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Abstract 

This monograph explored the limits and capacities of energy recovery by testing one of the most 

known energy recovery systems, the automotive Regenerative Braking System on one of the 

biggest bus rapid transit systems in the world: The Bogotá TransMilenio. Having used an 

analysis of Bogotá D.C.’s energy consumption, data for two of the newest TransMilenio natural 

gas-powered buses, and basic thermodynamics, this monograph applied a hypothetical situation 

where two RBS systems, the Flywheel and the Electromagnetic system, were theoretically 

installed on the two buses. The energy these buses would generate even in the best of conditions, 

however, does not size up to one of the city’s fewer demanding sectors, albeit the energy that 

was theoretically generated is still a decent quantity. 

 Keywords: Energy Recovery, RBS, KERS, TransMilenio, Energy Consumption. 

Resúmen 

Esta monografía exploró los límites y capacidades de la recuperación de energía al poner a 

prueba uno de los sistemas de recuperación más conocidos, el sistema de freno regenerativo 

vehicular (RBS por sus siglas en inglés), en uno de los sistemas de autobús de tránsito rápido 

más grande del mundo: el TransMilenio de Bogotá. Habiendo usado un análisis del consumo 

energético de Bogotá D.C., datos técnicos de dos de los buses a gas natural más nuevos del 

TransMilenio, y termodinámicas básicas, esta investigación hipotéticamente empleó una 

situación donde dos tipos de RBS, el de volante de inercia y el de inducción electromagnética, 

fueron teoréticamente instalados en los dos buses. Sin embargo, la energía que estos buses 

podrían generar hasta en las mejores condiciones no alcanza a uno de los sectores de menos 

demanda energética de la ciudad, aunque la cantidad de energía de todos modos fue una cantidad 

relativamente grande. 
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Introduction 

 

 

This monograph was structured around the concept of energy recovery, a commonly 

overlooked problem in today’s society. Since the industrial revolution, humanity has been too 

comfortable with the rapid use of materials, and has only recently begun to think about the 

effects of these materials’ consumption. The most common case would be that of hydrocarbon 

fuels. These, while very useful, happen to have an extremely pollutant effect, making them bad 

for the planet. Not only this, they are also a non-renewable resource, and once we deplete them, 

the world may go through an energy shock, as there isn’t any other high-energy resource we can 

exploit. 

Recently, scientists have been researching ways to replace our use of hydrocarbons, and 

instead use seemingly limitless energy sources: renewable energies. Alternative energy sources 

like solar, wind, and hydroelectric energy are extremely good for our planet, since they only 

function and generate energy from seemingly limitless sources; the sun’s energy is not depletable 

(at least not yet), and the air and water cycle that allow for wind and hydroelectric function 

normally without human intervention and energy usage. 

Unfortunately, the reason these alternative energies seem like a dream, is because they, 

technically, are. While these sources of energy exist nowadays and work efficiently, they still 

don’t generate nearly as much energy as fossil fuels do. Because of sheer population numbers in 

cities, and the high demand of energy of most people nowadays, it’s impossible for current-day 

renewable energy to replace fossil fuels entirely. Eventually, it is projected that renewables will 

generate a lot more energy than today’s fossil fuels, but that era is yet to come, and there’s a 
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need for a “bridge” between old-fashioned fossil fuels and this -dream- of renewables. (Ayres & 

Ayres, 2010) 

And that’s where energy recovery comes in. Further explained in the following sections, 

energy recovery is a practice that could help society avoid the depletion of fossil fuels just in 

time for renewables to become the new standard. This monograph is focused on one possible use 

of energy recovery, that, when taken to a bigger scale, could be one of the first examples of mass 

energy recovery.  
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Justification 

 

 

Energy recovery, being such an underrated concept, should be given more attention in 

this day and age where fossil fuels are starting to become more of a problem than a solution to 

industrialized production; humanity as a whole is used to consuming a lot of energy. While this 

itself is arguably not the problem, the real issue lies in what is happening with the waste products 

of this energy consumption.  

This led to the investigation diving into the questions that surround earth conservation 

activism and its opposition to excessive fossil fuel usage nowadays; the planet’s resources are 

limited. What can be done to stop the pollution that has been caused by releasing so much waste 

products into the atmosphere and hydrosphere? This question has many different answers and 

solutions, but none of them work individually; there isn’t a single master solution to this 

problem, but rather, different solutions come together to form a plan. 

This monograph investigation focuses on one of the proposed solutions to the problem, 

using energy recirculation to use less fossil fuel energy. As it was stated before, it definitely is 

important to think about the alternatives (i.e., renewable energies) as a step of the solution plan at 

a major scale, albeit not being the entire solution itself. 

Finally, as it has been mentioned before, energy recovery hasn’t been a topic of enough 

interest, and, across the years, its implementations haven’t taken advantage of the entire concept 

of recovery and recycling. These systems would cause a bigger impact together, not only on the 

single owner of a car, but on the entire city, thus benefiting an entire society. 
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1. Objectives 

 

 

1.1. General Objective 

Analyze the possible implementation of an energy recovery model in the infrastructure of 

the public transport system of a megacity like Bogotá for its subsequent use. 

1.2. Specific Objectives 

• Examine the relevance of clean and self-sustaining energy in Bogotá in order to create a 

bigger energy efficiency. 

• Characterize recovery systems that best suit the energy needs of a city like Bogotá and 

that can be implemented in the public transport system. 

• Contrast two systems of energy recovery specialized in vehicles. 

• Calculate the possible energy outputs of two vehicle recovery systems in two model 

vehicles and compare them. 

• Compare the total energy generation of the best possible system with the most 

appropriate energy consumption statistic in Bogotá D.C.. 
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2. Problem Statement 

 

 

In modern society, overall energy consumption is excessive. In 2018 alone, more than 

75,894 thousand barrels of oil were consumed daily to generate energy (British Petroleum 

Company, 2019). Humanity’s current energy demand is extreme, and the way energy is 

generated is already becoming a problem. Not only that, this way of generating energy, like it 

was mentioned before, may end unexpectedly. There are more than seven billion people and only 

one planet to satisfy each and every individual’s needs. Until current-day technology reaches 

utopia-like energy sources like a Dyson sphere (and even so), energy remains one of our biggest 

concerns. 

Humanity is always looking for ways to overcome the various obstacles that they 

encounter as a species. And if energy is one of those concerns, that’s where the question arises: 

can this consumption be reduced? The oversimplified answer is yes, however, it’s a lot easier 

said than done. The attempts to save energy have been indoctrinated in society for some time, but 

even if this is done, it won’t be enough. After all, it depends on society and every individual, 

making it futile on a large scale. Large impacts do not come from great progress, but from small 

ones on many fronts, thus achieving the solution using many different methods. 

Now, a different resource-saving example is that one of plastics. Although these have 

been a rather revolutionary invention for today’s consumer society, they are very harmful to the 

planet, and have caused major problems such as the so-called -garbage patch- in the Pacific 

Ocean. For this reason, the most acclaimed solution to the problem has been to recycle these 

plastics so they can be used several times in the products they constitute. 
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The reason this is mentioned is because of its similarity with the energy problem. While 

the plastic problem is a lot more difficult to solve because of its nature as a material, energy, 

being a purely physical concept, is recyclable by nature, because it cannot be created or 

destroyed, but rather transforms into another type of energy when it is used. The concept of 

energy recovery, which has been studied over the years, is to convert energy which would 

normally be wasted after use into a usable type of energy, such as electric, and thus reuse it for 

the same or a different purpose. 

Following this logic, it can be said that a big enough energy recovery model could 

theoretically solve the problem of excessive energy expenditure (recovering a part, since 

excessive usage is another, merely social problem in itself). However, these systems are designed 

to work in fairly small systems that would not affect a community of people, let alone society. 

Thus, in the given example of a city, there may be a way to implement such systems, working 

together, to have a considerable energy recovery. 

2.1. Research Question 

Would it be plausible to implement a conversion-generation energy recovery system in a 

public transport system like Bogotá’s TransMilenio? 
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3. Theoretical Framework 

 

 

3.1. Previous Works and Background 

There are many studies in energy recovery in vehicles. However, studies about its use in 

public transport are rare, and only one has been found to have a similar outlook to this 

investigation. Additionally, there are many resources and studies about the individual concepts or 

theories in this monograph, but not many share the same essence of energy recovery and public 

transport simultaneously, and even less energy recycling for different purposes. 

Prof. Keith R. Pullen explains in his 2019 article “The Status and Future of Flywheel 

Energy Storage”, published on Joule, a Cell press scientific journal. How flywheels, and most 

specifically KERS (Kinetic Energy Recovery Systems, a type of energy recovery system) types 

can be profitable nowadays and how their future will change significantly. This article gives an 

insight on how KERS could change in the future and how efficient would a present 

implementation, theoretically, be. (Pullen, 2019) 

In 2013, an article was submitted for the World Congress of Engineering. This article by 

R. Kapoor and C.M. Parveen compares various systems of KERS storage; mechanical, electric, 

hydraulic, and hydro-electric versions of the system, and analyses the properties of each. As 

such, the flywheel (mechanical) KERS storage seems to be the best option available, while the 

others are still very efficient and suitable, but not as useful. (Kapoor & Parveen, 2013) 

In 2010, a book, written by Robert U. and Edward H. Ayres, which was said to be “an 

excerpt from another book”, explains the use of energy recycling in steel production facilities, 

namely Mittal Steel and Kodak, where they use the otherwise pollutant waste gases from steel 
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production to generate electricity. The amount of energy generated by these techniques isn’t 

exorbitant, but it is still a considerable number. The authors claim that, while conventional 

renewable energy like solar PV and wind turbines will eventually, indeed, become the new 

standard, we need a “bridge” between the now-active fossil fuel era to the future’s renewable 

energy era, and this bridge is this recycled energy (Ayres & Ayres, 2010).  

In 2014, an article for a scientific journal was produced by Štefan Hamacek, et al. 

explained how energy recovery, especially RBS could be used in the transport sector, 

specifically in the trolleybus in the Polish city of Gdynia. It is based around the analysis and 

simulation model of the “Monte Carlo method”. Because this is a RBS energy recovery model 

applied to a public transport system, it is definitely a guiding point towards what this 

investigation will attempt to achieve. (Hamacek, et al., 2014) 

3.2. Common Vehicle Auto-generation Systems 

 Across the years, many electrical generators have been used for vehicles, providing 

energy as needed for the various systems of the automobile. The first energy autogeneration 

systems used in vehicles were dynamos, which had the property of using electromagnetic 

induction (EMI), also called Faraday’s law, to create an electric current from the spinning of a 

magnetic disk. Eventually, these were replaced by today’s alternators, which create energy in a 

similar way, but have other advantages that make them much more viable.  

Dynamos are energy autogeneration machines that produce direct current (DC) when 

working. As with other generator systems, they work with EMI. Dynamos were commonly used 

in the 19th and 20th century to generate electricity in power plants, and were then introduced to 

vehicles, most commonly the third-brush dynamo. Dynamos were simple in that they just had to 

be constantly spinning, thus generating energy uninterrupted. Such was the convenience of the 
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Dynamo, that today’s alternators work in exactly the same way, with minor, but very drastic 

changes. 

Figure 1 

Drawing of a Faraday Disk, the First Dynamo Electric Generator. 

Note. The drawing shows the main parts of the first Faraday Disk prototype. Cropped out caption 

and list of parts. Drawing made by (Alglave & Boulard, 1884) Alglave, É., & Boulard, J. (1884). 

The Electric Light: Its History, Production, and Applications. New York City: D. Appleton. 

Public Domain. 

Figure 1 shows one of the first dynamo systems, the Faraday disk. Also called a 

homopolar generator, these such systems could generate electric current up to a million amperes 

under the right conditions (Valone, 1994). Faraday disks, named after Michael Faraday, were 

some of the first examples of applied energy autogeneration. However, as it was stated before, 

these devices were subsequently replaced by alternators for their use in vehicles.  
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Conversely, the current-day alternators became the new energy-producing standard when 

they overpowered the dynamos because these could produce alternating current (AC) instead of 

DC, hence their namesake. Alternating current is highly preferred because of a wide variety of 

reasons, so naturally the alternators replaced the dynamos for the most part. Both systems work 

practically in the same way, and using the same principle of electromagnetic induction. While 

dynamos were used for energy generation in most vehicles, by then, some particular vehicles, 

especially those that needed a great amount of electrical power for radio transmission and other 

devices, such as ambulances, did use alternators.  

Nowadays, in almost any car, at least one alternator is used to generate electricity for the 

vehicle’s many electric systems. This is normally enough for a regular gasoline-powered 

automobile because the gasoline fuel is enough for the car to move, while electricity takes care 

of other aspects like the ignition of the gasoline, the internal computer and safety systems of the 

car, and others, which don’t require a great power input. However, EVs (Electric Vehicles) and 

hybrid cars depend on electricity to move, so they need a lot more electric power. Of course, this 

means that these cars have bigger and better batteries, better alternators, and other such systems. 
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Lowest Levelized Cost of Storage 

Note. 2020 and 2040 prediction of the different types of batteries and their hours per discharge, 

and their discharges per year. Reproduced from (Pullen, 2019) Pullen, K. R. (2019). The Status 

and Future of Flywheel Energy Storage. Joule, 3(6), 1394-1399. doi: 

https://doi.org/10.1016/j.joule.2019.04.006. 

However, as seen in Figure 2, hydrocarbon fuels, because of their explosive power, are 

more efficient in providing energy for a moving vehicle using a four-cycle combustion engine 

than electric power, because of Li-Ion limitations. This means that, while EVs and hybrids do 

have a lot of power in them, they’re at a relatively higher risk of depleting their batteries while 

on a drive, and need to be recharged significantly more often. A solution for this has been energy 

recovery, which is explained in the following section. 

3.3. Vehicle Energy Recovery Systems 

Energy recovery is used in a wide range of vehicles, but almost exclusively in hybrids 

and electrics because of the reasons stated above. There are many energy recovery systems for 

these vehicles, but the most effective as of now are Regenerative Braking Systems, or RBS. 

Figure 2 
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To make this section clear, it is necessary to explain the law of conservation of energy. 

This law, also called the 0th law of thermodynamics, dictates that energy cannot be created, or 

destroyed. While it is still unknown if the expansion of the universe is still generating new 

energy, the observable universe has a fixed amount of energy that humans can use. As such, any 

energy that has been present in earth since the beginning of time is still in the earth, just having 

been converted to different types of energy.   

RBS work under a very simple concept: use the energy that would normally be wasted by 

braking, and convert it to usable energy for further use. When cars without RBS brake, all of the 

kinetic energy that the car has will be wasted as heat energy in the brake disks. This has been the 

case for about any brake in any vehicle, until RBS arrived. According to the law of conservation 

of energy, the energy that is “lost” during braking can be recovered instead of wasted as heat. 

RBS do this by employing different systems that can brake a wheel while also keeping the 

energy for future use. Furthermore, an RBSs normally doesn’t brake the car entirely by itself, but 

helps itself with the conventional brakes if the speed is too high. (Bhandari, et al., 2017) 

RBS have many advantages and disadvantages, inclined mostly to the former. Its main 

advantage is the fact that, being an energy recovery system, it increases the total efficiency of 

any vehicle that uses them for their own gain. That means that electric vehicles, under certain 

conditions, will benefit greatly from the energy boost that RBS provide. This also means that, 

indirectly, RBS contribute to the planet by saving up on electricity, which is normally generated 

using fossil fuels. Of course, this advantage can be attributed to energy recovery as a whole, and 

not just RBS. On the other hand, RBS also have some disadvantages, mainly for the vehicle, as 

Bhandari et al. (2017) state: 
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“The main limitation of regenerative brakes when compared with dynamic brakes is the 

need to closely match the electricity generated with the supply. With DC supplies this 

requires the voltage to be closely controlled and it is only with the development of power 

electronics that it has been possible with AC supplies where the supply frequency must 

also be matched (this mainly applies to locomotives where an AC supply is rectified for 

DC motors). [2.] Regenerative braking is necessarily limited when the batteries are fully 

charged. Because the additional charge from regenerative braking would cause the 

voltage of a full battery to rise above a safe level, our motor controller will limit 

regenerative braking torque in this case. 3. Increases the total weight of vehicle by around 

25-30 Kilograms.” (Bhandari, et al., 2017) 

Regenerative brakes come in many different forms; each usually being used for a 

different kind of car. Formula One cars, for example, have been some of the staple uses for the 

KERS, or Kinetic Energy Recovery System. Consumer EVs use regular RBS, which have 

branched in many types. Technically, the KERS is a subtype of RBS used mostly for racing cars. 

There are roughly 5 types of RBS, each having its own advantages, but the most used 

ones, and the ones this investigation will focus on, are the Flywheel and Electromagnetic RBS. 

In the Flywheel RBS (further abbreviated FRBS), the energy is stored mechanically in a 

flywheel that operates independently from the wheels of the vehicle. In the Electromagnetic RBS 

(further abbreviated ERBS), the drive shaft of the vehicle is attached to an electric generator, 

which, when active, will slow down the drive shaft and eventually bring it to a halt. 

The following sections characterize the FRBS and ERBS, showcasing how they would be 

implemented in a vehicle. 
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3.3.1. Flywheel RBS 

Flywheels are mechanical devices used to store mechanical energy. As their name 

implies, they’re wheels that move independently from the rest of the system. Such devices have 

been used a lot for energy storage in many devices. 

Richard Trevithick’s 1802 Steam Locomotive. 

Note. A picture of Richard Trevithick’s 1802 Steam Locomotive, which used a flywheel to 

transfer energy from its main and only cylinder to the rest of the system. Taken from 

Birmingham Museums Trust, (2005). Richard Trevithick's 1802 steam locomotive. [Online 

Image]. Wikimedia Commons. CC BY-SA 4.0. 

 Figure 3 depicts a flywheel, used in Richard Trevithick’s locomotive. Although it had a 

different use from flywheels in FRBS, its function was the same; store mechanical energy. 

Flywheels in FRBS store the kinetic energy that the car loses when it brakes, and then converts it 

to electrical energy, using a motor-generator. To maximize efficiency, FRBS flywheels are 

Figure 3 
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stored inside a vacuum chamber, to prevent friction from air particles, and thus losing the least 

energy possible. 

A Flywheel System Configured for Electrical Storage 

Note. Diagram of a flywheel system used to store electrical energy. Reproduced from Amiryar 

and Pullen. (Pullen, 2019) Pullen, K. R. (2019). The Status and Future of Flywheel Energy 

Storage. Joule, 3(6), 1394-1399. doi: https://doi.org/10.1016/j.joule.2019.04.006. 

Figure 4 shows the diagram of a conventional Flywheel Energy Storage System. The 

output current varies, but in vehicles, it’s normally AC. The flywheel is usually rather heavy so it 

keeps its inertia without any interruptions. 

There are two versions of FRBS, the KERS, which is normally used in Formula One, and 

the automatic FRBS, which is used in some consumer EVs. KERS are activated by pushing a 

button, which gives the engine a boost using the electricity stored in the battery, previously 

obtained from braking (Racecar Engineering, 2009). Of course, Formula One cars are made to 

Figure 4 
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reach very high speeds, reaching around 220km/h at median (STATS F1, n.d.) for racing 

tournaments, and as such, they’re not designed to be braking very often, and even less to brake to 

a full stop (only in certain cases, like wheel replacement), and also, because most of the sport is 

based around the pilots’ expertise, not the cars, the pilots are the ones who decide when and 

where the car accelerates, so a manual -KERS powered turbo button- is fitting for the sport. 

The main difference between a KERS and a regular RBS is the usage of energy. KERS, 

being used in motorsport, normally recover the energy from braking and use it to boost 

acceleration. The energy stored in the flywheel is then used for acceleration again so the car does 

not lose speed. RBS, on the other hand, is different in that it normally recovers energy and stores 

it for the further use of the vehicle. The difference is, then, that the KERS stores energy very 

shortly, and uses it almost exclusively for acceleration boost (hence why F1 KERS were 

activated with a button), and instead, the RBS supplies the energy back to the main battery as a 

recycling measure. 

In both cases, the FRBS usually is equipped with a separate transmission gearbox, which 

attempts to keep the flywheel spinning the whole time, changing gears so the flywheel can’t 

decelerate.  

Conversely from racing cars, EVs and hybrids are normally driven around in urban areas, 

which require a lot of braking, mainly in stoplights, and traffic jams. Because of this, the 

automatic system is more suited for these, for the driver doesn’t have to worry about wanting 

extra speed like in racing, but rather, they just need better mileage and more power in the car’s 

batteries. 
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 However, consumer EVs and Hybrids normally don’t use FRBS, because, as it was stated 

before, these don’t reach the high speeds that Formula One cars normally do. As such, FRBS 

rarely, if ever, get used for consumer vehicles. 

This investigation will use the GKN Gyrodrive KERS’s flywheel as a reference point. 

This FRBS was specifically designed for buses, that store a lot of energy that comes not from 

their velocity, but from their mass. 

“The motor/flywheel can spin at speeds up to 45,000 rpm, although in the bus application 

speeds are generally in the 16,000- to 36,000-rpm range. The motor/flywheel is designed 

to be fitted under a passenger seat in the bus, so passenger capacity is not affected. The 

electronic control system is mounted under a second passenger seat. Altogether the 

system weighs 300 kg (660 lb.), according to Reinartz. […] The operating voltage is 500 

V and energy storage is in the 1.2- to 1.8-MJ range, with a power rating of 120 kW. The 

weight of the motor/flywheel unit is around 60 kg. It’s not just the weight of the 

aluminum housing and the carbon composite, but there’s obviously copper in there, too.” 

(Kendall, 2015) 

In a system where the flywheel acts as a brake (recovering the kinetic energy that would 

normally be lost to friction), the flywheel’s energy can be expressed as the same kinetic energy 

of the vehicle before braking: 

𝑚𝑣2

2
= 𝑅𝐾𝐸𝑓𝑙𝑦 

Where m is the mass of the vehicle, and v is the initial velocity of the vehicle just before 

braking (Rahane & Varpe, 2016). This is the total rotational energy that will be stored in the 

flywheel, for a time short enough to not take friction into account (for longer times, internal 

friction decreases the energy over time). Now, the conversion to electrical energy is another 
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problem in and on itself, suffering from heat energy loss, but recovering a great percentage of the 

energy nonetheless. Because a regular MG will be used, the equation for it is rather similar to the 

one used in the ERBS which is mentioned further below. 

Normally, calculations for the recovered energy of a flywheel need its efficiency. The 

normal efficiency for a flywheel storage system MG is around 85% (Pullen, 2019). Along with 

this data, the total amount of recovered energy is then: 

𝐸𝐸 = 𝜂𝑔𝑒𝑛𝑅𝐾𝐸𝑓𝑙𝑦 

Where EE is electrical energy in Joules, 𝜂𝑔𝑒𝑛 is the efficiency of the generator in 

percentage, and 𝑅𝐾𝐸𝑓𝑙𝑦 the rotary kinetic energy of the flywheel in Joules. 

On the other hand, according to Prof. Pullen (2019), a flywheel can certainly recover 

energy efficiently, but its storage and intake are an entirely different issue. A regular flywheel 

uses a motor-generator to convert the residual kinetic energy to electric energy. However, the 

materials used in these MGs and their grid-tied inverter could be better, and aren’t working in 

optimal conditions. 

“It is immediately apparent that the power cost is dominated by the MGPE cost, not the 

flywheel, so cost reductions here have the greatest impact. The greatest potential is 

developments in power electronics with higher voltage metal-oxide-semiconductor field-

effect transistor (MOSFET) leading to reduced costs and lower losses.” (Pullen, 2019) 

 Nevertheless, the amount of energy stored by a Lithium-Ion battery and the time it takes 

to discharge will be improving in the following years as predicted by the studies of Prof. Pullen 

shown in Figure 2. A flywheel can discharge and charge a vast number of times because of its 

mechanical nature; however, it can’t keep the charge for long, and that’s Li-Ion batteries are 

much more preferred. 
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This means that the FRBS today may still have some faults because of the reasons 

mentioned above. However, its regenerative brake potential is still not something to be 

underestimated. Following this principle, while the FRBS can be improved, it remains a solid 

candidate to the objective this investigation is aiming to achieve, for the Rapid Transit Buses 

presented in the investigation hold enough of a mass for the FRBS to work, if it can be installed, 

albeit, not used as a KERS, but as a FRBS. 

3.3.2. Electromagnetic RBS 

Electromagnetic RBS systems depend on the drive shaft of a vehicle. The motor, which 

normally would spin the wheels in order for the car to move, turns into an electric motor which 

will slow down the wheels applying friction and generating energy in the process. In the case of 

hybrid vehicles, like the one shown in Figure 5 below, have an electric motor added on top of the 

normal fuel engine for the same purpose as a fully electric ERBS. 
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Motor-Generator RBS in a Hybrid EV 

Note. Diagram of a Motor-Generator Regenerative Braking System. Adapted from (Bhandari, et 

al., 2017). Bhandari, P., Dubey, S., Kandu, S., & Deshbhratar, R. (2017, February). Regenerative 

Braking Systems (RBS). International Journal of Scientific & Engineering Research, 8(2), 71-74. 

ERBS stores its energy in a Li-Ion battery under normal conditions. This type of RBS is 

used in some racing cars, namely Le Mans models. One such example is the Porsche 919 Hybrid, 

which uses an ERBS to feed the electric motor On-Demand.  

“During braking, a generator at the front axle converts the car’s kinetic energy into 

electrical energy. In the split exhaust system, one turbine drives the turbocharger while 

another converts surplus energy into electrical energy. The braking energy contributes 60 

per cent, with the remaining 40 per cent coming from exhaust gas. The recuperated 

electrical energy is stored temporarily in a lithium-ion battery and feeds an electric motor 

on demand. “On demand” means: the driver wants to accelerate and calls up the energy at 

the press of a button. In accordance with the latest regulation changes, the power from the 

Figure 5 
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combustion engine is just under 368 kW (500 HP), and the output from the electric motor 

is well over 294 kW (400 HP).” (Porsche, 2016, par. 3) 

ERBS are also the most used RBSs for consumer EVs and hybrids. These can brake the 

movement of a car in urban conditions without any problems. The energy generated from an 

ERBS’s recovery feature is around 10% of the maximum energy of the vehicle, under certain 

conditions. (Folkson, 2014)  

Additionally, there are two types of ERBS, the parallel and the serial. The serial type 

employs regular friction-type brakes, and also adds the regenerative brake. The main feature of 

the serial system is an integrated control strategy, where the brake torque is automatically 

adjusted by the brake pedal as the driver presses it. This system can only operate on a brake-by-

wire system. Parallel, on the other hand, does not posses the integrated control strategy the serial 

does, employing the RBS and friction brake system in parallel. Instead of checking the pedal, the 

parallel system takes into account the battery charge, the velocity of the vehicle, and the motor 

capacity. The best option is the serial, which can save up to 30% in fuel efficiency, in contrast to 

the parallel’s 18%. (Varocky, 2011) 

For this investigation, it will be assumed that the efficiency of the motor generator is 

90%, as it is normal in many MGs used for Regenerative Braking (Toll, 2018).  

As it was mentioned previously in the FRBS section, the energy converts from kinetic to 

electric, and the same kinetic energy equation applies, albeit this time the energy will not be 

rotational. In this case, it will be converted to chemical as well. Skipping ahead to the equation 

when both eficiencies are known, the total produced electrical energy by the ERBS is: 

𝑊𝑜𝑢𝑡 = 𝜂𝑔𝑒𝑛𝜂𝑏𝑎𝑡𝑡𝐾𝐸𝑣𝑒ℎ𝑖𝑐𝑙𝑒 
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In Joules. This equation outputs work, instead of energy, but because in this case Work is 

not a vectorial quantity, energy can be used instead (Kinetic energy is calculated with speed, not 

vectorial velocity). 

3.4. TransMilenio Bus Rapid Transit System Specifications 

The TransMilenio is Bogotá’s (and neighboring) Bus Rapid Transit (BRT) system. It 

entered operation ever since December of 2000, and has remained the official public transport 

system for the city. 

The Transmilenio consists of 8 main lines of bus routes that run from the neighboring 

municipality of Soacha, throughout the entire city outskirts and centre, all the way to the 

northern street 194, called Terminal Station. The system covers a total of 114.4km (TransMilenio 

S.A., 2020) and operates for the most part of the day. It’s divided in three subservices: 

• The express route, which only stop at certain stations in one route. 

• The easy route, which stops at every single station in the lane. 

• The dual route, which is similar to the express, but also stop on non-main stations 

(regular bus stops). (TransMilenio S.A., 2020) 

Additionally, The system is divided in 6 subsystems: 

• The Trunk (Troncál) line, composed of the bigger articulated and biarticulated buses. 

These have designated stations and follow specific routes. They’re equipped with many 

features such as hydraulic doors, accesibility systems such as speakers and LED panels, 

and a couple others. These buses have an average capacity of 250-270 passengers 

(TransMilenio S.A., 2018), and are equipped with benches and wheelchair spots for 

commodity and accesibility. 
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• The Feeder (Alimentadores) line, composed of smaller, regular buses who transit on the 

normal highways and roads as regular civilian vehicles. These pick up passengers at 

designated locations that are too far off a main station, and transport them directly there 

(for portal stations) or close to (for minor stations). These buses are also equipped with 

benches and accesibility features, and have a maximum capacity of 90 people. 

• The Urban (Urbano), Complementary (Complementario), and Special (Especial) 

subsystems are composed of regular buses. Similar to the feeder system, these pick up 

passengers in bus stations and transport them closer to the stations. 

o The urban system is different from the other two in that, like a feeder, it travels 

around the city getting passengers closer to stations, and it travels the most 

important areas of the city, like highways. Also, it is different from the feeder 

because the latter transports users from and to certain zones as well, and is more 

expanded overall, unlike the urban, which is designed to be more like a “quick 

hop” to a trunk system. 

o The complementary system is different from the other two in that its buses are 

assigned to different zones, municipalities and locations in the city, and transport 

users to a station. These are usually operated by private companies which have 

signed a contract with the TransMilenio administration to sport its image and be 

allowed to use its routes. 

o Finally, the special system is different from the other two in that it only goes from 

station to station. Much like a trunk system, special buses usually transport 

passengers through the regular highways between bigger stations like portals or 

terminals. 
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• The TransmiCable subsystem, unlike the rest, is composed of a gondola system, and it’s 

used mainly to provide access to many elevated zones in the Ciudad Bolívar district. It 

connects directly with a trunk station, and some urban stations. 

The Trunk system, as it was stated before, is run by articulated and biarticulated buses, 

which feed on diesel and natural gas. The buses have been provided by many different countries 

over the years, namely Marcopolo S.A., Mercedes-Benz AG, AB Volvo and, most recently, AB 

Scania. The majority of these buses have been articulated, which means that it’s divided in two 

rigid sections, connected by a single pivoting joint, in order to let the bus make turns safely. 

Biarticulated buses work in the exact same way, except having another pivoting joint, thus 

extending the size of the bus slightly. 

Map of the Transmilenio Trunk Service 

Note. November 2019 map of the Transmilenio trunk routes across Bogotá. Reproduced from 

(TransMilenio S.A., 2020) TransMilenio S.A. (2020, September 26). Mi Plan de Viaje. Guía de 

Servicios - Sistema Transmilenio. Bogotá: TransMilenio S.A. 

Figure 6 
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The shortest possible complete route is that one of the B55 express route, which only 

stops in 3 stations. The longest possible route is the 8th easy route, covering 33 stations in one 

go. 

This investigation will be based around the two newest bus types, the Scania F340 HA 

8x2 biarticulated bus, and the Scania K320 IA 6x2/2, which are detailed in the following 

sections. 

3.4.1.  Scania F340 Biarticulated 

Diagram of Scania F340 Chassis 

Note. Chassis of the Scania F340 from the side and from above. Reproduced from (Scania 

Colombia S.A.S., 2020). Scania Colombia S.A.S. (2020, October 6). Cotización Scania F340 HA 

8x2 Euro 6 Bi-articulado a Gas de Piso Normal. Bogotá. 

The Scania F340 is the most recent biarticulated bus that the TransMilenio began using 

around the first half of 2019. It is one of the only buses that don’t use diesel as its fuel, but 

instead, uses natural gas. It has a capacity of 250 passengers. 

Figure 7 shows the chassis of the F340. It is apparent from the diagram that the bus 

posseses 4 axes. These can be slightly modified to add a FRBS, or, instead, the drivetrain 

adapted to a ERBS in the 2 axes in the front. 

Figure 7 
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The F340’s brakes are pneumatic, which means that compressed gas is used to create 

pression on a brake pad. EBS and ABS are also installed in the vehicle. EBS, or Brake-By-Wire 

systems (although EBS is short for Electronic Braking System) are capable of braking different 

wheels via an electric impulse. EBS is operational in the majority of EVs and hybrids, so it is 

compatible with RBSs. Conversely, ABS, or Antilock Braking System, is a system present in 

most modern vehicles like automobiles, motorcycles, buses, and even certain aircraft. It prevents 

the tyre from blocking completely in a surface, thus increasing maneuverability. 

 On the other hand, the F340 also has a mechanical retarder installed in its gearbox. A 

retarder is a device that slows the vehicle slowly, so that it doesn’t go out of control in steep 

surfaces. This, of course, means that the engine also features engine brake, slowing the vehicle 

down when the accelerator isn’t pressed, and the vehicle is running in lower gears like first or 

second. 

 Other details that are not as important but cannot be overlooked are: 

• The F340’s engine is a natural gas engine with 5 cylinders. It is compliant with the Euro 

6 carbon emission standard.  

• The gearbox features 7 velocities: First to sixth and reverse. 

• The F340 uses steel rims. 

• The F340 features suspension in all but one axes, the ones at the back having a 12000kg 

resistance, and the one at the front 7500kg. (Scania Colombia S.A.S., 2020)  

3.4.2.  Scania K320 Articulated 

The Scania K320 is the other most recent bus for the trunk subsystem. It was introduced 

at the same time as the F340. It has a capacity of 160 passengers. 
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Diagram of Scania K320 Chassis 

Note. Chassis of the Scania K320 from the side and from above. Reproduced from (Scania 

Colombia S.A.S., 2018). Scania Colombia S.A.S. (2018, January). Especificación Técnica K320. 

 The chassis diagram is presented in Figure 8. This bus has one less axis, only comprising 

3 of them, of which one uses a single wheel. This vehicle’s motor is actually in the back of the 

bus, as it is shown in “J” in the diagram.  

Just like the F340, the K320 also has ABS and EBS. Its brakes are more or less the same. 

Also, one of the brake modes involves braking with all axes to create a faster brake. 

Only the wheels in the back are connected via a drive shaft. This means that if an ERBS 

were to be installed, it’d only work with the back axis. 

Other important details are: 

• The K320’s gas engine has 5 cylinders. It is compliant with the Euro 6 carbon emission 

standard, like the F340.  

• The gearbox is automatic, something rather uncommon for big vehicles. It also 

incorporates a retarder. 

• All axes have a suspension system. The front one has 7500kg of resistance, the middle 

one 10230kg, and the rear 12000kg. (Scania Colombia S.A.S., 2018) 

Figure 8 
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3.5. Bogotá’s Electricity Consumption 

Bogotá D.C. is the capital of Colombia, and its biggest city with the biggest number of 

inhabitants, 7,412,566 in 2018. (DANE, 2018) Being the country’s center and most populated 

city, it is (sometimes) considered a megacity. As such, this city is one of the biggest electricity 

consumers in the country. 

The following table (Table 1) and graph (Figure 9) shows the electric energy 

consumption in Bogotá between 2000 and 2012, in GWh (Gigawatt hours). 

Table 1 

Electric Energy Consumption in the Capital Region from 2000 to 2012 in GWh. 

 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

Bogotá Total 6,575 6,519 6,751 6,918 7,311 7,634 7,983 8,455 8,719 8,743 8,901 9,081 9,194 

Residential 2,993 3,010 3,054 3,099 3,163 3,255 3,334 3,426 3,572 3,609 3,650 3,692 3,699 

Commercial 1,303 1,303 1,472 1,561 1,727 1,904 2,123 2,399 2,498 2,603 2,687 2,798 2,911 

Industrial 1,602 1,527 1,610 1,669 1,843 1,925 2,011 2,117 2,106 1,981 2,011 2,055 2,050 

Official 426 422 362 363 352 326 315 309 335 339 340 320 317 

Street lighting 251 257 252 226 225 223 200 204 208 212 213 216 218 

Note. Table showing the total energy consumption in Bogotá’s different energy usage 

sectors. Reproduced from (Martínez, et al., 2013, p. 101). Martínez, A., Afanador, E., Zapata, J. 

G., Núñez, J., Ramírez, R., Yepes, T., & Garzón, J. C. (2013, Julio). Análisis de la situación 

energética de Bogotá y Cundinamarca. Fundación para la Educación Superior y el Desarrollo. 

Extra information cropped out. 
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Graph of the Electric Energy Consumption in Bogotá from 2000 to 2012. 

Note. Own work, taken from (Martínez, et al., 2013) Martínez, A., Afanador, E., Zapata, J. G., 

Núñez, J., Ramírez, R., Yepes, T., & Garzón, J. C. (2013, Julio). Análisis de la situación 

energética de Bogotá y Cundinamarca. Fundación para la Educación Superior y el Desarrollo. 

While this data is not up to date, it is possible to calculate an average consumption of 

energy with population data in 2020. 

Table 1 shows that the total consumption has been increasing around a thousand GWh 

every 3 or more years, showing a relatively constant increase. To further support this, Figure 9 

demonstrates that the growth trend is fairly linear. 

It is also possible to create a percent pie chart from Table 1, which could give an 

approximate, visual representation of the percent certain sectors use. This will be Figure 10. 

Additionally, the same table states that Cundinamarca’s total consumption for 2012 was 

3.265GWh, and its Official and Street Lighting values added are 81GWh. This value is important 

for later explanations. (Martínez, et al., 2013) 

Figure 9 
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Percent of Energy Consumed per Sector in Bogotá from 2000 to 2012. 

Note. Own Work, taken from (Martínez, et al., 2013) Martínez, A., Afanador, E., Zapata, J. G., 

Núñez, J., Ramírez, R., Yepes, T., & Garzón, J. C. (2013, Julio). Análisis de la situación 

energética de Bogotá y Cundinamarca. Fundación para la Educación Superior y el Desarrollo. 

Figure 10 was calculated with the average consumption of every year from 2000 to 2013. 

It clearly demonstrates how the residential sector consumes a significantly higher amount of 

energy than the other sectors, and how the street lighting and official sectors consumes very little 

compared to the others. 

As for the current date, Martínez et al. (2013) make predictions in their study, and 

develop a formula to calculate the energy consumption all the way to 2020. Unfortunately, 

Codensa and the government haven’t published any new accurate reports of sectorial energy 

consumption to date. While the following data may be inaccurate, it has been calculated using a 

complex set of equations that take into account many factors, and, associated with the population 

change, are very accurate. (See Annex 1) 

Figure 10 
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This prediction calculation returns very precise data that, while speculated, is still very 

trustworthy. The predicted data is shown in the following table (Table 2): 

Table 2 

Result of Energy Projections for the Region – Base Scenario 

Note. Results of a prediction of the amount of energy used in the capital region from 2013 to 

2020. Reproduced from (Martínez, et al., 2013, p. 147). Martínez, A., Afanador, E., Zapata, J. 

G., Núñez, J., Ramírez, R., Yepes, T., & Garzón, J. C. (2013, Julio). Análisis de la situación 

energética de Bogotá y Cundinamarca. Fundación para la Educación Superior y el Desarrollo. 

As expected, the total energy consumption for 2020 is around 18,000 to 20,000 GWh. 

This result is also compared with the UPME’s (Miner-Energetic Planning Unit, English for 

Unidad de Planeación Minero Energética) calculations. Both Martínez et al. and the UPME agree 

on a relatively close number. An average calculated value between the 3 pieces of final data for 

2020 would be 19.093 GWh for the whole region, a table not included in the document (See 

Annex 1).  

Year 

Aggregated Model Sectorial Model UPME 

GWh Growth % GWh Growth % GWh Growth % 

2013 14.508 4,1 14.363 3 14.720 5,6 

2014 15.083 4 14.895 3,7 15.207 3,3 

2015 15.685 4 15.453 3,7 15.739 3,5 

2016 16.297 3,9 16.031 3,7 16.801 6,7 

2017 16.959 4,1 16.645 3,8 17.547 4,4 

2018 17.618 3,9 17.267 3,7 18.316 4,4 

2019 18.275 3,7 17.896 3,6 19.075 4,1 

2020 19.024 4,1 18.583 3,8 19.674 3,1 
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Additionally, according to Martínez et al. (2013, p. 147), this table only takes Bogotá and 

Cundinamarca into account. This means that the table adds the values of both regions and makes 

this the final aggregated value. Also, this value disregards the “Official” and “Street Lighting” 

values. (Martínez, et al., 2013, p. 145)  

The increase in population of Bogotá is also relatively lineal, having actually decreased 

growth rate near 2019. The following chart describes the change in population from the year 

2000 to the year 2020. 

Figure 11 

Population of Bogotá D.C from 2000 to 2020. 

 

Note. Graph with trend line representing the total population of the city of Bogotá D.C. from the 

year 2000 to 2020. Own work taken from (United Nations, Department of Economic and Social 

Affairs, Population Division, 2019 as cited in Macrotrends LLC, 2020) United Nations, 

Department of Economic and Social Affairs, Population Division. (2019). World Population 

Prospects 2019: Data Booklet. United Nations., Macrotrends LLC. (2020, October). Bogota, 

Colombia Metro Area Population 1950-2020. Retrieved from Macrotrends: 

https://www.macrotrends.net/cities/20837/bogota/population. 
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As such, it is possible to approve of the accuracy of Martínez et al.’s research, 

considering the data accurate, even though it may not be factually proven. 
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4. Methodological Framework 

 

 

This monograph is classified as an investigative type, according to (Colegio San José, 

2020), where the main objective was to analyze and characterize energy recovery systems in 

order to link their pertinence to an already existing transport system. As such, the analysis 

attempted to prove this aforementioned pertinence on both bus types detailed in the theoretical 

framework. 

The investigation was of a documental type, once again, according to (Colegio San José, 

2020). It is documental because, having gathered the information on RBS types, the 

TransMilenio system, and energy consumption data, it was analyzed in the documental analysis 

in order to reach a certain conclusion. 

This monograph was of a mixed research focus. Most of the research and investigative 

work is based on a quantitative focus, where the analysis of data and statistics makes up the 

majority of the analysis. However, a qualitative focus was also slightly applied, in terms of the 

social aspect and impact of the main objective. 

The analysis was executed with certain mathematical equations and calculations of the 

potential energy production that an RBS system could produce on certain TransMilenio trunk 

routes, thus producing results with medium accuracy. While these results were, indeed, 

approximate and very far from exact, they were still enough of a data source to compare it to the 

previously analyzed energy expenditure report, and produce a conclusion and answer to the 

problem question stated at the beginning of the monograph. 
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Most of the information gathered to investigate the subject and analyze it afterwards was 

gathered from various repositories and scientifical journals specific to energy, mechanical, 

chemical and electrical engineering available on the internet. Other sources of information, such 

as books, were collected from internet libraries as well. Some other specific sources, like the 

specifications for the buses, were provided by TransMilenio officials.  
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5. Documental Analysis 

 

 

This analysis will be a recollection of the analysed data presented on the theoretical 

framework, along with a number of calculations and comparisons, following the objectives 

presented above. 

5.1. Relevance Of Clean Energy In Bogotá 

As it was stated in the theoretical framework above, energy conservation became a 

prominent topic in Bogotá around 2016, when the Mayor’s Office of Bogotá decreed The 113th 

Decree of March 16th, 2016, “Through which transitional measures and environmental guidelines 

are established to promote the conservation of electric energy in Bogotá, D.C.” (Alcaldía Mayor 

de Bogotá, 2016). In the document, it is exposed that Bogotá is, indeed, in need of an energy 

conservation scheme due to an extensive amount of reasons and arguments, presented in the 

document (see Annex 2). 

This means that a study such as this one may be necessary towards Bogotá’s clean energy 

goal. Energy recovery and recycling is one of the primary and most basic energy recovery 

systems available, as it was stated previously, where energy recovery is believed to be the bridge 

towards renewables (Ayres & Ayres, 2010). 

5.2. Vehicle Energy Recovery Systems In The TransMilenio 

Having presented the FRBS and ERBS and the TransMilenio routes and Scania buses in 

the theoretical framework, the following section contains the theoretical implementation of the 

RBS as components of the buses. It is very important to mention that the different data produced 

in this section of the monograph may be inaccurate for investigation’s sake: Some data was not 
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found and/or couldn’t be calculated, and so it has been replaced with estimated values. Each case 

is detailed below and in section 7. 

5.2.1. Scania F340 

The Scania F340 uses EBS and Brake-By-Wire systems, and has 4 axes. This means that 

a serial ERBS can be installed. On the other hand, an FRBS could be installed as well. One 

flywheel is to be theoretically installed per axis. 

The bus weighs 19.500kg empty, while fully loaded with passengers, around 45.200 kg 

and reaches an average velocity of 23kph, or 6.38m/s. (El Espectador, 2019).  

5.2.1.1. Flywheel RBS. In order to not waste more natural gas fuel, a total of 3kmh, or 

0.83m/s was subtracted from the bus velocity to compensate for the FRBS’s weight. 

The GKN Gyrodrive KERS’s flywheel and motor-only mass is 60kg. If one was to be 

installed in each axis, then the total mass would be: 

45.200kg + (60kg × 4) = 45.440kg 

For clarification, the formula for kinetic energy is the following: 

𝑚𝑣2

2
= 𝐹 

Thus, the total kinetic energy obtained in the flywheels would be: 

(45.440kg)(5.5m/s)2

2
= 687.280J 

 Which means that the total energy generation for a single top-velocity to zero brake is 

687,28kJ, which is the amount of kinetic energy the F340 produces each time it brakes from 

20kph to 0. The flywheel’s maximum energy storage is around 1.200kJ, so it is enough to store 

the energy. 
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 Since the efficiency of the generator (85%) is already known (see section 6.3.1), the total 

energy can be obtained: 

(687,28𝑘𝐽)(0,85) = 584,188𝑘𝐽 

 So, the total recovered electrical energy of the flywheel using the motor-generator will be 

around 584,2kJ each time it brakes. 

 For the small route of B55EX, the bus would only brake at a station 3 times. As such, the 

total energy produced would be: 

(584,188𝑘𝐽)(3) = 1.752,564𝑘𝐽 

And for the long route of 8EA, the bus would brake at a station 33 times. The total energy 

produced would be: 

(584,188𝑘𝐽)(33) = 19.278,204𝑘𝐽 

The final results for the electrical energy produced by the FRBS of a F340 are 

1.752,564kJ at minimum and 19.278,204kJ at maximum in one single route, which will be 

stored in the battery. 

5.2.1.2. Electromagnetic RBS. For the ERBS, instead of having a discharge station at 

every stop, the entire charge will be stored in a battery instead. Since the resulting energy can be 

stored in a battery as small as a golf cart’s, this battery will be used in the calculations. The 

battery efficiency is considered to be 100%. Of course, this means that experimentally, the 

battery efficiency may change, and yield a different result. As it was explained at the beginning 

of the section 8.2, this is due to investigative reasons. 

This battery is assumed to be 10kWh (36.000kJ) in capacity, and 30kg in mass. (average 

mass of a large golf cart battery) 
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Because of the added battery mass, the vehicle’s mass and velocity change, and its kinetic 

energy does too. The speed was reduced by 1kph, or 0.2m/s to maintain consistency. 

45.200kg + 30𝑘𝑔 = 45.230kg 

The total kinetic energy obtained by the MG would be: 

(45.230kg)(6.1m/s)2

2
= 841.504,15J 

Now, the entire data is plugged into the work/energy equation for the total energy 

produced. The battery efficiency is 100%, and the motor-generator efficiency is 90%, as 

showcased in the theoretical framework. 

(0.9)(1)(841,50415𝑘𝐽) = 757,353735𝑘𝐽 

Now, this energy is just the energy generated from one brake action. As for the 3 and 33 

brake actions that the B55EX and 8EA involve the energy produced is shown in the following 

equations. For B55EX: 

(757,353735𝑘𝐽)(3) = 2.272,061205𝑘𝐽 

And for the long route of 8EA: 

(757,353735𝑘𝐽)(33) = 24.992,67326𝑘𝐽 

 Thus, the energy produced by the ERBS of a F340 is between 2.272,061205kJ at 

minimum and 24.992,67326kJ at maximum. 

5.2.2. Scania K320 

The Scania K320 also uses EBS and Brake-By-Wire systems like the biarticulated F340. 

As such, a serial ERBS and a FRBS can be installed.  

The bus’s total mass was not found, so the mass of a very similar Scania vehicle, the 

K340, was taken into account, purely for investigative reasons, as explained at the beginning of 
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the section 8.2. The K340 is essentially the same as the K320, notably differing in that the K340 

doesn’t have an articulation axis. The total mass of the K340, and therefore the estimated mass of 

the K320 while empty is 15.600kg (Alternative Fuels, Energy and Environmental Protection 

Investigation Group, 2014). 

Since the maximum passenger capacity of the K320 is 160, and the total mass of the 

biarticulated F340 is known without passengers, a simple rule of three can be made to find the 

passenger mass used for the F340: 

45.200𝑘𝑔 − 19.500𝑘𝑔

250𝑝
= 102.8𝑘𝑔 

Where p is passengers. Therefore, to make the K320 constant with the F340, the 

maximum weight would be 102.8𝑘𝑔 × 160 = 16.448𝑘𝑔 which, added to the empty K320 mass 

of 15.600kg, the total mass for the fully loaded bus is around 15.600𝑘𝑔 + 16.448𝑘𝑔 =

32.048𝑘𝑔. 

Additionally, since the bus is lighter, the velocity can be increased slightly in comparison 

to the F340. According to TransMilenio S.A. (2020), the average speed of a trunk bus is 25kph. 

5.2.2.1. Flywheel RBS. The K320 can also have a FRBS installed, albeit using only 3 

axes instead of the 4 the F340 can use. If one was installed for each axis, then the total mass 

would be: 

32.048kg + (60kg × 3) = 32.228kg 

Additionally, instead of a 3kmh subtraction in speed, the K320 case will only be 

subtracted 2kph or 0.55m/s. Therefore, the total kinetic energy the flywheels obtain from a brake 

would be: 

(32.228kg)(6.38m/s)2

2
= 655.910,7016J 
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As such, the total energy generated from a single brake is 655,9107016kJ. Converted to 

electrical energy using the efficiency of the generator, the total obtained electrical energy is: 

(0.85)(655,9107016𝑘𝐽) = 557,5240964𝑘𝐽 

As such, the obtained electrical energy per brake is 557,5240964kJ. The following are the 

calculations for both routes: 

For the B55EX: 

(557,5240964𝑘𝐽)(3) = 1.672,572289𝑘𝐽 

For the 8EA: 

(557,5240964𝑘𝐽)(33) = 18.398,29518𝑘𝐽 

As such, the electrical energy values produced by the FRBS of a K320 are 

1.672,572289kJ at minimum and 18.398,29518kJ at maximum. 

5.2.2.2. Electromagnetic RBS. The exact same battery as the F340 is used. The speed 

was also reduced by 1kph, or 0.2m/s in the K320 to maintain consistency. 

32.048kg + 30𝑘𝑔 = 32.078kg 

So, the total kinetic energy is as follows: 

(32.078kg)(6.6m/s)2

2
= 698.658,84J 

As with the F340, the battery and MG efficiency remain the same: 

(0.9)(1)(698,65884k𝐽) = 628,792956𝑘𝐽 

For the brake actions, the energy is multiplied again, as follows, for the B55EX: 

(628,792956𝑘𝐽)(3) = 1.886,378868𝑘𝐽 

And for the long route of 8EA: 

(628,792956𝑘𝐽)(33) = 20.750,16755𝑘𝐽 
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 The K320’s ERBS will produce between 1.886,378868kJ at minimum and 

20.750,16755kJ at maximum electrical energy. 

5.3. Contrast Of The Aforementioned Systems 

The following table (Table 3) shows the energy comparison between the systems. 

Table 3 

Comparison of produced energy from each scenario 

 F340 + FRBS F340 + ERBS K320 + FRBS K320 + ERBS 

Route B55EX 

energy prod. 

1.753kJ 2.272kJ 1.673kJ 1.886kJ 

Route 8EA 

energy prod. 

19.278kJ 24.993kJ 18.398kJ 20.750kJ 

Note. Different energy results obtained in kJ, rounded to the nearest integer. Own work. 

The results in Table 3 are immediately apparent as the ERBS beats the FRBS by a couple 

kilojoules in both cases. Thus, the highest generating system is the ERBS, and therefore is the 

only system which will be taken into account, eliminating the need to calculate the energy 

transfer rate from the bus to the station in the case of the flywheel. 

5.4. Comparison To The City’s Energy Expenditure 

According to TransMilenio S.A. (2020), the B55EX route is 7.5km long, and the 8EA 

route is around 21.8km long. The B55EX route operates from 6:00 a.m. to 8:30 a.m. on 

weekdays only, and the 8EA from 4:30 a.m. to 11:00 p.m. on weekdays, 5:00 a.m. to 11:00p.m. 

on Saturdays, and 5:30 a.m. to 10:00 p.m. on Sundays and holidays. This means that the B55EX 

route has 2.5 hours to operate each day, while the 8EA gets either 18,5h, 18h, or 16,5 each day.  

Colombia has 18 holidays. A non-leap year has 242 working days (Mon to Fri), minus 

the holidays, 49 Saturdays, and 68 Sundays and holidays. 
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If the 23kph velocity of the F340 is averaged with the 25kph velocity of the K320, a 

value of 24kph is usable to find the number of times the route is conducted in one day.  

Taking into account that 𝑡 =
𝑑

𝑣
 where t is time, d displacement and v velocity (expressed 

as speed s for this calculation), that every stop has an average time of 1 minute in which the bus 

is standing still (which is 0,016h), and that the bus could take up to 5 minutes between roundtrips 

while reassigning service (which is 0,083h), the following sections calculate for the time to 

complete one single trip of a route, and how much energy it would produce per day, per month, 

and per year, for both buses, producing the following equation: 

𝑡𝑡𝑟𝑖𝑝 = (
𝑑

𝑠
) + (0,016ℎ × 𝑛𝑠𝑡𝑜𝑝𝑠) + 0,083ℎ 

Where 𝑡𝑡𝑟𝑖𝑝 is the time taken in one trip, and 𝑛𝑠𝑡𝑜𝑝𝑠 is the number of stops the route has. 

5.4.1. B55 Express Route 

Taking the aforementioned variables and equation directly above into account, the 

following describes the amount of time it would take to complete the route once. 

0,4435ℎ = (
7,5𝑘𝑚

24𝑘𝑚/ℎ
) + (0,016ℎ × 3) + 0,083ℎ 

This means that the route could be completed  
2,5ℎ

0,44ℎ
= 5,63 times in the service schedule 

(150min being the 2.5h the service is active). Since the schedule isn’t necessarily rigid, it counts 

as 6 times. Therefore, the total energy recovered by a F340 in a single day for the B55EX is: 

(2.272kJ)(6) = 13.632kJ 

And by a K320: 

(1.886kJ)(6) = 11.316kJ 
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If the route is completed daily, then it would work 5 days a week, for the entire month, 

for the entire year, with holidays excluded, therefore 242 days in one year. The total energy 

production for a F340 in one year of running the B55EX would be: 

(13.632kJ)(242) = 3.298.944kJ 

And: 

(11.316kJ)(242) = 2.738.472kJ 

For a K320. 

5.4.2. 8th Easy Route 

The equation for the 8EA is the following: 

1,52ℎ = (
21,8𝑘𝑚

24𝑘𝑚/ℎ
) + (0,016ℎ × 33) + 0,083ℎ 

The route then could be completed 
18,5ℎ

1,52ℎ
= 12,2 times in a weekday, 

18ℎ

1,52ℎ
= 11,8 on a 

Saturday, and 
16,5ℎ

1,52ℎ
= 10,9 times on a Sunday or holiday. For all days, the total trip counter is 

rounded up to the closest integer to maintain consistency, making it 13 times on the week, 12 

times on Saturdays, and 11 times on a Sunday or holiday. As such, the following equations 

shows the energy recovered each day: 

For a F340: 

(24.993kJ)(13) = 324.909kJ 

(24.993kJ)(12) = 299.916kJ 

(24.993kJ)(11) = 274.923kJ 

And for a K320: 

(20.750kJ)(13) = 269.750kJ 

(20.750kJ)(12) = 249.000kJ 
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(20.750kJ)(11) = 228.250kJ 

Unlike the B55, if the route is completed every single day, the total energy production 

would vary depending on the number of days. As it was stated before, there are 242 weekdays, 

49 Saturdays, and 68 Sundays and holidays. Consequently, the following equation describes the 

total energy recovered in one year: 

For a F340: 

(324.909𝑘𝐽 × 242) + (299.916𝑘𝐽 × 49) + (274.923𝑘𝐽 × 68) = 112.018.626𝑘𝐽 

For a K320: 

(269.750𝑘𝐽 × 242) + (249.000𝑘𝐽 × 49) + (228.250𝑘𝐽 × 68) = 93.001.500𝑘𝐽 

5.4.3. Comparison 

Following the values obtained in the previous section, the absolute minimum value would 

be a K320 running the B55EX for a year, which is 2.738.472kJ, and the absolute maximum 

which is a F340 running the 8EA for a year, which is 112.018.626kJ. The studies done by 

Martinez et al. (2013) are in GWh, so the values are converted as follows: 

Smallest value – K320 on B55EX 

2.738.472𝑘𝐽

3600
= 760.68𝑘𝑊ℎ = 0.00076𝐺𝑊ℎ 

F340 on B55EX 

3.298.944kJ

3600
= 916.37𝑘𝑊ℎ = 0.00091𝐺𝑊ℎ 

K320 on 8EA 

93.001.500𝑘𝐽

3600
= 25833.75𝑘𝑊ℎ = 0.026𝐺𝑊ℎ 

Greatest value – F340 on 8EA 
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112.018.626𝑘𝐽

3600
= 31116.28𝑘𝑊ℎ = 0.031𝐺𝑊ℎ 

 Now, as Table 2 calculates both Cundinamarca and Bogotá, it’s important to only leave 

Bogotá as a variable. Therefore, the following equations solve for the amount of Bogotá-only 

energy. 

(3.265𝐺𝑊ℎ − 81𝐺𝑊ℎ) + (9.194𝐺𝑊ℎ − 535𝐺𝑊ℎ) = 11.483𝐺𝑊ℎ 

Where the 81GWh and 535GWh are the Official and Street Lighting values, which are 

subtracted because the predicted aggregated value does not take them into account (Martínez, et 

al., 2013). 

11.483𝐺𝑊ℎ

19.024𝐺𝑊ℎ
=

8.659𝐺𝑊ℎ

𝑥
 

Where x is: 

(19.024𝐺𝑊ℎ)(8.659𝐺𝑊ℎ)

11.483𝐺𝑊ℎ
= 14.345,45𝐺𝑊ℎ 

Thus, Bogotá’s consumption, without the Street Lighting and Official values would be 

predicted to be 14.345GWh in 2020. 

From here on, the analysis will be a very speculative set of data, in order to get a 

conclusion of the data analyzed. 

Needless to say, this value is extremely big compared to the 0.031GWh total energy 

produced by the F340 ERBS. However, the other routes still exist. Calculating all of the routes, 

however, is out of the spectrum of this investigation; so, the following rudimentary process will 

be calculated: Since, technically, the K320 on the B55EX is the least possible energy production 

in the entire TransMilenio system, and the F340 on the 8EA is the greatest possible, then an 

average between those two and also the other two calculated values should be able to represent 

the other 92 routes of the Trunk subsystem. Therefore: 
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0,00076𝐺𝑊ℎ + 0,00091𝐺𝑊ℎ + 0,026𝐺𝑊ℎ + 0,031𝐺𝑊ℎ

4
= 0,015𝐺𝑊ℎ 

 The percentage of days is not taken into account for simplicity’s sake, so the following 

data could be very inaccurate, but still poses a decent grade of accuracy to make a conclusion: 

(0,015𝐺𝑊ℎ × 92) + 0.00076𝐺𝑊ℎ + 0.031𝐺𝑊ℎ = 1,69𝐺𝑊ℎ 

Is what the whole system would produce at a time, fairly inaccurately. 

Now, the following equations find the value of Street Lighting if it was projected on the 

predictions made by Martínez et al. (2013); since it is known that Street Lighting and Official 

were 3% and 4% of the total value respectively, it can be assumed that the total value without 

those two sectors is equivalent to 93% of the actual value. Another rule of three finds the 100%: 

14.345,45𝐺𝑊ℎ

𝑥
=

0,93

1
 

 Where x would be: 

14.345,45𝐺𝑊ℎ

0,93
= 15.425,22𝐺𝑊ℎ 

Rounded to the nearest hundredth. This also means that, since this value is now complete, 

3% of it is Street Lighting, which would be: 

15.425,22𝐺𝑊ℎ × 0.03 = 462.76𝐺𝑊ℎ 

So, therefore, comparing both the biggest possible value produced by an ERBS running 

on, if possible, every single bus, every single day, for a year, and the lowest value in the energy 

prediction made by Martínez et al., the ratio is the following: 

462.76𝐺𝑊ℎ

1,69𝐺𝑊ℎ
=

273,82

1
 

Where 273,82 TransMilenio systems would be required to power at least the street 

lighting sector of the city in 2020.   
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6. Conclusions 

 

 

As a conclusion, the implementation of an energy recovery system like the RBS in the 

Bogotá TransMilenio is, while possible, not enough to power even the street lighting system in 

the entire city. However, the energy generated is still a rather big amount of energy. Thus, it may 

not work as a source of energy for the city itself, but it could be used for other projects such as 

the electric consumption of the bus itself, or only the public transport station infrastructure 

network. This is, however, an objective that is not covered by this investigation. 

It is true that Bogotá is in need of self-sustaining energy like any other megacity. Being 

the capital city of Colombia, it is one of the most important cities in the entire continent and thus 

has a quite high energy expenditure. Supported by the general conception of renewable energy, 

this investigation, based on Ayres & Ayres (2010), supports the transformation of Bogotá’s 

energy framework to one based on energy recovery and renewables, even if the project proposed 

by this investigation isn’t enough for the city. 

As for the tested recovery systems, it could be said that this investigation helped prove 

the efficiency of vehicle-type energy recovery systems, mainly through RBS. Perhaps, the RBS 

tested in this investigation would be enough to power smaller systems, like the buses themselves, 

or maybe the lighting of the stations only. The fact that one bus alone can, at worst, produce 

760kWh, is a charge that, while small in comparison to the entire city, still is a decent amount of 

energy that could be called free, which can be used in practically anything apart from the city 

itself.  
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Additionally, the investigation aimed to compare the Flywheel and the Electromagnetic 

type RBSs. Due to omitted details, this comparison is not a very strong one, but it could conclude 

in a different note; the efficiency of the generator and the battery are very important factors when 

it comes to RBS. However, due to the simpler system of less energy consumption and not having 

to convert between many different types of energy, the Electromagnetic type RBS seems to be 

the most useful when it comes to slow-moving heavy vehicles like city buses, while the FRBS 

still remains one of the best choices for boost KERS like on F1. 

Moreover, as it is summarized in sections 5.3 and 5.4.3, the resulting data from the 

calculations was effectively compared and contrasted. Using the found equations and data from 

various sources (cited), the found data was used to make conclusions and different analyses.  

The conclusion of the whole investigation is, unfortunately, not a successful one; the 

energy produced by the best possible outcome of the proposed system isn’t enough to power the 

least consuming sector of the city’s energy expenditure. However, the public lighting system is 

extremely big in a megacity such as Bogotá, and even then, the energy recovery produced an 

energy output that should not be underestimated. If another objective outside of this investigation 

could benefit from the projected amount of recovered energy, this investigation’s main objective 

still remains; to prove the importance of energy recovery in today’s world, which desperately 

needs renewable energy, by implementing it on a system that is constantly moving. 
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7. Recommendations 

 

 

Because of investigation constraints, a selection of data had to be assumed instead of 

calculated. Motor-Generator efficiency for the FRBS was assumed to be 85% as stated by Prof. 

Pullen in his work (The Status and Future of Flywheel Energy Storage, 2019). This data could be 

taken directly from a selected MG model. 

Motor-Generator efficiency for the ERBS was assumed to be 90% (refer to section 3.2.2.) 

as stated by Micah Toll in their article (Regenerative braking: how it works and is it worth it in 

small EVs?, 2018). Additionally, battery efficiency was assumed to be 100%. As with the FRBS 

MG referred to above, this data could be taken directly from both the MG and the battery. 

The total mass for the Scania K320 was assumed to be 32.048kg. This was inferred by 

comparing the K320 to a similar Scania bus, the K340, for which the corresponding data was 

found (refer to section 5.2.2.). This data could be taken by studying the K320 with and without 

passengers. 

Because of test limitations, only the times a bus braked at a station were counted. To 

make the analysis more exact, other brake actions could be taken into account, such as 

streetlights, reductions of velocity because of traffic, and others. 

Additionally, bus availability was very roughly estimated. The time taken for a bus to 

reassign service to the same or another route and the time taken at each station, the amount of 

Scania buses in the entire TransMilenio fleet (or, on the contrary, the compatibility of other 

buses such as Marcopolo/Superpolo, Mercedes Benz, or Volvo buses to equip EM RBS) could 

be taken exactly to improve the results of the analysis. 
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The exact 2020 electrical energy consumption details for Bogotá D.C. are unknown and 

had to be calculated using data from Martínez et al. in their work (Análisis de la situación 

energética de Bogotá y Cundinamarca, 2013). In order to get real data for section 5.4, a complete 

analysis could be conducted on the Bogotá energy sector. 
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9. Appendix 

 

 

9.1. Annex 1 – Análisis de la situación energética de Bogotá y Cundinamarca 

Martínez, A., Afanador, E., Zapata, J. G., Núñez, J., Ramírez, R., Yepes, T., & Garzón, J. C. 

(2013, Julio). Análisis de la situación energética de Bogotá y Cundinamarca. Fundación para la 

Educación Superior y el Desarrollo. Pages 101-103 and section 3.2 (pages 139-147) 
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9.2. Annex 2 – Decreto No. 113 del 16 de Marzo de 2016 

Alcaldía Mayor de Bogotá. (2016, March 16). Decreto No. 113 del 16 de Marzo de 2016. 10-

14. Alcaldía Mayor de Bogotá. 
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