kg, cars which use this type do not show any significant 

advantage. Lithium Metal Polymer batteries have a specific power which lags behind 

(150-200 W/kg). LMP batteries can exceed 1000 charging/recharging cycles and can 

provide a life of 200,000 km to the car (Blue Car, n.d.). This is more than the total range 

of current electric cars with Lithium-ion batteries (Gerssen-Gondelach & Faaij, 2012). 

II.I.V ZEBRA 

The ZEBRA battery technology is included in the group of high temperature batteries 

(batteries which work at elevated temperature). ZEBRA batteries are already applied in 

some BEVs. The high operation temperature, around 300ºC is needed to attain good 

ionic conductivity of the ceramic electrolyte (Gerssen-Gondelach & Faaij, 2012). This 

fact makes this kind of technology applicable to vehicles that spend much time 

operating, such as within public transportation. On the other hand, the fact that this 

battery is terminally isolated, makes it able to work everywhere independently of the 

ambient temperature. 

Performance: The specific energy of ZEBRA batteries is slightly above lithium-ion (115 

Wh/kg) (Gerssen-Gondelach & Faaij, 2012) (Kalhammer, 2007). The specific power is 

an important topic for ZEBRA batteries development, and it has to be improved from 

the current 180 W/kg to 300 W/kg in the short term and 400 W/Kg in the long term 

(Kalhammer, 2007), to achieve BEV requirements (Gondelach, 2010). This technology 

permits fast charging modes; the Zebra battery can be 80% recharged in 75 minutes. 

 

Safety: The ZEBRA batteries show excellent safety properties (Moreno, 2012). It is one 

of the safest types of battery and does not currently present any safety problem. 
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II.I.VI Nickel Metal Hydride 

A few years ago, the Nickel Metal Hydride batteries were considered a good provisional 

answer to the demands of BEVs (Gerssen-Gondelach & Faaij, 2012). The high specific 

power, around 1000 W/kg, makes this battery type very adequate in use where fast 

discharge is required. It has been used in HEVs. Unfortunately, this battery type, 

together with lithium batteries, presents serious safety problems (Vliet, et al., 2010). At 

present and for future, it is not considered a viable option for BEV due its low specific 

energy, between 50-70 Wh/kg and the impossibility to achieve the goal 150-200 Wh/kg 

demanded for these vehicles (Gondelach, 2010). The high price of nickel does not 

facilitate the implementation of this technology (Vliet, et al., 2010). 

II.I.VII Present Status of Developing 

As previous sections have shown, many battery technologies are on the USABC goals. 

Lithium-ion batteries are really close, and could meet the objectives before 2015 

(Gondelach, 2010). ZEBRA batteries could meet goals during the coming years, when 

its specific energy has improved until acceptable levels. Nevertheless, Ni-MH batteries 

are regarded as non-valid for the requirements of BEV and any development of 

applications using those batteries are not expected. LMP, despite its wonderful 

theoretical specific energy, is not considered a promising technology during the next 

years. The present status of different technologies are showed in Figure 11.2. 

 

 

Figure 11.2. Status of present battery technology 
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II.II EVs motors 

II.II.I EVs motor requirements and classification. 

The main component of EVs together with the battery is the motor. The electrical motor 

is being used industrially in practically all fields of technology. However, during the last 

decades, in which electric vehicles are concerned, electric motors have only been used 

for specific cases. For example, EV has been used on industrial vehicles, Automated 

Guided Vehicles (AGV) or short range delivery vehicles, but not in passenger vehicles 

(Electric vehicles news, 2010). Among the electric motor types available, there are only 

four types that are suitable for propelling vehicles. These requirements are according to 

(Chan, 2002). 

• High instant power and high power density. 

• High torque at low speeds for starting and climbing, as well as high power 

at high speed cruising. 

• Very wide speed range, including constant torque and constant power 

regions. 

• Fast torque response. 

• High efficiency over wide speed and torque ranges. 

• High efficiency for regenerative braking. 

• High reliability and robustness for various vehicles operating conditions. 

• Reasonable cost. 

Figure 11.3. Ideal operation curves of electric motor. 

(Zeraoulia, et al., 2006) 
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The final choice of motor is influenced also by three conditions: customer’s expectance, 

vehicle characteristics and energy sources, the latter being the existence of super-

capacitor, flywheel, range extender or fuel cell among others. Many of these facts and 

the relation between them, can be represented graphically. Figure 11.3 shows the 

optimal operation of an electric motor for EVs.  

It is possible to distinguish different parts of the graphic. The first part, termed constant 

torque region is characterised by an increasing power and a constant torque. The second 

part, termed constant power region zone, where power is constant until maximum speed 

and torque decreases logarithmically (Ehsani, et al., 2007). The speed, which separates 

both regions, is called “base speed”. The first four points of the previous requirement 

list are represented in this ideal representation. These requirements and this graphic will 

be used to compare all electric motor technologies. 

There are four principal motors which characteristics make them capable of powering 

EVs. There is no ultimate motor for all purposes. Taking into account all requirements, 

the operating conditions select the best motor in each case. These motors are the Direct 

Current motor (DC), the Induction Motor (IM), the Permanent Magnet synchronous 

motor (PM) and the Switched Reluctance Motor (SRM). In the next paragraphs their 

advantages and weaknesses will be studied (Rodríguez, 2011). 

II.II.II Direct Current Motor (DC) 

The DC motor has traditionally been used for powering electric vehicles due to its easy 

speed control, high power and torque. This motor has a coiled rotor and the stator can 

be composed by permanent magnet or coils. According with Lenz’s low, the magnetic 

field created by the rotor, creates a perpendicular force that makes it turn (Ehsani, et al., 

2007). These motors have brushes that act as a mechanical commutator, which requires 

maintenance. The high cost, low efficiency and low reliability compared to other motor 

types, has made them less attractive to EVs during the last few years. 

However, these motors have been improved changing the rotor coil for permanent 

magnet, reducing their maintenance and increasing their reliability. Although having the 

disadvantage that a position detection system is required (Zeraoulia, et al., 2006). DC 

motors are still used in low power ratings, due to the cost of inverters for AC motors, 

which make them expensive (see Figure 11.4).  
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Figure 11.4. DC motor characteristics. 

 

II.II.III Switched Reluctance Motor (SRM). 

This relatively new technology is becoming a good solution for powering EVs. The 

toothed rotor is aligned following the magnetic field produced by the poles of the stator. 

A commutation of the position of the poles creates the movement (Wolff & Gómez, 

1997). SRM provides high torque at low speed and constant power on a wide speed 

range, which makes it very useful in vehicles such as trucks or heavy machinery. 

Despite the complex rotor and stator shape of this motor (Chan, 2002), manufacturing 

cost and maintenance are low, making this option economically viable. Moreover this 

motor presents several disadvantages such as high noise, intermittent torque, the 

necessity of a special converter, electromagnetic interferences and a complicated control 

(Zeraoulia, et al., 2006). See Figure 11.5. 

 

Figure 11.5. SRM characteristics  
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II.II.IV Permanent Magnet motor 

These motors derivate from DC motors, but there exists also PM motors that work with 

AC. These motors replace the coils of the stator with permanent magnets. (Zeraoulia, et 

al., 2006) PM has often been used as generators but currently they are one of the most 

used motor types. Their high efficiency and power density are the main reasons to use 

them. These motors offer high reliability and low maintenance. 

  

Figure 11.6 Torque curve for different conduction angles (Maggetto & Van Mierlo, 

2001) 

 

  

Beside the high cost, the main problem of this motor type is the low constant power 

range, caused by the limited magnetic field of the magnets (see Figure 11.6).  This 

Figure 11.7. PM Torque curve Vs. speed (Chan, 2002) 
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Low Constant Power Range
High Cost
Demagnetization Risk

High Efficiency
High Power Density
High Reliability
Low Manteinance

problem is solved controlling the conduction angle of the power converter, extending 

the speed range three to four times over the base speed, increasing the constant power 

zone, (Chan, 2002), c.f. (see Figure 11.7). Other problems of these motors are the risk 

of demagnetization in high speed, or the dependence of rare raw material (Ehsani, et al., 

2007). 

Taking advantage of the high power density of these motors, another similar 

configuration named “Axial Flux” PM, is suitable for placing motors in wheel hubs. 

These motors have rotor and stator positioned along the axis (Zeraoulia, et al., 

2006)(See figure 11.8).   

  

  

Figure 11.8. Permanent Magnet Motor Characteristics 
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II.II.V Induction Motor (IM) 

The induction motor was invented in 1882 by Nikola Tesla. 80% of all electric motors 

used in the industry, are IM (Rodríguez, 2011). In these motors, the stator through 

electromagnetic fields produced by coils inducts a current in the rotor and produces its 

movement. IM is a tested and reliable technology whose materials are common and 

recyclable. Together with the PM motor, the IM with electronic drives is the favourite 

option of manufacturers of EVs. Very low manufacturing cost, ruggedness, low 

maintenance, high torque, high power and capacity to work in hostile ambient makes 

this motor the best option (Maggetto & Van Mierlo, 2001) (See Figure 11.10). 

Before advanced vector controlled IM were developed, they presented a high loss, low 

inverted-usage factor and low power factor which banish these motors from EV usage. 

However, compared with PM, IM has less efficiency and power density, and needs 

vector control techniques to extend the constant-power region and improve the 

performance at low speeds, See Figure 11.9. 

 

II.II.VI Conclusion  

Taking pros and cons into account, PM and IM are the best options at the moment to 

EV. In our opinion, IM is the best solution to vehicles that require low prices, low 

maintenance, high reliability and can meet hard working conditions. On the other hand, 

PM is the best solution in vehicles where a high power in less space and high efficiency 

Medium Efficiency
Medium Power 
Density
Vector Control 
technics needed 

Low Cost
Robust and Reliable
Work Hostile 
Ambients
Technology Mature

Figure 11.10. Induction motor 

features 

Figure 11.9. Induction motor torque/power 

curve (Chan, 2002) 
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is a requirement. In addition, we think that SRM are a nice option to heavy vehicles 

where noise and irregular torque is not a problem. 

In order to further illustrate these findings, the motor types of some commercial 

vehicles are shown Table 11.4. A comparison made by (Zeraoulia, et al., 2006) between 

these vehicles is shown Table 11.4 as well.      

 

Table 11.4. Example commercial vehicles and electric motor comparison. 

II.III Regenerative braking 

Mechanical braking is not the only way to decelerate and stop vehicles. The electric 

motor can also be used to this function. To accomplish this, the motor is used as 

generator, turning mechanical energy into electric, which depending of the vehicle can 

be recuperated or not. There are three different ways in which an electric motor can act 

such as brake: plug-brake, dissipative or regenerative brake. The first two have in 

common that the electric energy produced is transformed into heat by resistances, with 

the difference that plug-brake is used when the motor has to change the rotation 

direction constantly (e.g. forklifts) and dissipative brakes are used in rest of cases (e.g. 

trains). In contrast, regenerative braking saves a part of this energy in batteries or ultra-

capacitors (Csuk, 2007). 

However, not all the energy can be saved, and the percentage depends on many factors, 

such as motor type, energy storage system or number of motors. PM motors have a 
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limited brake capacity. This comes from the impossibility for them to change the 

strength of the electromagnetic field, such as asynchronous induction motors can 

(Pagano & Veneri, 2001). Thus, a complementary braking system is needed to stop the 

vehicle completely when the motor does not have sufficient braking torque. This 

supplementary brake can be mechanical or dissipative. The amount of stored braking 

energy depends on how much instant energy the battery can absorb. In addition, many 

HEVs have more than one electric motor, and in these cases, it is usually the smaller 

one that is responsible for braking (Opel, 2012).  

  

Figure 11.11. Brake control/ Dynamic control system Toyota Prius (Toyota, 2010) 

The Figure 11.11. represents the regenerative braking behaviour of Toyota Prius, which 

uses two PM motors. The grey zone at the left of Regen Force zone, represents the 

inefficiency at low speed braking of the PM motor. The right grey zone represents the 

energy do not recovered due to the low capacity of the battery to admit the energy. 

These zones could decrease using IM (left side) and ultracapacitors (right side). 

II.IV Ultracapacitors 

Ultracapacitors are similar to normal capacitors, electronic devices capable to store 

electricity in an electrostatic field, but with much higher power density. These devices 

present several merits such as high power, high efficiency, long life and good efficiency 

at high temperature. In contrast, it has poor energy storage capacity compared with 

batteries which makes them unavailable to power a vehicle (Moreno, et al., 2006). 
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However, the ultracapacitor features complement batteries performances, i.e. they can 

assume high power instantly while batteries act as mass energy storage. 

Such a combination of ultracapacitors and batteries is named “Hybrid Energy Storage”, 

and represents, if both components are correctly combined, a great vehicle power source 

(Moreno, et al., 2006). Ultracapacitors can even decrease the size of batteries and 

prolong battery life by reducing the peaks of the charge- discharge cycles. This system 

can operate in three modes: ultracapacitor performing high power task (positive or 

negative), charging batteries and batteries-only operation (Ehsani, et al., 2007). 

According to studies realized by (Moreno, et al., 2006), using regenerative braking can 

increase the efficiency by 18.2% and by adding ultracapacitors, this percentage may 

grow to 24.4%, c.f. Table 11.5. 

 
Drive City 

Circuit 

kWh 

used 

Ah 

used 

Km/k

Wh 

Km/kWh 

improvement 

Batteries without regeneration 14.2 5.45 13.90 2.61 - 

Batteries with regeneration 14.2 4.612 11.23 3.09 18.2% 

Batteries with AES (SoC control) 14.2 4.36 10.55 3.25 24.4% 

Table 11.5. Comparative using supercapacitors and regenerative braking (Moreno, et 
al., 2006). 

 

II.V Life and Maintenance  

The purchase price is the major concern when consumers consider acquisition of 

electric cars, but as we have seen, it is not the only economic problem that scares 

potential buyers of EVs. If the belief that EVs can be easily amortised due to its low 

operation cost despite its high purchase cost, consumers would not have any doubts 

about the good business case. Is that true? 

II.V.I Operating Cost of BEVs 

BEVs have higher acquisition prices than ICEVs, as  Table 3.1. However, this vehicle 

type has an unknown usage and maintenance cost for consumers, generating distrust 

(Rowe, et al., 2012).  

Regarding maintenance and energy supply, BEVs have many advantages if are 

compared with ICEVs due to its technical particularities. The maintenance of this car 
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type avoids changing of lubricant oil, do unnecessary the refrigeration liquid and the 

strap distribution, and is cheaper in wheels changes, filters and others extras 

(Motorpasionfuturo, 2012). Energy supply for BEVs is cheaper than gasoline as well 

(Vliet, et al., 2010). Taking the above into account, is nowadays possible to save money 

by purchasing BEVs? 

The answer is depending on the scenario, namely the petrol price and the development 

status of the battery technology (Gondelach, 2010), and the required range for BEV 

(Werber, et al., 2009). If we compare similar configurations of different models of BEV 

and ICEV, the results are favourable to BEV in some scenarios, but it depends strongly 

of the prices of petrol. 

Figure 11.12 and Figure 11.13 show the comparison of operating cost between an ICEV 

and a BEV with similar characteristics. The cost of ICEV vehicles is broken down into 

three categories: purchase price, maintenance (that does not include breakdowns) and 

gasoline. BEV cost is broken down in the same categories, replacing the gasoline cost 

by electric energy cost, and considering the battery cost as a function of the desired 

range. It is assumed that brake pads and rotors would have twice the lifetime of those on 

the gasoline vehicles due to regenerative braking. 13 maintenance items for ICE 

vehicles and 5 maintenance items for electric vehicles have been considered (Werber, 

2009). A lifetime of 12 years has been assigned for BEVs according to (Grenee & 

DeCicco, 2000).  
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Figure 11.12. Operating cost of BEV vs. ICEV (Werber, et al., 2009). 

 

 

Figure 11.13. Operating cost of BEV vs. ICEV (Werber, et al., 2009). 

 Important conclusions emerge from this study. It is shown that maintenance is not a 

decisive parameter in the operating cost of any type of car, and could be considered 

negligible. Purchase price is still higher in BEVs. The price of energy is much cheaper 

in BEV than ICEV, and this difference will increase in the future due to the foreseeable 

increase of the gasoline cost. The cost related to battery life and the fast charges is 
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visible in the study, and the convenience of doing the recharge operations in 

conventional mode due the big difference that suppose (some kinds of fast charge 

deduct battery life). Some combinations of requested ranges and prices of gasoline give 

better economic results for BEVs. Regarding the fact that less than 10% of drivers 

usually travel farther than 99 km each day in average (Accenture, 2011), already a 

scenario where the gasoline price is 1,5 €/litre would make BEV more economic than 

ICEVs considering the chosen car models. In a future scenario, where the gasoline price 

is 1.8 € per litre, and supposing that recharging points do not exist in other places than 

homes, common BEVs with enough battery sizes as to travelling 600 km could be 

cheaper than equivalent ICEVs. In Europe, where gasoline prices are graved with taxes, 

its high future prices are guaranteed (Agassi's, 2009). In 2011 the highest European 

price for gasoline was the Norwegian, with 1.78 €/litre and the cheapest was the Polish, 

with 1.22 €/litre (L.Font, 2011). 

For BEVs of which the battery is rented, considering a monthly cost around 82 € 

(Coche Eléctrico: El coche eléctrico en España, 2011), the operating cost would result 

differ, using data from (Werber, et al., 2009). For instance, the cost per kilometre of 

Renault Fluent driver, if we consider the 54 kilometres travel per day in average (4), 

would be 0.05 € as opposed to 0.01 € of E-box normal recharge and 0.04 € of E-box 

quick recharge. Only for drivers who travel farther than 158 km, 0.01 € per kilometre is 

obtained, and 0.04 € if they travel farther than 69 km.  

Comparing with ICEV, the profitability of BEV with rented battery is related to 

gasoline prices. Taking into account a life of 10 years for ICEV and 12 for BEV 

(Werber, et al., 2009), 1.50 €/litre of gasoline, cost per electric kilometre of 0.0075 € 

(Werber, et al., 2009), 82 €/month for renting the battery (Coche Eléctrico: El coche 

eléctrico en España, 2011), 54 km/day in average (Accenture, 2011), and a consume of 

5 l/100 km for ICEV that is goal for E.U. in 2012 (GreenPeace Spain, 2008), we obtain 

less cost for the BEV than for the ICEV. Along the full life of vehicles, the cost due to 

the energy supply for ICEV is 14,600 € and for the chosen BEV 11,800 € (adding rent 

of battery and electric cost). Higher daily travelling distance makes the result more 

favourable for the BEV. 

Summarizing, in a very close future, the purchase of a BEV is a rentable economic case 

for the majority of drivers, if the battery is included in the price. For BEVs whose 
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battery is rented, the profitability depends of the purchase price. The energy cost of 

BEVs is 23% cheaper than ICEVs. 

II.V.II Operating Cost of PHEVs 

As we have seen thought the study of GM (Green Car Congress, 2008), parallel hybrids 

are not capable to working more than 10% in electric mode in a real world scenario. 

That fact is not considered in many studies and for that reason, in our opinion, 

advantages of this kind of electric car are sometimes overestimate. If those car work 

90% of time as a conventional ICEV, only would be economic in comparison with 

ICEV for some particular uses. The higher purchase cost of hybrid cars means they are 

financially interesting for taxi drivers and others who drive more than 80,000 km per 

year. For these groups, the current generation of series hybrid would the most attractive 

option, even without tax incentives (Vliet, et al., 2010). 

II.V.III Operating Cost of EREVs  

The reason for acquiring EREVs is more ideological than economic. As we have seen in 

3.4.1, the BEVs operating cost is closely related to energy prices, size of battery, and 

ways to recharge. EREVs have a pure electric performance 64% of its using time 

(Green Car Congress July, 2010). It means that during 64% of the time, the EREVs 

have exactly the same performance as BEV. The remaining 36% of time, EREVs work 

with stationary ICEs with less gasoline consumption than normal ICEVs. For that 

reason EREVs are the non-pure electric cars that show the most reduction of fuel 

consumption. Saving money purchasing an EREV is a compromise between the factors 

above mentioned, and regarding with BEVs, there are no economic advantages in 

general.   
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Appendix III - Recharge Network 

The recharge network is another crucial aspect for the full implementation of electric 

vehicles. During this chapter the recharge devices, the impact of EVs on electric 

network and the business relationship between EVs customers and energy supplier will 

be exposed. 

III.I Charger and Standards 

The charging of electric vehicles can be realized in multiple ways, since it does not 

depend on a specific energy source, and electricity is available almost anywhere. 

However, a normalization system is needed according to aspects such as available 

current and voltage, connectors, information protocols, control signals or battery 

management. This normalization is crucial to car manufacturers, customers and 

companies providing recharging possibilities because non-standardized connectors and 

control signals increase costs and reduce the versatility of vehicles and chargers.  

Figure 12.1. International Standards (Solans, 2010) (Scholer, 2010) (Bohn, 2011). 

Organisations, such as SAE, IEC or ISO, have documents where all aspects according 

to the standardization of the recharge are regulated (Scholer, 2010). Figure 12.1 shows a 

compilation of standards of different organizations. Moreover, there exist more state 

agencies for standards, such as UNE in Spain or JAVS in Japan, whose standards are 

adopted from other international norms (Movele Madrid, 2010). There are four main 

zones where the standards can change, America, Japan, Europe and China. America use 

• SAE J2847/[1-
5]

• SAE J2836/[1-
5]

• SAE J2931/[1-
3]
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TC/22SC21
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SAE standards, Europe use IEC, Japan use SAE and JAVS standards, while China has 

their own standards for connectors and signals (Hardy, 2011). However, despite the 

differences of legislations, there are overlaps between standards, even using the same 

connectors and signals in some cases.  

The above rules cover a variety of aspects related to electric vehicles. However, for the 

present study, special attention is paid to those regarding charging devices and their 

characteristics. At the moment, three different options are available to charge EVs: 

conductive charge, inductive charge and battery change. Conductive charge uses a 

physical link between the network and the vehicle, inductive (wireless) charge uses 

electromagnetic fields to charge the battery, and in battery change mode the empty 

battery is replaced by a fully charged battery (Palacios, 2011). These systems will be 

explained in the following sections.  

III.I.I Conductive charge 

Conductive charge consists basically of a wire connection between the vehicle and the 

electric network through which electricity is provided. According to IEC 61851.1 we 

can find four modes and cases of connections (IEC International Standard, 2003). These 

modes represent different level in which the charge can be performed. Each mode 

indicates the current, voltage, the protection system, the communication system and the 

proper connector. Their properties are as follow:  

• Mode 1: Nowadays to use at home and in emergencies. It uses a normal wire and 

plug Schuko with an IEC/EN 61851.1 type 1 connector in the vehicle to connect it 

to the grid. To use this mode, it is not necessary to have a special installation at 

home. However, manufacturers recommend using a unique electric circuit of the 

home to perform the charge (Nissan, 2012). This mode works from 10 to 16 

Amperes and 220V (Solans, 2010), so the recharge speed is slow and an empty 

battery is fully charged in 12 hours. Moreover, this connection does not let 

communication with network and management of the state of charge. For security 

reasons, this mode is forbidden in America, and SAE standards have not a similar 

mode (Bohn, 2011). 
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Figure 12.2 IEC 61581-1standards for conductive charging  

 

• Mode 2: is similar to Mode 1, except that the cable has its own protection and a pilot 

control system. The connectors for this mode are standardized for EVs (if Schuko 

plug is used in this configuration the maximum current will be 10 A). Just like Mode 

1, the vehicle is supplied by 220 V AC and the outlet is not specific to this usage, but 

in this mode the current can rise to 32 A. SAE standard has an equivalent of this 

mode termed Sae J1772 Type 1 (Scholer, 2010). This configuration is enabled at 

home or public places. 

• Mode 3: has a special station to control and protect the charging operation. Hence, 

the utilization of this plug is exclusive to charging batteries and requires a special 

installation. These devices need communication with the vehicle, which provide 

possibilities of energy management and a large range of current and power.  

Mode 1
- AC

- 10 A
- Non exclusive 

usage
- 240 V/400 V

- No protection
-No control

Mode 2
-AC
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-Non exclusive 
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-Protection and 
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-Protection 
and control 
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- DC
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Figure 12.3. International Standards Plugs (Scholer, 2010). 

 

• The plugs support one or three phases electricity, working at 220 V or 400 V, and 

supplying a current between 16 A and 63 A. The recommended connector by Europe 

standards is IEC/EN 61851-1 type 2 and 3 (Alicantina de alquileres, 2010). This 

feature permits chargers to adapt and program the charge speed to customer desires, 

reducing charge time to 3 or 4 hours (Nissan, 2012). For these reasons, this mode is 

preferred in several usages such as parking, parks, hospitals, street chargers or even 

in private garages. SAE J1772 Type 2 AC is the equivalent American standard to this 

mode (Scholer, 2010).Mode 4: is also named quick charge mode because it is the 

quickest way to charge batteries (Scholer, 2010). This goal is fulfilled through the 

charge station realizing the conversion from AC to DC, working with voltages 

around 500 V and currents over 120 A, developing a power around 50 kW and fully 

charging a battery in approximately 30 minutes (Hardy, 2011). This mode is perfect 

for an occasional recharge, such as during long travels. SAE and ICE standards use 

different connectors, termed hybrids because they are IEC/EN 61851-1 Type 2 or 

Sae J1772 Type 1 respectively with special DC connectors, c.f. However, there is 

another standard, adopted by Japan and many manufacturers, promoted by an 

association called CHADEMO, that suggest a DC charge protocol (CHADEMO, 

2010). 
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III.I.II Wireless charging 

Wireless charging is an alternative to charge vehicles that avoids any conductor between 

parts. There are two types of wireless charging: inductive and electromagnetic 

resonance (Schneider, 2011). The inductive charge consists on generating an electric 

current through an electromagnetic field. One coil connected to the network generates 

the field and other placed under the vehicle receive the energy. (Ayano, et al., 2004). 

However, this system has disadvantages, because the coils have to be close and 

correctly aligned (Villa, et al., 2009) (Wu, et al., 2012). The electromagnetic resonance 

charge, transmit energy through electromagnetic waves. This energy only can be 

transferred if the transmitter and the receptor has the same frequency of vibration, thus a 

perfect alignment is not required. A simulation in Stanford University has demonstrated 

that it is possible transfer 10 kW with 97% efficiency with a 2 m of gap (Shwartz, 

2012).  

SAE and ICE are creating draft standards to this kind of recharging, such as SAE J2954, 

SAE J1773 and IEC 61980 (Naberezhnykh, 2011). For example, SAE J2954 declares 3 

types of wireless recharging: types A, B and C. Type A or Residential is placed at home 

(garage) and at work with low power. Type B or On-road Static is placed in streets or 

public places where the car is charged when it is parked. Type C or On-Road Dynamic 

is placed in roads and highways and charges batteries while the car moves, which could 

increase the range and decrease the batteries size (Schneider, 2011). All these are draft 

standards, but they have to respect the laws about electromagnetic risks, above all the 

problems to human exposure to these electromagnetic fields (Naberezhnykh, 2011).  

Wireless charging solves problems such as electric shock even in wet enviroments due 

to the absence of electric current connectors. It can work with dirt, snow or water in the 

Figure 12.5. On-Road Dynamic charge. Figure 12.4. Resonator coupling 
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gap, and it avoids vandalism too. Moreover, communication and energy feedback with 

the grid is possible. As a conclusion, this technology is very promising but still needs to 

be standardized, improved and tested for effects on people, animals and environment. 

However, manufacturers and electric companies are working together to improve and 

commercialize these systems (Schneider, 2011). 

III.I.III Battery Replacement. 

As it is represented in chapter 3, the range anxiety could be eliminated if the time to 

recharge batteries is equal to petrol refuelling time. The quickest solution in conductive 

charging, DC chargers, cannot fully recharge a battery in less than 30 minutes 

(CHADEMO, 2010). An alternative that meets this goal is battery replacement. This 

system consists basically in replacing the empty battery with a fully charged battery in 

special stations (Switch Stations) through an automatic process, c.f. (EASYBAT, 

2012).The batteries of these vehicles are offered in leasing mode, where the customer 

pays a fee to use this service. This service has the advantage of reducing the initial price 

of the vehicle, reducing the maintenance cost and releases the cost of replace at the end 

of the battery life. However the multiple manufacturers, batteries, vehicle usages and 

types, make this option unviable at the moment (Better Place Ltd., 2012).  

Better Place is a company which works with this system in collaboration with Renault. 

The government of Israel is trying to reduce its dependence of oil energy by 

collaborating with this company to place switch and recharge stations around Israel 

(Better Place Ltd., 2012). Moreover, an organization named Easy Bat consisting of 

many companies, universities and governments, Better Place included, is trying to 

create European standards for battery replacement (EASYBAT, 2012). 

Figure 12.6. Automatic battery charge (climateandfuel, 2012) 
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III.II EVs Grid Impact 

The viability of electric vehicles is strongly connected with the electric network. The 

transformation from ICE to BEH is the gradual change from petrol stations to electricity 

network; whatever form of recharging, the current electric grid is really what will have 

to perform the task, c.f. see Figure 12.7. (International Energy Agency, 2009). Hence, 

electric grid companies have to change their business models and increase their 

installations to face this challenge. During this subchapter, a brief study of the grid 

regarding EVs will be made. This study is focused on the Spanish grid, due to the 

scenario of this project is placed in Spain. 

 

Figure 12.7. Forecast to 2050 car fleet and typology (International Energy Agency, 

2009) 

III.II.I Energy sources and demand management. 

The electricity we use every day comes from several sources and everyone has its own 

characteristics and performance. Due to that electricity has to be consumed at the 

moment when is created, the grid manager has to combine all energy sources to respond 

instantly to the demand. However, not all sources have the same cost of operation, CO2 

emissions, availability or capacity of response. Sometimes, energy is produced and 

wastes because the demand is lower than offer. This is the case of wind energy, which 

production profile is irregular and unpredictable, and it can be higher when demand is 

lower (see Figure 12.8). If the wind generator installation increases, a great amount of 

energy could be produced in low demand hours. Consequently, if this energy is not sold 

to foreign networks or used to pump water in the reservoirs, it has to be “spilled”. 

Figure 12.8 shows the TWh of energy spilled in the following years. (Red Electrica 

Española, 2012). This spilled energy could move between 350,000 and 700,000 vehicles 

in Spain; this problem hinders the growth of wind farms. However, the increase in the 
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EV fleet could use this energy, so that the growth of wind power is attached to electric 

vehicles (Lund & Kempton, 2008).  

 

 

 

 

An estimation of the Spanish grid manager says that the Spanish grid could support 6.5 

million EVs without increasing its infrastructure. Furthermore, for every million 

vehicles in circulation, the demand would increase by 20 TWh, the 0.7% of current 

demand. This means that an increase of about 20% network capacity could supply to the 

current Spanish fleet (Sánchez Cifuentes, 2011), which are currently 23,000,000 

passenger cars (Dirección General de Tráfico, 2010).  
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Figure 12.8. Outlook of Renewable Energy Spill (Red Electrica Española, 2011)  

Figure 12.9. Wind Generation and Demand Profile day 29/05/2012 (They 

are not at the same scale) (Red Electrica Española, 2012) 
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However, this estimation depends on several factors. One being the time of day when 

vehicles charge is the most important, because a great amount of vehicles charging at 

the same time in peak hours could produce a network overload. Therefore, a control 

system would be very useful to coordinate the vehicle loads and energy demand curve 

to optimize the process. Such a system is termed Smart Grid (Shin-Ichi, 2010), and 

consists basically of coordinated electric sources, distribution companies, demand 

profiles, customers and electric vehicles charging to optimize the grid and the energy 

balance (Solans, 2010). Part of this project is named Vehicle-to-grid (V2G) system also 

named Smart Grid 2.0, where vehicles acts as a accumulators of electrical energy when 

the demand is low, to later supply to the grid in peak load (Fasugba & Krein, 2011). 

With this system, the demand profile could flatten, filling valleys and reducing peaks. 

But this process is coming gradually, in which steps towards more control in managing 

the energy will be carried out.  

The evolution towards Smart Grid consists of four stages. This four steps are showed as 

images, represented in Figures from 12.10 to 12.13. The purple zone represents 

approximately the zone where the consume of EV would be placed. Therefore, these 

images have not quantitative value. The first stage is the normal current situation; house 

connection in mode 1 or 2 (see Figure 12.3 ). The only possible controlling of the load 

is the difference in pricing at night, as Tarifa Super Valle of Endesa. The biggest 

problem in this scenario comes from the vehicle charging during peak hours in the 

afternoon, just at work return hours, see Figure 12.11 (Lojowska, et al., 2011), causing 

an increase in demand when the network is most in demand. This behaviour produces 

an inefficient usage of available energy capacity and a supersize of the electric grid 

(Moltó & Ordiales, 2011).  

 

 

 

 

 

Figure 12.10 Simulation of Stage 1 

Demand Profile 29-5-2012 
Figure 12.11 Simulation of Stage 2 Demand 

Profile 29-5-2012 
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Next stage is a regulated grid, where vehicle charging devices can communicate and 

control the vehicle charge, but they cannot communicate with the external network 

(Moltó & Ordiales, 2011). In this level, an adequate charging network to introduce EVs 

is developed together with standardized plugs and control signals. The prizing of energy 

defines the optimal charging hours also. The advantage of this level is a higher 

efficiency and higher potential use of renewable energies, but even placed the charge 

time in low demand hours, a high peak requirement could appear because of the 

mismatch of vehicle charging, see Figure 12.10 (Moltó & Ordiales, 2011). 

Stage three has Smart Grid characteristics; charging devices are connected with energy 

suppliers or intermediate companies. Real-time energy prizing information, taking into 

account the demand profile and the customer preferences is processed by charging 

devices to perform the optimised charging (Tuttle & Baldick, 2012). This system has de 

advantage that a staggered charging during low demand hours (see Figure 12.13 ) can 

be managed by the electric grid, avoiding peaks and emphasising usage of renewable 

energy (Red Electrica Española, 2011). This configuration reduces the capacity of the 

required electric network and increases the energy efficiency. 

Finally, the last stage is the V2G, which is a Smart Grid where a bidirectional flow of 

energy is possible. In this case, the EV fleet of a country could work as a big storage of 

renewable energies which takes energy from the grid when it is produced and not 

demanded, and supplies energy when the grid needs. This principle is termed Virtual 

Power Plants (Sánchez, 2012). Low and high demand hours are smoothed, and in a 

hypothetical situation, enabling the increased use of renewable sources, see Figure 

12.12. To obtain this target, a supervising control network and devices are necessary, 

capable to register output and inputs of energy and secure its payments. The customer 

can also decide how much energy he wants to sell to the grid and to which price 

(Solans, 2010). As we can see, there are multiple business possibilities using V2G 

system. They will be studied in section Appendix III.III. 
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There are many projects in development of this phase, such as the Edison Project 

(Binding, 2010) or Movele Madrid (Movele Madrid, 2010), but in our case and due to 

the simulation is performed in our home city, we highlight the international SmartCity 

project, placed in Málaga, where a real demonstration of the viability of Smart grid 

system is possible (Sánchez, 2012)  

 

Figure 12.14 Smart Grid Scheme (Charge Locator, 2011) 

 

III.III Business Aspects  

The economic factors are crucial to make EVs attractive to customers. We have seen 

that a recharging network is basic to use these vehicles, but if it results more 

expensively than petrol fuels, EVs will not be an alternative until increased fuel prices. 

In following points the relation between agents, business models and how they modify 

the price of electricity will be exposed. 

Figure 12.8. Simulation of Stage 3 

Demand Profile 29-5-2012 

Figure 12.13. Simulation of Stage 4 

Demand Profile 29-5-2012 
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III.III.I Agents 

The apparition of the EVs has forced sectors to cooperate, which have never worked 

together before, such as vehicle manufacturers or electric companies. Furthermore, the 

relationship between customers and each agent will be different, so different business 

models have to be developed. In addition, new agents may appear, to fill gaps in these 

models, see Figure 12.15.  

  

Figure 12.15. Old and New Agents in EV charging Business 

 

The definition of these old agents is according with (Gómez San Román, et al., 2011): 

• Distribution System Operator (DSO): “the owners and operator of the 

distribution grid” [...] “They only provide network services and are fully 

regulated monopolies”. 

• Supplier or Retailer (SA): “the agent who sells energy to final customers, the 

electricity end customers”  

• Final Customers: “the agent that requires electricity for end users and 

purchases it from a supplier. In general, by legislation, a final customer is not 

allowed to resell electricity to another final customer or to another agent”. 

• Independent or Transmission System Operator: “responsible for keeping a 

secure system operation at the regional or national transmission level” 

Distribution System 
Operator (DSO)

Supplier or Retailer

Final Customers

Independent or 
Transmision System 
Operator.

Old 
Agents EV Owner

EV supplier-
aggregator

EV charging 
Point Manager

New 
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With the introduction of EVs, these news actors will appear (Gómez San Román, et al., 

2011): 

• EVs Owner: They are the customers of EVs. This agent is usually an electricity 

customer too, so actually is the same agent. With the inclusion of V2G could sell 

energy to grid. 

• EV supplier aggregator: This agent sells directly the electricity to customers. 

Supplier is actually an electricity customer with entitled to resell and store 

electricity, so this depends in each country; Spain has created a law to recognize 

this new agent (Solans, 2010). These companies are intermediate between 

retailers and EV owners, and their work is install and maintain private or public 

charge station, supply electricity to charge the EVs and manage the charge to 

optimize in case of V2G (Solans, 2010). 

• EV charging point manager CPM: They acts such as final customer but 

sometimes can resell to other EV user. This could happen in parking, commercial 

centres or office buildings. 

III.III.II Business models 

Due the versatility of EVs, there are several places where it can be charged, and many 

business models should be adapted to everyone. Furthermore, it depends of the degree 

of development of the network. The following, three main business models that we will 

consider in this project are exposed: 

Recharge at home: In this case, EV owner can charge the battery, with chargers 

mode 1, 2 or 3 (see Figure 12.3) being the EV owner which pays to SA company. 

However it is possible to contract a supplier, which could install the charger in 

exchange for a fee (Palacios, 2011). SA companies could make the same. 

Public Recharge: This mode is placed in office centres, parking or streets; its 

use is public and the payment could be included in parking fee or in the salary, in case 

of office building. Also, a contract with any CPM, which have charge points there is 

possible. Slow charge and multiple charge points (Palacios, 2011). 

Quick Recharge: This mode is an occasional recharge. The most of the cases, the 

batteries are charged at home, or in usual places. Hence, in this model owners pay 
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directly to supplier or SA for the service at the moment, although a contract between 

parts could be possible. This kind of business is the only one that does not accept V2G. 

Appendix IV - Speed Profiles 

During this appendix, a characterization of the driver behaviours will be developed. The 

instant speed is the date that we attach to calculate the rest of the variables. 

Consequently, realistic speed behaviour will grant reliability to the simulation. The 

graphic where the relation of the instant speed is represented versus the distance (or the 

time) along a route is called drive cycles. 

There are several standard drive cycles created to calculate the CO2 emissions or 

determine the fuel consume of vehicles. However, not all of them are performed in the 

same scenario. For example, NYCC represents gridlock traffic and ECE-15 represents a 

combination of urban and interurban conduction. In order to obtain more accuracy in the 

results, a process to create profiles considering the real route has been developed. 

This process is not a unique drive cycle standard. It is a system to create one drive cycle 

in each route. The complete drive cycle of the route is assembled by speed profiles. 

These profiles are assigned to each step, and along the environment, the drive profile 

can be assembled. 

The speed profiles are represented also as speed versus distance. However in this case, 

the speed and distance are non-dimensional; they are expressed in percentages. Hence, 

only two inputs are needed to create the final step. When a speed profile receives a step, 

the length of the step is multiplied by each percentage of the profile, obtaining the 

control points. Then, the speed range of the environment is multiplied by the percentage 

of each control point. In this manner, to each control point of the route is assigned a 

determined speed. These points are situated now between two decision points, so the 

slope is the same in each control point. This is essential to calculate the elevation of 

control points. 

The speed profile is what represents the driving behaviour. There are four groups or 

speed profiles: start (A), stop (B), intermediate (C) and specials (D). Groups A, B and C 

are compounded by 5 points, while D is compounded by 8. This means that 5 or 8 

control points are created between decision points. Each profile is represented by an 
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array, with one row and the double of columns as control points has. Each point of the 

profile has to values: the first is the distance and the second is the speed. Thus, each pair 

of values of the row is a point, and the total number of rows is 25, obtaining a matrix of 

16 x 25 size.  

Once adapted to each step its environment and profile, they are assembled to create the 

route. The assembly consist in matching each output speed of the previous steep with 

the input speed of the following. In figure 13.1 a short drive cycle along all 

environment, with many speed profiles, is simulated.  

The different groups and the output arrays are exposed as follow: 

• Group A: The four profiles of this group are designed to go from the lowest to 

the highest speed of the range. They have different accelerations and behaviour, 

in order to adapt the conduction to the real route. This group usually is used to 

change of environment. 

 

Figure 13.1 Speed Profiles type A 

• Group B: In contrast with group A, group B goes from the highest to the lowest 

speed, also with different accelerations. This group is used change to the inferior 

environment. 
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Figure 13.2. Speeds Profiles type B 

 

• Group C: This group goes between the intermediate speeds. Four percentages 

of speed are used as input and output. This means that these profiles start and 

stop only at 0%, 20%, 80%, 100% of the range of the environment. These 

profiles are used to maintain the route in the same environment. The random 

union of these profiles simulate the drive behaviour. 
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13.4. Speed Profiles type C 

 

• Group D: This group is compounded by profiles with 8 points. In this group are 

the special profiles, because simulates special situations. This group is used to 

simulate behaviours in large steps or gridlock traffic. 

 

 

Figure 13.5. Profiles type D 
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• Speed profile arrays. 
 

 

Table 13.1. Arrays of each profile 
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Appendix V– Data for the simulation 

This appendix contains all the technical data used in the simulation of the car (Table 

14.1 and Table 14.2). When a disparity of data has been founded in the literature 

review, the most conservative value has been taking into account. 

• Constant power of the ICE:  

� = ωτ        (equation 14) 

• Power of Recharge: The recharge power has been calculated using the equation 

for the three-phase electric power, and the voltage and intensity that correspond 

with each type of recharge. (I) is the electric intensity, (V) is the voltage and cos 

σ the electric power factor. 

�� =	√3	'	�	 cosσ        (equation 15) 

 

Parameter Value Reference 

Cycle efficiency of Li-ion batteries 0.90 (Gondelach, 2010) 

Cycle life of Li-ion batteries 
1000 cycles, 8 
years 

(Gondelach, 2010) 

Efficiency of the electric engine  0.92 (Gondelach, 2010) 
Efficiency of the transmission  0.98 (Gondelach, 2010) 
Minimum battery level 23% (KM 77, 2011) 
Available energy stored in the 
battery  

10 kWh (driveforinnovation.com,2011) 

Degradation of 20% of SoC 160000 km 
(Green Car Congress July, 
2010) 

Rolling Resistance Coefficient (dry 
asphalt and tourism)  

µRR = 0.011 (Hpwizard, 2012) 

Regimen of revolutions of the ICE 

 
4400 rpm 
 

 
(carinf.com, n.d.) 

Torque of the ICE 125 Nm (carinf.com, n.d.) 

Constant power of the ICE 

 
55.778 kW 
 

 
(equation 14) 

Voltage of recharge   240 V 
(Alicantina de alquileres, 
2010) 

Intensity of recharge at home 10 A 
(Alicantina de alquileres, 
2010) 

Power of recharge at home  3.81 kW (equation 15) 
Power of recharge in public parking 6.61 kW (equation 15) 

Table 14.1. Data for the simulation 
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Opel Ampera parameters Value  Reference 

Mass 1720 kg (km77, 2012) 
CD 0.28 (km77, 2012) 
RW 0.3342 m (km77, 2012) 
Frontal Area 2.571 m2 (km77, 2012) 

Table 14.2. Technical Data 

Appendix VI – Simulator MATLAB code 

This appendix contains all the code written by the authors. The same code has been 

lightly modified for simulating the three supposed scenarios of the paper. The first parts 

of the code are the inputs in the program that contain the route information. Data Matrix 

Go and Data Matrix Back contain all these information. The sections Route 

Calculations are where all the parameters are calculated. These sections have been 

changed for to simulate each scenario. The last part of each code, Obtaining Graphics, 

does not change in all scenarios as well. MATLAB functions have been programmed to 

simplify the programming. 

VI.I Creating Data Matrix 

close all  
clear all  
clc  
format compact  
  
%-----------Speed Profiles of the Route------------ -----------%  
SPR=[ 0 0   0.3  1 0.5 0.8  0.7 0.8 1   1   0 0 0 0  0 0 ;  
    0 0   0.2  1   0.4 1    0.6 0.9 1   1   0 0 0 0  0 0 ;  
    0 0   0.3  0.4 0.5 0.8  0.7 1   1   1   0 0 0 0  0 0 ;  
    0 0   0.2  0.2 0.5 0.5  0.8 0.8 1   1   0 0 0 0  0 0 ;  
    0 1   0.3  1   0.6 0.8  0.8 0.9 1   0   0 0 0 0  0 0 ;  
    0 1   0.2  1   0.4 0.8  0.7 1   1   0   0 0 0 0  0 0 ;  
    0 1   0.3  0.9 0.5 0.8  0.9 0.8 1   0   0 0 0 0  0 0 ;  
    0 1   0.1  0.9 0.3 0.7  0.5 0.5 1   0   0 0 0 0  0 0 ;  
    0 0.8 0.4  0.6 0.6 0.7  0.8 0.5 1   0.2 0 0 0 0  0 0 ;  
    0 0.8 0.2  0.7 0.4 0.7  0.8 0.4 1   0.2 0 0 0 0  0 0 ;  
    0 0.2 0.3  0.4 0.5 0.5  0.7 0.6 1   0.8 0 0 0 0  0 0 ;  
    0 0.2 0.2  0.2 0.5 0.7  0.8 0.5 1   0.8 0 0 0 0  0 0 ;  
    0 0.8 0.1  0.8 0.2 0.8  0.6 0.9 1   1   0 0 0 0  0 0 ;  
    0 0.8 0.2  0.7 0.5 0.6  0.7 0.4 1   0   0 0 0 0  0 0 ;  
    0 0.2 0.3  0.3 0.6 0.4  0.8 0.3 1   0   0 0 0 0  0 0 ;  
    0 0.2 0.3  0.3 0.5 0.6  0.8 0.7 1   1   0 0 0 0  0 0 ;  
    0 1   0.3  0.8 0.6 0.9  0.8 0.8 1   0.8 0 0 0 0  0 0 ;  
    0 1   0.2  0.8 0.5 0.8  0.8 0.6 1   0.2 0 0 0 0  0 0 ;  
    0 0   0.2  0.3 0.5 0.5  0.8 0.3 1   0   0 0 0 0  0 0 ;  
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    0 0   0.2  0.9 0.3 0    0.5 0.7 0.6 0   0.8 0.8  0.9 0.3 1 0 ;  
    0 0   0.1  0.8 0.2 0.7  0.4 0.8 0.6 0.9 0.8 0.8  0.9 0.7 1 1 ;  
    0 1   0.2  0.95 0.5 0.9 0.6 0.92 0.7 0.95 0.8 0 .95 0.9 0.97 1 1 ;  
    0 1   0.2  0   0.3 0.8  0.5 0   0.6 0.8 0.8 0   0.9 0.8 1 1 ;  
    0 1   0.2  1   0.3 0.95 0.5 0.95 0.6 0.95 0.8 0 .95 0.9 0.97 1 1] ;  
%---------------Calling Profiles and Environment Ma trix--------------%  
%GO% 
%Calling Matrix go%  
CMg=[1 1 84;21 2 1550;4 3 2500;17 3 2860;13 3 3470; 6 3 4000;18 2 4420;  
    16 2 5370;5 2 6170;22 1 6750;7 1 7430;1 1 8112; 22 1 8660;4 2 9330;  
    1 3 9680;22 3 10530;3 4 11150;17 4 11880;9 4 13 530;11 4 14360;  
    13 4 14940;23 4 16700;6 4 17630;8 3 17930;6 2 1 8430;5 1 18730;  
    2 1 19035;3 2 19497;4 3 19730;18 3 20030;16 3 2 0200;7 3 21030;  
    8 2 21450;23 1 21750;20 2 22590;7 1 22680;2 1 2 3061;1 2 23185;  
    6 2 23508;17 1 23607;13 1 23700;19 2 25130;7 1 25840;1 1 26054;  
    3 2 26213;17 2 27610;13 2 27790;5 2 28100;5 1 2 8400;20 1 28589;  
    20 1 29430;4 1 29620;3 2 31130;3 3 31400;22 3 3 1780;4 4 32100;  
    18 4 32952;16 4 34350;17 4 34600;10 4 34910;11 4 35440;9 4 35870;  
    12 4 36160;10 4 36640;11 4 37870;13 4 40280;22 4 41180;22 4 41620;  
    22 4 42100;22 4 42900;22 4 44000;22 4 44500;18 4 44700;11 4 45100;  
    10 4 46200;12 4 46660;11 4 47100;9 4 47400;11 4  48000;  
    10 4 48400;16 4 48800;22 4 49400;17 4 49900;13 4 50600;7 4 51300;  
    7 3 53800;7 2 53916;18 1 54726;15 1 55030;4 2 5 5352;4 3 56180;  
    4 3 56300;4 4 57420;13 4 58130;17 4 58550;13 4 58770;  
    24 4 58990;17 4 60260;9 4 63600;11 4 63880;10 4  64550;12 4 65430;  
    13 4 65830;24 4 65930;24 4 67030;24 4 67230;17 4 67530;13 4 67630;  
    17 4 68130;13 4 68330;17 4 68830;10 4 69130;11 4 70930;10 4 71230;  
    16 4 71630;22 4 72030;22 4 72730;8 4 72930;6 3 73530;22 2 74630;  
    6 2 74930;5 1 74940;1 1 75430;22 1 76255;2 2 76 344;22 2 77190;  
    8 2 77580;22 1 78550;6 1 78710];  
%Hight of each control point%  
%Hight of point go matrix%  
HoPg=[75; 33; 26; 45; 31; 42; 33; 52; 45; 55; 52; 5 5; 45; 33; 43; 25; 
32;  
    16; 27; 18; 32; 58;37; 37; 49; 47; 49; 37; 46; 33; 37; 25; 30; 24; 
41;  
    45; 60; 50; 74; 67; 71; 33; 23; 19; 27; 8;16; 1 2; 7; 5; 15; 8; 25; 
35;  
    38; 37; 56; 118; 109; 128; 114; 134; 99; 110; 4 6; 164; 105; 
127;92; 188;  
    111; 58; 74; 61; 114; 95; 120; 118; 140; 109; 1 31; 63; 112; 67; 
97;  
    42; 39; 13;6; 13; 39; 39; 94; 61; 76; 57; 70; 4 4; 130; 114; 137;  
    91; 103; 97; 156; 145; 164; 155; 155; 161; 135;  153; 65; 77; 64; 
24;  
    12; 19; 18; 20; 10; 10; 10; 20; 17; 17; 17; 34;  38];  
%Hight of point back matrix%  
HoPb=[34;17;16;21;15;24;64;77;65;153;135;161;155;15 5;145;156;97;103;  
91;137;114;44;70;57;76;61;94;54;42;97;67;112;63;131 ;109;140;118;81;  
95;114;61;74;58;111;188;92;127;105;164;46;110;99;13 4;114;128;109;118;  
56;37;37;33;46;37;58;32;18;27;16;32;18;43;33;45;45; 52;33;42;31;45;26;  
33;75];  
  
%RETURN% 
%Calling Matrix back%  
CMb=[3 1 149;1 2 1500;4 3 2220;24 3 2310;4 4 2460;2 2 4 3160;  
    22 4 3560;17 4 3960;10 4 4260;11 4 6060;13 4 63 60;17 4 6860;  
    13 4 7060;17 4 7560;13 4 7960;22 4 8160;22 4 92 60; 22 4 9360;  
    22 4 9760;17 4 10640;10 4 11310;18 4 14930;8 4 16200;16 4 16420;  
    24 4 16640;17 4 17060;13 4 17770;22 4 18570;22 4 18890;7 4 21390;  
    3 4 22090;17 4 22790;10 4 23290;11 4 23890;17 4  24290;  
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    9 4 24690;9 4 25290;11 4 25590;13 4 26090;22 4 26490;  
    22 4 27590;24 4 27990;22 4 28290;22 4 28690;22 4 29790;  
    22 4 30590;22 4 31070;17 4 31510;13 4 32410;18 4 34820;11 4 36050;  
    10 4 36330;12 4 36820;10 4 37250;11 4 37780;13 4 38090;24 4 38340;  
    18 4 39738;13 4 40590;6 4 41540;17 3 42498;13 3  42798;  
    1 4 43358;17 4 44288;9 4 46048;11 4 46628;13 4 47458;22 4 49108;  
    5 4 49838;17 3 50458;14 3 51308;18 2 51658;12 2  52313;13 2 53098;  
    17 2 53898;13 2 54848;3 3 55268;22 3 55798;22 3  56408;5 3 56768;  
    6 2 57718;7 1 59184];  
  
CMg=[CMg,HoPg];  
CMb=[CMb,HoPb];  
DMG=[];  
z=74;  
xa=0;  
A=zeros(5,4);  
counter=1;  
C=[];  
%%%%%%%%%%%%%%%%%%%%%%%%Data matrix Going%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
alt=[]; %altitude  
counter_alt=0;  
for  i=1:max(size(CMg))  
    spr=SPR(CMg(i,1),:); %Speed profile between each two decision 
points  
     
    if  CMg(i,2)==1 %Speed limit of the stretch  
           v=5.5556;  
           vmin=0;  
        elseif  CMg(i,2)==2  
          v=13.8889-5.5556;  
          vmin=5.5556;  
        elseif  CMg(i,2)==3  
          v=25-13.8889;  
          vmin=13.8889;  
        elseif  CMg(i,2)==4  
          v=33.3333-25;  
          vmin=25;  
    end  
    
    if  CMg(i,1)<20 %Eight or five points speed profile  
        r=6;  
        type=4;  
    elseif  CMg(i,1)>=20  
        r=0;  
        type=7;  
    end  
    n=0;  
    
    if  i>1  
        xa=CMg(i-1,3);  
         
    end  
    for  j=1:2:(16-r)  
        n=n+1;  
        A(n,1)=v*spr(j+1)+vmin; %Speed of each decision point (DP)  
        A(n,2)=((CMg(i,3)-xa)*spr(j))+xa; %Accumulated distance of each 
DP 
    end  
     
    for  j=1:type  
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        A(j,3)=(CMg(i,4)-z)/(CMg(i,3)-xa); %Slope of each DP  
        A(j,4)=(A(j+1,1)-A(j,1))/((A(j+1,2)-
A(j,2))/((A(j+1,1)+A(j,1))/2)); %Aceleration of each DP  
        A(j,5)=abs((A(j+1,2)-A(j,2))/abs((A(j+1,1)+ A(j,1))/2)); %Spent 
time between DP  
        alt(j+counter_alt)=CMg(i,4);  
    end  
     
    counter_alt=counter_alt+type;  
    z=CMg(i,4);  
    xa=CMg(i,3);  
    for  l=1:max(size(A)-1)  
        DMG(counter,:)=A(l,:);  
        counter=counter+1;  
    end  
    if  i==max(size(CMg))  
        DMG(counter,:)=A(max(size(A)),:);  
    end  
    A(:,1)=A(:,1)*3600/1000;  
     
    A=[];  
     
end  
  
 %%%%%%%%%%%%%%%%%%%%%%Data matrix Back%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
DMB=[];  
z=38;  
xa=0;  
A=zeros(5,4);  
counter=1;  
C=[];  
alt=[];  
counter_alt=0;  
for  i=1:max(size(CMb))  
    spr=SPR(CMb(i,1),:); %Speed profile between each two decission 
points  
     
    if  CMb(i,2)==1  
           v=5.5556; %Maximun of the speed profile  
           vmin=0;  
        elseif  CMb(i,2)==2  
          v=13.8889-5.5556;  
          vmin=5.5556;  
        elseif  CMb(i,2)==3  
          v=25-13.8889;  
          vmin=13.8889;  
        elseif  CMb(i,2)==4  
          v=33.3333-25;  
          vmin=25;  
    end  
    
    if  CMb(i,1)<20  
        r=6;  
        type=4;  
    elseif  CMb(i,1)>=20  
        r=0;  
        type=7;  
    end  
    n=0;  
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    if  i>1  
        xa=CMb(i-1,3);  
         
    end  
    for  j=1:2:(16-r)  
        n=n+1;  
        A(n,1)=v*spr(j+1)+vmin;  
        A(n,2)=((CMb(i,3)-xa)*spr(j))+xa;  
    end  
     
    for  j=1:type  
        A(j,3)=(CMb(i,4)-z)/(CMb(i,3)-xa);  
        A(j,4)=(A(j+1,1)-A(j,1))/((A(j+1,2)-
A(j,2))/((A(j+1,1)+A(j,1))/2)); %A 
        A(j,5)=abs((A(j+1,2)-A(j,2))/abs((A(j+1,1)+ A(j,1))/2));  
        alt(j+counter_alt)=CMb(i,4);  
    end  
     
    counter_alt=counter_alt+type;  
    z=CMb(i,4);  
    xa=CMb(i,3);  
    for  l=1:max(size(A)-1)  
        DMB(counter,:)=A(l,:);  
        counter=counter+1;  
    end  
    if  i==max(size(CMb))  
        DMB(counter,:)=A(max(size(A)),:);  
    end  
    A(:,1)=A(:,1)*3600/1000;  
     
    A=[];   
end  
  
%-------------Data of the Vehicle and Physics Param eters-------------%  
g=9.81; %m/s^2 
T=303.15; %K 
P=101325; %pa 
R=287.053; %J/kgK  
ro=P/R/T; %density (Kg/m^3)  
  
M=1720; %kg 
rr=0.011; %Rolling Resistance  
fc=0.90; %Friction Coefficient for dry asphalt  
Cd=0.28; %Aerodynamics Coefficient  
fa=2.571; %Frontal Area m^2  
Mw=20;%Mass of wheels kg  
Rw=(0.4318+0.215*2*0.55)/2; %215/55 R17 Radius of wheels  
Iw=1/2*Mw*Rw^2; %Wheels Moment of inertia  
s=0; %slope  
V=0; %Speed 
a=0; %Acceleration  
alpha=a/Rw; %angular acceleration  
omega=V/Rw; %angular speed of wheels rad/s  
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VI.II Route Calculations for First Scenario: mounta in 

mode and current status of recharge points 

%-----------------------Route Calculations--------- ------------------%  
%Go% 
  
SoC=36000000; %SoC =100% (J)  
aP=0; %Power due aerodynamic drag resistance  
braking=[];  
state_charge=[];  
B=[];  
mode=2;  
y=2; %Mode of the Range Extender function  
battery_level=[];  
battery_level(1,:)=SoC;  
Ae=0;  
t1=0;  
time=0;  
KM=0; 
timer=[];  
timer(1,:)=0;  
for  i=1:max(size(DMG))-1  
    V=(DMG(i+1,1)+DMG(i,1))/2;  
    a=DMG(i,4);  
    aceleracion(i)=a;  
    t=DMG(i,5);  
    timer(i+1)=t+timer(i);  
    time=time+t;  
    alpha=a/Rw;  
    omega=V/Rw;  
    s=atan(DMG(i,3));  
    Padt=0;  
    state_charge(1,:)=SoC;  
    for  f=1:1000 % 1000 Instantaneous power between each two decisio n 
point  
        aP(f)=1/2*ro*Cd*fa*abs((DMG(i,1)+((DMG(i+1, 1)-
DMG(i,1))/1000*f)))^3; %AeroPower  
        Padt=(aP(f)+Padt); %Addition for doing the medium value  
    end  
     
    amP=Padt/1000; %Medium Power due to aerodynamic drag resistance  
    iP=M*a*V;  
    sP=M*g*sin(s)*V;  
    wiP=Iw*alpha*omega;  
    rrP=rr*M*g*sin(s)*V;  
    Pr=amP+iP+sP+wiP+rrP;  
    potencia(i)=Pr/736;  
    Power(i)=Pr/736;  
    if  Pr<0  
       [SoC,dP] = R_Braking(M,V,Pr,t,mode,SoC);  
    else  
        SoC=SoC-abs(Pr*t/(0.98*0.9*0.92)); %Engine consumption  
    end  
    %Recharge points%  
    if  i==51  
        x1=SoC;  
        SoC = Recharge(2,0.5,SoC);  
        x1=SoC-x1;  
        if  SoC>36000000  
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            SoC=36000000;  
        end  
    elseif  i==218  
         x2=SoC;  
         SoC = Recharge(2,1,SoC);  
         x2=SoC-x2;  
         if  SoC>36000000  
            SoC=36000000;  
         end  
         x2=SoC-x2;  
    end  
    %Range extender in mountain mode%  
    if  SoC<0.45*36000000 && i>255  
       
       [SoC,Ae,t1,km] = Range_Extender_M(y,t,t1,SoC ,Ae,DMG(i+1,2)-
DMG(i,2),KM);  
        KM=km;  
    end  
         
    battery_level(i+1)=SoC;     
    A(i)=SoC;  
end  
tim=i+1;  
bl=i+2;  
for  i=1:max(size(Power))  
    B(i)=DMG(i,2);  
end  
  
%Back% 
aP=0; %Power due aerodynamic drag resistance  
braking=[];  
B=[];  
mode=1;  
state_charge=[];  
Power=[];  
A=[];  
battery_level(i+2)=SoC;  
for  i=1:max(size(DMB))-1  
    V=(DMB(i+1,1)+DMB(i,1))/2;  
    a=DMB(i,4);  
    t=DMB(i,5);  
    timer(i+tim)=t+timer(i+tim-1);  
    time=time+t;  
    alpha=a/Rw;  
    omega=V/Rw;  
    s=atan(DMB(i,3));  
    Padt=0;  
    state_charge(1,:)=[SoC];  
    for  f=1:1000  
        aP(f)=1/2*ro*Cd*fa*abs((DMB(i,1)+((DMB(i+1, 1)-
DMB(i,1))/1000*f)))^3; %AeroPower  
        Padt=aP(f)+Padt; %Addition for doing the medium value  
    end  
    potencia1(i)=Pr/736;  
    aceleracion1(i)=a;  
    amP=Padt/1000; %Medium Power due to aerodynamic drag resistance  
    iP=M*a*V;  
    sP=M*g*sin(s)*V;  
    wiP=Iw*alpha*omega;  
    rrP=rr*M*g*sin(s)*V;  
    Pr=amP+iP+sP+wiP+rrP;  
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    Power(i)=Pr/736;  
    if  Pr<0  
       [SoC,dP] = R_Braking(M,V,Pr,t,mode,SoC);  
    else  
        SoC=SoC-abs(Pr*t/(0.98*0.9*0.92)); %Engine consumption  
    end  
    if  SoC<0.45*36000000 && i<309  
       [SoC,Ae,t1,km] = Range_Extender_M(y,t,t1,SoC ,Ae,DMB(i+1,2)-
DMB(i,2),KM);  
       KM=km;  
    end  
           
     
    A(i)=SoC;  
     
   battery_level(i+bl)=SoC;  
end  
fut=0;  
Ae=Ae/3600/1000 %Supplied Energy by Extender Range  
t1=t1/60        %Time while Range Extender is on  
time=time/60    %Route Time  
km=km/1000      %Distance while Range Extender is on  
G2V=(x1+x2)/1000/3600 %Grid to Vehicle  
total_distance=(max(DMG(:,2))+max(DMB(:,2)))/1000 %total trip distance  
%Cost function%  
[CO2,litreskm,Eur,TotEuro] = Cost(km,total_distance ,G2V,SoC,fut);  
  
CO2=CO2/total_distance %Grams of CO2 per km  
litres100=litreskm*100 %gasoline consumption  
Eur %Cost of the energy  
TotEuro %Real Cost of the route  
n=1;  

VI.III Obtaining Graphics: this section does not 

change in all scenarios 

%--------------------Obtaining Graphics------------ ------------------%  
%---------------------Speed with space------------- ------------------%  
SpeedSpaceG=[];  
SpeedSpaceB=[];  
SpeedSpace=[];  
n=max(size(DMG));  
  
for  i=1:max(size(DMG))  
    SpeedSpaceG(i,:)=[DMG(i,2)/1000, DMG(i,1)*3.6];  
    
end  
  
for  i=1:max(size(DMB))  
    SpeedSpaceB(i,:)=[DMB(i,2)/1000, DMB(i,1)*3.6];  
     
end  
for  i=1:max(size(SpeedSpaceG))+max(size(SpeedSpaceB))  
    if  i<=max(size(SpeedSpaceG))  
        SpeedSpace(i,:)=SpeedSpaceG(i,:);  
    else  SpeedSpace(i,:)=[SpeedSpaceB(i-n,1)+78.7100,SpeedS paceB(i-
n,2)];  
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    end  
end  
figure(1)  
plot(SpeedSpaceG(:,1),SpeedSpaceG(:,2))  
figure(2)  
plot(SpeedSpaceB(:,1),SpeedSpaceB(:,2))  
figure(3)  
plot(SpeedSpace(:,1),SpeedSpace(:,2))  
%---------------------Power with Space------------- ------------------%  
PowerSpaceG=[];  
PowerSpaceB=[];  
PowerSpace=[];  
n=max(size(DMG))-1;  
  
for  i=1:max(size(DMG))-1  
    PowerSpaceG(i,:)=[DMG(i,2)/1000, potencia(i)];  
    
end  
  
for  i=1:max(size(DMB))-1  
    PowerSpaceB(i,:)=[DMB(i,2)/1000, potencia1(i)];  
     
end  
for  i=1:max(size(PowerSpaceG))+max(size(PowerSpaceB))  
    if  i<=max(size(PowerSpaceG))  
        PowerSpace(i,:)=PowerSpaceG(i,:);  
    else  PowerSpace(i,:)=[PowerSpaceB(i-n,1)+78.7100,PowerS paceB(i-
n,2)];  
    end  
end  
figure(4)  
plot(PowerSpaceG(:,1),PowerSpaceG(:,2))  
figure(5)  
plot(PowerSpaceB(:,1),PowerSpaceB(:,2))  
figure(6)  
plot(PowerSpace(:,1),PowerSpace(:,2))  
  
%---------------------Elevation with Space--------- ------------------%  
ElevationSpaceG=[max(size(CMg)),2];  
ElevationSpaceB=[max(size(CMb)),2];  
ElevationSpace=[max(size(ElevationSpaceG))+max(size (ElevationSpaceB))-
1,2];  
n=max(size(CMg));  
  
for  i=1:max(size(CMg))  
    ElevationSpaceG(i,:)=[CMg(i,3), CMg(i,4)];  
    
end  
  
for  i=1:max(size(CMb))  
    ElevationSpaceB(i,:)=[CMb(i,3), CMb(i,4)];  
     
end  
  
for  i=1:max(size(ElevationSpaceG))+max(size(ElevationS paceB))-1  
    if  i<=max(size(ElevationSpaceG))  
        ElevationSpace(i,:)=ElevationSpaceG(i,:);  
    else   
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    ElevationSpace(i,:)=[(ElevationSpaceB(i-
n,1))+78710,ElevationSpaceB(i-n,2)];  
    end  
    if  i==max(size(ElevationSpaceG))+max(size(ElevationSp aceB))-1  
        ElevationSpace(i+1,:)=[59184+78710,75];  
    end  
end  
figure(7)  
plot(ElevationSpaceG(:,1),ElevationSpaceG(:,2))  
figure(8)  
plot(ElevationSpaceB(:,1),ElevationSpaceB(:,2))  
figure(9)  
plot(ElevationSpace(:,1),ElevationSpace(:,2))  
  
  
  
%-------------------------SoC with Space----------- ------------------%   
figure(10)  
plot(SpeedSpace(:,1),battery_level(:,:))  
  
%-------------------------Acceleration with Space-- ------------------%  
AcelerationSpaceG=[];  
AcelerationSpaceB=[];  
AcelerationSpace=[];  
n=max(size(DMG))-1;  
  
for  i=1:max(size(DMG))-1  
    AcelerationSpaceG(i,:)=[DMG(i,2)/1000, acelerac ion(i)];  
    
end  
  
for  i=1:max(size(DMB))-1  
    AcelerationSpaceB(i,:)=[DMB(i,2)/1000, acelerac ion1(i)];  
     
end  
for  i=1:max(size(AcelerationSpaceG))+max(size(Acelerat ionSpaceB))  
    if  i<=max(size(AcelerationSpaceG))  
        AcelerationSpace(i,:)=AcelerationSpaceG(i,: );  
    else  AcelerationSpace(i,:)=[AcelerationSpaceB(i-
n,1)+78.7100,AcelerationSpaceB(i-n,2)];  
    end  
end  
figure(11)  
plot(AcelerationSpaceG(:,1),AcelerationSpaceG(:,2))  
figure(12)  
plot(AcelerationSpaceB(:,1),AcelerationSpaceB(:,2))  
figure(13)  
plot(AcelerationSpace(:,1),AcelerationSpace(:,2))  

VI.III Route Calculations for Second Scenario: hold  

mode and current status of recharge points 

In this scenario, the optimal use of the RE has been calculated. The optimal situation is 

if the battery is never empty, and the SoC is minimum at the end of the route. 
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%-----------------------Route Calculations--------- ------------------%  
%Going% 
SooC=57600000; %(J)  
SoC=36000000; % 
aP=0; %Power due aerodynamic resistance  
braking=[];  
state_charge=[];  
B=[];  
mode=2;  
y=2; %Mode of the Range Extender  
battery_level=[];  
battery_level(1,:)=SoC;  
Ae=0;  
t1=0;  
time=0;  
KM=0; 
timer=[];  
timer(1,:)=0;  
for  i=1:max(size(DMG))-1  
    V=(DMG(i+1,1)+DMG(i,1))/2;  
    a=DMG(i,4);  
    aceleracion(i)=a;  
    t=DMG(i,5);  
    timer(i+1)=t+timer(i);  
    time=time+t;  
    alpha=a/Rw;  
    omega=V/Rw;  
    s=atan(DMG(i,3));  
    Padt=0;  
    state_charge(1,:)=SoC;  
    for  f=1:1000  
        aP(f)=1/2*ro*Cd*fa*abs((DMG(i,1)+((DMG(i+1, 1)-
DMG(i,1))/1000*f)))^3; %AeroPower  
        Padt=(aP(f)+Padt); %Addition for doing the medium value  
    end  
     
    amP=Padt/1000; %Medium Power due to aerodynamic resistance  
    iP=M*a*V;  
    sP=M*g*sin(s)*V;  
    wiP=Iw*alpha*omega;  
    rrP=rr*M*g*sin(s)*V;  
    Pr=amP+iP+sP+wiP+rrP;  
    potencia(i)=Pr/736;  
    Power(i)=Pr/736;  
    if  Pr<0  
       [SoC,dP] = R_Braking(M,V,Pr,t,mode,SoC);  
    else  
        SoC=SoC-abs(Pr*t/(0.98*0.9*0.92)); %Engine consumption  
    end  
    if  i==51  
        x1=SoC;  
        SoC = Recharge(2,0.5,SoC);  
        x1=SoC-x1;  
        if  SoC>36000000  
            SoC=36000000;  
        end  
    elseif  i==218  
         x2=SoC;  
         SoC = Recharge(2,1,SoC);  
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         x2=SoC-x2;  
         if  SoC>36000000  
            SoC=36000000;  
         end  
         x2=SoC-x2;  
    end  
     
         
    battery_level(i+1)=SoC;     
    A(i)=SoC;  
end  
tim=i+1;  
bl=i+2;  
cn=i;  
for  i=1:max(size(Power))  
    B(i)=DMG(i,2);  
end  
  
%Back% 
aP=0; %Power due aerodynamic resistance  
braking=[];  
B=[];  
mode=1;  
state_charge=[];  
Power=[];  
A=[];  
battery_level(i+2)=SoC;  
for  i=1:max(size(DMB))-1  
    V=(DMB(i+1,1)+DMB(i,1))/2;  
    a=DMB(i,4);  
    t=DMB(i,5);  
    timer(i+tim)=t+timer(i+tim-1);  
    time=time+t;  
    alpha=a/Rw;  
    omega=V/Rw;  
    s=atan(DMB(i,3));  
    Padt=0;  
    state_charge(1,:)=[SoC];  
    for  f=1:1000  
        aP(f)=1/2*ro*Cd*fa*abs((DMB(i,1)+((DMB(i+1, 1)-
DMB(i,1))/1000*f)))^3; %AeroPower  
        Padt=aP(f)+Padt; %Addition for doing the medium value  
    end  
    potencia1(i)=Pr/736;  
    aceleracion1(i)=a;  
    amP=Padt/1000; %Medium Power due to aerodynamic resistance  
    iP=M*a*V;  
    sP=M*g*sin(s)*V;  
    wiP=Iw*alpha*omega;  
    rrP=rr*M*g*sin(s)*V;  
    Pr=amP+iP+sP+wiP+rrP;  
    Power(i)=Pr/736;  
    if  Pr<0  
       [SoC,dP] = R_Braking(M,V,Pr,t,mode,SoC);  
    else  
        SoC=SoC-abs(Pr*t/(0.98*0.9*0.92)); %Engine consumption  
    end  
    savedSoC=SoC;  
    savedKM=KM;  
   
        if  SoC<36000000 && i+cn<698  
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       [SoC,Ae,t1,km] = Range_Extender(y,t,t1,SoC,A e,DMB(i+1,2)-
DMB(i,2),KM);  
       KM=km;  
        else  count =701;  
         
   end  
         
           
     
    A(i)=SoC;  
     
   battery_level(i+bl)=SoC;  
end  
SoC 
fut=0;  
Ae=Ae/3600/1000 %Supplied Energy by Extender Range  
t1=t1/60        %Time while Range Extender is on  
time=time/60    %Route Time  
km=km/1000      %Distance while Range Extender is on  
G2V=(x1+x2)/1000/3600 %Grid to Vehicle  
total_distance=(max(DMG(:,2))+max(DMB(:,2)))/1000  
[CO2,litreskm,Eur,TotEuro] = Cost(km,total_distance ,G2V,Ae,SoC,fut);  
CO2=CO2/total_distance %Grams of CO2 per km  
litres100=litreskm*100  %gasoline consumption  
Eur %Cost of energy  
TotEuro %Real Cost of the route  
n=1;  
for  i=1:max(size(DMG))-1  
     
    if  abs(potencia(i))>140 || 1==1  
        
comprobacion(n,:)=[i*10000,DMG(i,2)*10,potencia(i)* 10000,aceleracion(i
)/g*10000,atan(DMG(i,3))/2/pi*360*10000,DMG(i,5)*10 000]/10000';  
        if  DMG(i,2)==56300  
             
        end  
        n=n+1;  
    end  
end  
n=1;  
for  i=1:max(size(DMB))-1  
     
    if  (potencia1(i))>86 || 1==1  
        
comprobacion1(n,:)=[i*10000,DMB(i,2)*10,potencia1(i )*10000,aceleracion
1(i)/g*10000,atan(DMB(i,3))/2/pi*360*10000,DMB(i,5) *10000]/10000';  
        n=n+1;  
    end  
end  
n=1;  
for  i=1:max(size(DMG))-1  
     
    if  aceleracion(i)>0.25  
        comprobacion2(n,:)=[i,aceleracion(i)];  
        n=n+1;  
    end  
end  
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VI.IV Route Calculations in Third Scenario: mountai n 

mode with supposed recharge points 

%-----------------------Route Calculations--------- ------------------%  
%Going% 
SooC=57600000; %(J)  
SoC=36000000; %Ojo con techo y suelo de carga  
aP=0; %Power due aerodynamic resistance  
braking=[];  
state_charge=[];  
B=[];  
mode=2;  
y=2; %Mode of the Range Extender  
battery_level=[];  
battery_level(1,:)=SoC;  
Ae=0;  
t1=0;  
time=0;  
KM=0; 
timer=[];  
timer(1,:)=0;  
km=0;  
for  i=1:max(size(DMG))-1  
    V=(DMG(i+1,1)+DMG(i,1))/2;  
    a=DMG(i,4);  
    aceleracion(i)=a;  
    t=DMG(i,5);  
    timer(i+1)=t+timer(i);  
    time=time+t;  
    alpha=a/Rw;  
    omega=V/Rw;  
    s=atan(DMG(i,3));  
    Padt=0;  
    state_charge(1,:)=SoC;  
    for  f=1:1000  
        aP(f)=1/2*ro*Cd*fa*abs((DMG(i,1)+((DMG(i+1, 1)-
DMG(i,1))/1000*f)))^3; %AeroPower  
        Padt=(aP(f)+Padt); %Addition for doing the medium value  
    end  
     
    amP=Padt/1000; %Medium Power due to aerodinamic resistance  
    iP=M*a*V;  
    sP=M*g*sin(s)*V;  
    wiP=Iw*alpha*omega;  
    rrP=rr*M*g*sin(s)*V;  
    Pr=amP+iP+sP+wiP+rrP;  
    potencia(i)=Pr/736;  
    Power(i)=Pr/736;  
    if  Pr<0  
       [SoC,dP] = R_Braking(M,V,Pr,t,mode,SoC);  
    else  
        SoC=SoC-abs(Pr*t/(0.98*0.9*0.92)); %Engine consumption  
    end  
    if  i==51  
        x1=SoC;  
        SoC = Recharge(2,0.5,SoC);  
        if  SoC>36000000  
            SoC=36000000;  
        end  
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        x1=SoC-x1;  
    elseif  i==218  
         x2=SoC;  
         SoC = Recharge(2,1,SoC);  
         if  SoC>36000000  
            SoC=36000000;  
         end  
         x2=SoC-x2;  
    elseif  i==408  
         x3=SoC;  
         SoC = Recharge(2,0.5,SoC);  
         if  SoC>36000000  
            SoC=36000000;  
         end  
         x3=SoC-x3;  
    elseif  i==565  
         x4=SoC;  
         SoC = Recharge(2,0.5,SoC);  
         if  SoC>36000000  
            SoC=36000000;  
         end  
         x4=SoC-x4;  
         elseif  i==597  
         x5=SoC;  
         SoC = Recharge(2,0.5,SoC);  
         if  SoC>36000000  
            SoC=36000000;  
         end  
         x5=SoC-x5;  
     
    end  
          
    battery_level(i+1)=SoC;     
    A(i)=SoC;  
end  
tim=i+1;  
bl=i+2;  
for  i=1:max(size(Power))  
    B(i)=DMG(i,2);  
end  
  
%Back% 
aP=0; %Power due aerodynamic resistance  
braking=[];  
B=[];  
mode=1;  
state_charge=[];  
Power=[];  
A=[];  
battery_level(i+2)=SoC;  
for  i=1:max(size(DMB))-1  
    V=(DMB(i+1,1)+DMB(i,1))/2;  
    a=DMB(i,4);  
    t=DMB(i,5);  
    timer(i+tim)=t+timer(i+tim-1);  
    time=time+t;  
    alpha=a/Rw;  
    omega=V/Rw;  
    s=atan(DMB(i,3));  
    Padt=0;  
    state_charge(1,:)=[SoC];  
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    for  f=1:1000  
        aP(f)=1/2*ro*Cd*fa*abs((DMB(i,1)+((DMB(i+1, 1)-
DMB(i,1))/1000*f)))^3; %AeroPower  
        Padt=aP(f)+Padt; %Addition for doing the medium value  
    end  
    potencia1(i)=Pr/736;  
    aceleracion1(i)=a;  
    amP=Padt/1000; %Medium Power due to aerodinamic resistance  
    iP=M*a*V;  
    sP=M*g*sin(s)*V;  
    wiP=Iw*alpha*omega;  
    rrP=rr*M*g*sin(s)*V;  
    Pr=amP+iP+sP+wiP+rrP;  
    Power(i)=Pr/736;  
    if  Pr<0  
       [SoC,dP] = R_Braking(M,V,Pr,t,mode,SoC);  
    else  
        SoC=SoC-abs(Pr*t/(0.98*0.9*0.92)); %Engine consumption  
    end  
             
    A(i)=SoC;  
     
   battery_level(i+bl)=SoC;  
end  
  
fut=1; %Future or present Cost (1 or 0)  
Ae=Ae/3600/1000 %Supplied Energy by Extender Range  
t1=t1/60        %Time while Range Extender is on  
time=time/60    %Route Time  
km=km/1000      %Distance while Range Extender is on  
G2V=(x1+x2+x3+x4)/1000/3600 %Grid to Vehicle  
total_distance=(max(DMG(:,2))+max(DMB(:,2)))/1000  
[CO2,litreskm,Eur,TotEuro] = Cost(km,total_distance ,G2V,SoC,fut);  
CO2=CO2/total_distance %Grams of CO2 per km  
litres100=litreskm*total_distance/100 %gasoline consumption  
Eur %Cost of energy  
TotEuro %Real Cost of the route  
n=1;  
for  i=1:max(size(DMG))-1  
     
    if  abs(potencia(i))>140 || 1==1  
        
comprobacion(n,:)=[i*10000,DMG(i,2)*10,potencia(i)* 10000,aceleracion(i
)/g*10000,atan(DMG(i,3))/2/pi*360*10000,DMG(i,5)*10 000]/10000';  
        if  DMG(i,2)==56300  
             
        end  
        n=n+1;  
    end  
end  
n=1;  
for  i=1:max(size(DMB))-1  
     
    if  (potencia1(i))>86 || 1==1  
        
comprobacion1(n,:)=[i*10000,DMB(i,2)*10,potencia1(i )*10000,aceleracion
1(i)/g*10000,atan(DMB(i,3))/2/pi*360*10000,DMB(i,5) *10000]/10000';  
        n=n+1;  
    end  
end  
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n=1;  
for  i=1:max(size(DMG))-1  
     
    if  abs(aceleracion(i))>0.25  
        comprobacion2(n,:)=[i,aceleracion(i)];  
        n=n+1;  
    end  
end  
for  i=1:max(size(DMB))-1  
     
    if  abs(aceleracion(i))>0.25  
        comprobacion3(n,:)=[i,aceleracion1(i)];  
        n=n+1;  
    end  
end  

 

VI.V MATLAB Functions 

VI.V.I Cost function 

function  [CO2,litreskm,Eur,TotEuro] = 
Cost(km,total_distance,G2V,SoC,fut)  
%-------------------------------------------------- ------------------%  
%THIS FUNCION GIVE CO2, FUEL CONSUMPTION, AND COST OF THE ROUTE. 
%-------------------------------------------------- ------------------%  
  
%   km  = Distance while Range Extender is on(km).  
%   G2V = Ammount of electricity rechargued from th e grid (kWh)  
%   fut = current or future scenario (0 or 1)  
%   SoC = State of Charge (J).  
%   CO2 = Grams of CO2 emitted per kilometer (g/km)  
%   Eur = Energy cost (€)  
%   TotEuro = Total cost of the route, adding purch ase price of the 
car  
%-------------------------------------------------- ------------------%  
if  fut==0  
    litres=6.35*km/100;  
    litreskm=litres/total_distance;  
    CO2=((10+G2V)*0.273+litres*2.370)*1000;  
    Eur=1.405*litres+(10-SoC/1000/3600)*0.060700;  
    TotEuro=42900/160000*total_distance+Eur;  
elseif  fut==1  
    litres=6.35*km/100;  
    litreskm=litres/total_distance;  
    CO2=((10+G2V)*0.273+litres*2.370)*1000;  
    Eur=1.405*litres+(10-SoC/1000/3600)*0.060700+G2 V*0.172438;  
    TotEuro=42900/160000*total_distance+Eur;  
end  
end  
%-------------------------------------------------- ------------------%  
%Made By Adriano Linero and Álvaro Lazúen  
%Högskolan i Skövde  
%2012.05.24 
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VI.V.II Range Extender in Mountain Mode Function 

function  [SoC,Ae,t1,KM] = Range_Extender_M(y,t,t1,SoC,Ae,km ,KM)  
%-------------------------------------------------- ------------------%  
%THIS FUNCION GIVE STATE OF CHARGE, AMOUNT OF ENERGY SUPPLIED BY THE  
%EXTENDER RANGE, TIME WHICH AND WHICH IS CONNECTED  
%-------------------------------------------------- ------------------%  
  
%   y = Maximun power or maximun torque (1 or 2).  
%   t = time between points  
%   t = time in second.  
%   SoC = State of Charge (J).  
%   Ae = Increasing of energy.  
%   t1 = 1 if Dissipative Braking is necessary. 0 i f don't  
%-------------------------------------------------- ------------------%  
if  SoC< 0.55*36000000  
    if  y==1  
    Pe=66000; %Power of the engine in maximun power  
     
    elseif  y==2  
    Pe=55778; %Power in maximun torque  
    end  
    SoC=SoC+(Pe*t*(0.98*0.9));  
    Ae=Ae+(Pe*t*(0.98*0.9));  
    t1=t1+t;  
    KM=km+KM;  
end  
  

VI.V.III    Range Extender in Hold Mode Function 

     
end  
%-------------------------------------------------- ------------------%  
%Made By Álvaro Lazúen and Adriano Linero  
%Högskolan i Skövde  
%2012.05.24 

 

function  [SoC,Ae,t1,KM] = Range_Extender(y,t,t1,SoC,Ae,km,K M) 
%-------------------------------------------------- ------------------%  
.  
%-------------------------------------------------- ------------------%  
  
%   y = Maximun power or maximun torque (1 or 2).  
%   t = time between points  
%   t = time in second.  
%   SoC = State of Charge (J).  
%   Ae = Increasing of energy.  
%-------------------------------------------------- ------------------%  
  
    if  y==1  
    Pe=66000; %Power of the engine in maximun power  
     
    elseif  y==2  
    Pe=55800; %Power in maximun torque  
    end  
    SoC=SoC+(Pe*t*(0.98*0.9));  
    Ae=Ae+(Pe*t*(0.98*0.9));  
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    t1=t1+t;  
    KM=km+KM;  
end  
 
 

VI.V.IV    Recharge Function 

function  [SoC] = Recharge(q,t,SoC)  
%-------------------------------------------------- ------------------%  
%THIS FUNCION INCREASE THE SoC WHILE THE CAR WHILE THE CAR IS 
CONNECTED %TO THE GRID 
%-------------------------------------------------- ------------------%  
  
%   q = mode of the recharge (1 or 2).  
%   t = time of recharging points  
%   SoC = State of Charge (J).  
%    
%-------------------------------------------------- ------------------%  
t=t*3600;  
if  q==1  
    Precharge=3810*0.9;  
     
elseif  q==2  
    Precharge=6651*0.9*0.9;  
elseif  q==3  
    Precharge=0;  
end  
SoC=SoC+Precharge*t;  
  
     
     
end  
%-------------------------------------------------- ------------------%  
%Made By Álvaro Lazúen and Adriano Linero  
%Högskolan i Skövde  
%2012.05.24 

VI.V.V      Regenerative Braking Function 

function  [SoC,dP] = R_Braking(M,V,Pr,t,mode,SoC)  
%-------------------------------------------------- ------------------%  
%THIS FUNCION GIVE STATE OF CHARGE IN FUNCTION OF R EGENERATIVE BRAKING 
%AND GIVE INFORMATION ABOUT WHERE DISIPATIVE BRAKIN G IS NECESARY 
%-------------------------------------------------- ------------------%  
  
%   V = lineal speed of the vehicle(m/s).  
%   Pr = Demanden by the route power(W).  
%   Mode = Regenerative mode of the car.1 or 2; 1=m ax 0.1g; 2= max 
0.2g;  
%   t = time in second.  
%   SoC = State of Charge (J).  
%   dP = 1: Disipitave braking required. dP = 0: Di sipative braking 
OF.  
%-------------------------------------------------- ------------------%  
g=9.81;  
if  mode ==2  
    mBP=M*0.2*g*V; %max regenerative power  
elseif  mode ==1  
    mBP=M*0.1*g*V;  
end  
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if  abs(Pr)<abs(mBP)  
   BP=Pr; %Regenerative Braking Power  
   dP=0;  
else  
    BP=mBP;  
    dP=1;  
end  
   
  F=BP/V; %Force over the vehicle.  el freno)  
  an=abs(F/M); %natural aceleration  
if  an<0.05*g  
    rba=9*an/g;  
elseif  an>=0.05*g&&an<0.1*g  
    rba=4.50*(an/g-0.05*g)+0.45;  
elseif  an>=0.1*g&&an<0.15*g  
    rba=0.5*(an/g-0.15*g)+0.675;  
else  rba=0.73;  
end  
  
if  V<(6.5*10/36)  
    rbs=0.0154*V;  
elseif  (6.5*10/36)<=V&&V<(13*10/36)  
    rbs=0.1*(V-6.5*10/36)+0.1;  
elseif  (13*10/36)>=V&&V<(16*10/36)  
    rbs=0.0833*(V-(13*10/36))+0.75;  
else  rbs=1;  
end  
SoC=SoC+abs(BP*rba*rbs*t);  
end    
%-------------------------------------------------- ------------------%  
%Made By Adriano Linero and Álvaro Lazúen  
%Högskolan i Skövde  
%2012.05.24  


