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Abstract

The increasing movement of human beings from rural areas to the city, known as
urbanization, the lifestyle changes and the increase in use of new technologies have led
to an exponential increase in the consumption of the planet’s resources in recent years.
Demand for energy and in particular electric energy has increased immensely. Change
is urgently required to the current paradigm, in which energy is produced in large power
plants outside cities, consuming non-renewable resources and inducing energy loss from
production to final consumption. Energy production must use renewable resources, be
decentralized, be done near to where the energy is consumed and, preferably, when

needed.

Within renewable energies, the concept of energy harvesting on a micro scale has
recently been adopted, where, from small energy variations, it is possible to generate
electrical energy. The road surface is continuously exposed to vehicle loads from which
it is possible to extract energy, which, using specific technologies, may be transformed

into electrical energy.

This thesis starts by evaluating the existing solutions in the road pavement energy
harvesting (RPEH) field, allowing us to draw conclusions regarding the efficiency of

each system, its working principle, its stage of development and method of installation.

Then, a new methodology is defined to develop a new RPEH system, in which an
energetic analysis is conducted, quantifying the energy delivered from a vehicle's
wheels to the surface of the device, the energy transmitted by the mechanical system
and delivered to an electromechanical converter, the electrical energy generated and
consumed. This methodology will allow us to understand and quantify the efficiency of
each component and optimize it, allowing us to achieve a maximum energy conversion

efficiency for the proposed and evaluated systems.
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Based on this methodology, a software tool is developed, to simulate and study vehicle—
road interaction (VRI) to quantify the forces induced and energy released from vehicles
to the road pavement, in different vehicle motion scenarios, and the energy absorbed by
the road surface, speed reducers or a specific RPEH device. The software tool also
enables users to quantify the energy efficiency of the process. The developed software
tool was called RoadVISS and it allows us to study VRI with greater precision than
existing tools, especially when energetic analyses are performed and when speed

reduction or RPEH devices are applied on the pavement.

Based on this tool, a study on speed reducer equipment optimization was performed,
and a new solution to promote more effective speed reduction without any driver action
was proposed. Through computational simulations it was concluded that the proposed
solution is able to extract 81.0% more energy than standard speed reducers, with 87.0%
less impact on the vehicle body for similar scenarios. A prototype was developed and
tested, which allowed us to validate most of the computational simulation results. This
solution has a great potential to contribute to road safety, as it is more effective than

existing solutions.

After this, new solutions to convert the vehicle's mechanical energy into electrical
energy were developed, one based on an electromechanical system, another based on a
hydraulic system with mechanical actuation without mechanical energy storage, and
another, similar to the previous one, using mechanical energy storage. All systems were
developed using the defined methodology. The physical models of each system were
defined and incorporated in the RoadVISS software tool, allowing us to develop a new
software tool directed at the development of RPEH devices. Through computational
simulations it was proved that all systems are more efficient than all existing solutions
studied in the state-of-the-art. The electromechanical device was also subjected to an
experimental validation and, for specific scenarios, it proved to have a conversion
efficiency of 60.5%, a higher value than current state-of-the-art, making it the most
efficient system validated through experimental tests. This system should be optimized

so that full validations are achieved for other test scenarios. The hydraulic systems
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should also be subjected to experimental validations to compare experimental data with

the computational simulation results.

Finally, evaluation models were developed to perform the technical and economical
analysis of RPEH systems, as well as performing a cost benefit analysis for the
application of this type of energy generation solution as an energy source for different
applications. The models also allow a sensitivity analysis to be performed, meaning
each parameter value is optimized to determine the best conditions for achieving
economic viability. Some case studies are presented and conclusions are drawn about

the required conditions for these systems to be economically viable.
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Resumo

A crescente mobilizagdo do ser humano para as cidades, as mudangas no estilo de vida e
a crescente adocdo de novas tecnologias, levaram a um aumento exponencial do
consumo de recursos do planeta nos ultimos anos, sendo a energia um dos recursos em
que o consumo aumentou muito significativamente, com énfase especial na energia
elétrica. Nesta area, urge mudar o paradigma atual em que a producdo é feita em
grandes centrais, fora das cidades, consumindo recursos ndo renovaveis e induzindo
perdas de energia desde a producdo até ao local de consumo final. A producdo de
energia elétrica devera ser feita a partir de recursos renovaveis, de forma
descentralizada, proximo dos locais onde esta energia é consumida e, preferencialmente,

no momento em que € necessario consumir essa energia.

Na area das energias renovaveis foi adotado recentemente o conceito de energy
harvesting, vulgarmente traduzido para "colheita de energia”, sendo novidade quando
aplicado a uma escala "micro" em que, a partir de pequenas variagdes de energia €
possivel gerar energia elétrica. A superficie do pavimento rodoviario estd
continuamente exposta as cargas de veiculos que se deslocam sobre a mesma, a partir
das quais € possivel captar energia que, atraves da utilizacdo de tecnologias especificas,

pode ser transformada em energia elétrica.

Esta tese comeca pela avaliacdo das solugdes existentes na area da "colheita de energia”
em pavimentos rodoviarios (RPEH), permitindo tirar conclusdes acerca da eficiéncia de
cada sistema, do seu principio de funcionamento, estado de desenvolvimento e do

método de instalacdo no pavimento rodoviario.

E de seguida definida uma metodologia para desenvolver um novo sistema de RPEH, na
qual é realizada uma analise energética, quantificando a energia entregue pelas rodas do
veiculo para a superficie do equipamento de RPEH, a energia transmitida pelo sistema

mecanico e entregue a um conversor eletromecanico, a energia elétrica gerada e também
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consumida. Esta metodologia ird permitir compreender e quantificar a eficiéncia de cada
componente e otimiza-lo, permitindo assim alcancar a méaxima eficiéncia de conversao

de energia possivel para cada sistema proposto e avaliado.

Com base nesta metodologia foi desenvolvido um software para simular e estudar a
interacdo veiculo-pavimento (VRI), de modo a quantificar as forcas induzidas e a
energia libertada de um veiculo para o pavimento rodoviario para diferentes cenarios de
movimento do veiculo, e ainda a energia absorvida pela superficie do pavimento, ou por
equipamentos redutores de velocidade ou equipamentos de RPEH. Esta ferramenta
permite também aos seus utilizadores quantificar a eficiéncia energética deste processo.
Este software, denominado RoadVISS, permite estudar a VRI com uma precisao
superior as ferramentas existentes, especialmente quando sdo realizadas andlises
energéticas e quando o estudo é relativo a equipamentos de reducéo de velocidade ou de
RPEH.

Utilizando este software, foi realizado um estudo para otimizacdo de equipamentos
redutores de velocidade, sendo proposta uma nova solucdo para promover uma reducao
de velocidade mais eficaz, sem qualquer acdo dos condutores de veiculos. Através das
simula¢fes computacionais realizadas concluiu-se que a solugdo proposta é capaz de
extrair 81,0% mais energia dos veiculos em relacdo aos sistemas redutores de
velocidade normalmente utilizados, com um impacto 87,0% menor no chassi do
veiculo, em cenarios semelhantes. Foi desenvolvido e testado um prot6tipo da solucdo
proposta, que nos permitiu validar a maioria dos resultados obtidos a partir das
simulacdes computacionais. Esta solucdo apresenta um grande potencial para contribuir
para a promocdo da seguranca rodoviaria, sendo mais eficaz do que as solucdes

existentes.

De seguida foram desenvolvidas novas solu¢des para converter a energia mecénica de
veiculos em energia elétrica, a primeira baseada num sistema eletromecanico, a segunda
baseada num sistema hidraulico com atuagdo mecénica, sem armazenamento de energia
mecanica, e a terceira semelhante a segunda, mas utilizando um acumulador de energia
mecanica. Os modelos fisicos de cada sistema foram definidos e incorporados no

software RoadVISS, o que nos permitiu desenvolver uma nova ferramenta direcionada
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para o desenvolvimento de equipamentos de RPEH. Através das simulacBes
computacionais realizadas foi possivel verificar que todos os sistemas propostos séo
mais eficientes que as varias solucdes existentes, previamente estudadas no estado-da-
arte. O equipamento eletromecanico foi submetido a uma validacéo experimental e, em
cenarios especificos, provou ter uma eficiéncia de conversdo de 60,5%, um valor
superior ao atual estado-da-arte, passando assim a ser o sistema mais eficiente validado
através de testes experimentais na literatura. Este sistema deve ainda ser otimizado, de
modo que se alcance uma validacdo completa para todos os cenarios de teste. Os
sistemas hidraulicos propostos e estudados devem também ser submetidos a validagdes
experimentais de forma a comparar os dados experimentais com os resultados obtidos a

partir das simulacdes computacionais.

Finalmente, foram desenvolvidos modelos de avaliacdo para realizar a analise técnica e
econdmica dos equipamentos de RPEH, bem como para realizar analises de custo-
beneficio para a aplicacdo deste tipo de solucdo de geracdo de energia como fonte
energética para diferentes aplicacdes. Os modelos propostos permitem também a
realizacdo de andlises de sensibilidade, permitindo assim otimizar o valor de cada
parametro de modo a definir as condi¢Ges 6timas para que um sistema de RPEH tenha
viabilidade econémica. Alguns estudos de caso sdo apresentados, permitindo tirar
conclusGes acerca das condicdes necessarias para que estes sistemas sejam

economicamente viaveis.
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"Action without vision is only passing time,
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Chapter 1

Introduction

1.1 Global problem

The increasing movement of human beings from rural areas to the city has led to an
exponential increase in the consumption of the planet’s resources in recent years.
Energy, and in particular electrical energy, is one of the resources for which there has
been great increase in demand (IEA, 2016a). Currently, and for the first time in history,
approximately 54% of the world’s population lives in cities (Buhaug and Urdal, 2013;
WHO, 2016; UN, 2016) and, by 2050, this number will increase by more than 3 billion
people, reaching almost 70% (WHO, 2016; UN, 2016) and leading to global
urbanization, which will lead to further increases in energy consumption, especially in
cities.

Making cities “smart” is emerging as a strategy to mitigate the problems generated by
the urban population growth and fast urbanization. There are various different

definitions of the smart city concept in the literature, which can be summarised as

follows:

e A city performing well in a forward-looking way in terms of its economy,

people, governance, mobility, environment and living, built on the smart
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combination of endowments and activities of decisive, independent and aware
citizens (Giffinger et al., 2007);

e A city that monitors and integrates conditions of all of its critical infrastructures,
including roads, bridges, tunnels, railways, subways, airports, seaports,
communications, water, power, even major buildings, can better optimize its
resources, plan its preventive maintenance activities, and monitor security while

maximizing services to its citizens (Hall, 2000);

e A city “connecting the physical infrastructure, the IT infrastructure, the social
infrastructure, and the business infrastructure to leverage the collective

intelligence of the city” (Harrison et al., 2010);

e A city “combining ICT and Web 2.0 technology with other organizational,
design and planning efforts to dematerialize and speed up bureaucratic processes
and help to identify new, innovative solutions for complex city management, in

order to improve sustainability and liveability.” (Toppeta, 2010);

e “The use of Smart Computing technologies to make the critical infrastructure
components and services of a city — which include city administration,
education, healthcare, public safety, real estate, transportation, and utilities —

more intelligent, interconnected and efficient” (Whashburn et al., 2010).

For all the "smart cities" concepts presented an increase in the use of electrical
equipment is implicit, which, if any optimization is performed, will lead to an increase
in the consumption of electrical energy, justifying the need for new and more efficient
renewable energy sources that are able to generate electrical energy near the place of

consumption, i.e., inside cities.

Also, mobility increasingly uses electrical energy, and it is expected that this could be
the main source of energy by 2050 (Arthur D. Little, 2014). In 2015 the market share of
electric vehicles was only 0.1% on a global level, when compared with the total number

of passenger cars on the road worldwide, but this is expected to reach 1.7% by 2020,
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showing the fast adoption of these vehicles (IEA, 2016b). This transition implies an
increase in the demand of electrical energy, especially in the urban environments where
mobility is greater, leading to the need to increase the levels of electrical energy
production. If production continues to be from fossil fuels, electric mobility will not be
sustainable. To change the paradigm and have a really sustainable concept of mobility
with the use of electric vehicles, electrical energy production must be done using

renewable energy sources (Garcia-Valle and Lopes, 2012).

With the present energetic paradigm, most electrical energy production uses fossil fuel
combustion, which makes economies dependent on fuel costs. This is also leading to
irreversible environmental damage, with growing levels of CO, emissions. According to
International Energy Agency (IEA, 2016a), in 2014, globally, more than 80% of energy
production came from fossil fuels. Urgent action is required to change the paradigm of
electrical energy generation as, presently, energy is mostly produced outside cities,
consuming non-renewable resources and inducing energy losses between the point of
production and the point of consumption. Energy production must be based on
renewable resources, decentralized, happen near to the point of consumption and,

preferably, when it is needed.

However, renewable energy sources are not fully effective, as they do not allow
electrical energy to be produced when it is needed, but only when the resources are
available. These energy sources do not allow electrical energy to be produced where
this is needed either, but only where the resources are available and the installation of
the technologies is feasible and viable. New ways of generating electric energy are
needed, especially to generate energy when and where consumption is required.

In the area of renewable energies, besides the major energy sources (hydro, solar, wind,
waves), energy harvesting has recently been adopted in a micro-scale concept, where it
is possible to generate electrical energy from small energy variations, such as thermal
gradients, pressure, vibrations, radiofrequency or electromagnetic radiation, among
others (Khaligh and Onar, 2010). Road surfaces are continuously exposed to two
phenomena: solar radiation and vehicle loads. From both of these it is possible to extract
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energy, which, using specific technologies, can be transformed into electrical energy
(Andriopoulou, 2012).

Within cities, there are roads that carry vehicles, the main option for mobility. Vehicles
consume energy to work their engines and release energy in different ways, by way of
different components. Part of the energy released by vehicles goes into the road
pavement. 15% to 21% of the energy is transferred to the vehicle’s wheels (IEA, 2012;
Hendrowati et al., 2012). As vehicles abound in all cities in developed countries, this
means that a considerable amount of energy is transferred to road pavements without
ever being used. Roads are also exposed to solar radiation, which induces thermal
gradients between its layers. This solar radiation and the resulting thermal gradients can
also be transformed into useful energy. So, road pavements represent a considerable
source of energy ready to be harvested and converted into useful forms of energy, such
as electrical energy, at the same time reducing the need to "import" energy from distant

places.

Considering this, infrastructure managers such as municipalities and motorway
operators have on their own road pavements a possible source of energy for harvesting
and conversion into useful energy such as electrical energy, allowing the need to
"import™ energy from distant places to be reduced. Also, by harvesting typically wasted
energy and converting it into electrical energy, it allows energy to be produced without
polluting the environment, reducing the CO, emissions associated to the energy
produced by fossil fuel combustion. In order to turn this into a viable process, the
infrastructure managers need a technology (or set of technologies) that allows this

conversion process to work in an efficient and cost effective way.

1.2 Research Problem and Opportunity for Investigation

With the growing energy demand in cities and knowing that road pavements are

permanently exposed to great amounts of energy, there is an opportunity to investigate
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and develop a technology that allows a significant part of that wasted energy to be
converted into electrical energy.

Energy is transferred to the road pavement mainly in two different ways. The first is by
the pressure induced by the vehicles loads and the second is by the solar radiation that
reaches the road pavement surface. In recent years, some research has been done in this
area in order to develop technologies that can harvest this energy and transform it into a
useful energy, such as electrical energy. However, none of the developed systems have
presented a level of conversion efficiency or a technical-economic ratio to make the

solution cost-effective.

The research problem consists of the need for a technology to convert a typically wasted
energy delivered to the road pavements into electrical energy, with high conversion and
storage efficiencies, and in a cost-effective way, contributing to the supply of the
electrical network, mainly inside cities, as well as supplying specific electric
applications without the need to be connected to the electric grid system.

However, the traditional practice of developing energy harvesting devices based only on
the system itself without considering the road and traffic conditions has led to
unsuccessful projects. It is therefore clear that the development of a road pavement
energy harvesting (RPEH) device should be started by studying the vehicle-road
interaction (VRI) with a detailed analysis of forces, kinematics, dynamics and, finally,
an energetic analysis, so that the RPEH device can be modelled with complete
understanding of the loads and the energy delivered by each vehicle type and the motion
conditions. This study should include the complete VRI models and also the
development of a software tool, where the user can define the vehicle and the RPEH
device parameters and, based on it, perform computational simulations to understand
the impact of each variable in the end result. Then, different elements and systems can
be modelled as part of the RPEH device and added to the software tool, so that their
performance can be evaluated and the most efficient solution can be identified. After
this, an experimental validation should be performed, so that experimental results can

be compared with the computational simulations and conclusions can be drawn. Finally,
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a complete Technical and Economic Analysis (TEA) should be performed, with the
definition of the complete models for such analysis and their integration in a software
tool which would allow detailed studies to be performed on each variable influence in
the viability of RPEH devices.

Therefore, to enable such a holistic approach, different techniques need to be used and
properly combined to enable the appropriate development of an efficient and cost-
effective RPEH device.

1.3 Motivation

Considering all the aforementioned facts, there is an awareness that to meet the
sustainability challenges of the near future, new efficient and cost-effective energy
generation technologies are needed and the development of a technology that makes use
of energy released by vehicle into road pavements, converting this typically wasted
energy into electrical energy, could play a very important role in the sustainability of

our cities, by reducing the need to import energy from the outside.

Previous to this doctoral research, a technology to convert the kinetic energy from the
movement of people into electrical energy was developed by a Portuguese start-up,
where the author was one of the promoters. This technology was called Waynergy®
People and its working principle was based on an electromechanical system that was
patented (Duarte and Casimiro, 2011) and experimentally validated (Duarte et al., 2013)
using a pre-industrial prototype. The system has achieved a conversion efficiency of
almost 60%, a higher value than all the existing pavement energy harvesting devices,

creating an expectation for a high potential technology.

It was identified that the energy generation depends greatly on the load applied over the
system surface and, since vehicles deliver a much higher load to the pavement than
people, the system was adapted to convert the kinetic energy released from vehicles to

the pavement into electrical energy (Duarte and Casimiro, 2013) and the system was
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experimentally validated using a prototype (Duarte et al., 2014). This system was
named Waynergy® Vehicles. Although the results were satisfactory, the need for further
research was identified, as the system did not support the vehicle loads properly, it was
extremely complex to install in the pavement infrastructure and the production cost was

too high.

Considering the technology previously developed for Waynergy® People with a
conversion efficiency of almost 60% and the knowledge acquired in the development
and experimental validation of Waynergy® Vehicles, | am led to believe that using the
scientific method in the development of a new RPEH system, using similar energy
conversion principles but with a redesigned system, integrated with the road pavement
engineering and traffic engineering rules, it is possible to achieve the goal of finding an
efficient and cost-effective solution to produce electrical energy in the road pavement,

which can make an impact on the sustainability challenges facing cities.

1.4 Research Objectives

Recently, some investigation has been done on road pavement energy harvesting,
mostly focused on the pavement’s thermal gradients and the vehicle load induced on the
pavement surface. This research has been performed both by academia and industry.
Despite the various attempts to develop a new set of products in this field, none of the
research projects has originated a successful product. The main reasons for the failure
are related to the low energy conversion efficiency of the technologies and also to the
difficulty integrating the systems in the road pavement infrastructure. The product’s
cost of production is also a challenge, but this should only be considered after the first

two challenges are solved.

Therefore, the main objective of this research work is the development of a new system
to convert the energy released by vehicles to the road pavement into electrical energy

with a higher conversion efficiency than the current state-of-the-art. As well as the
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conversion efficiency, the system should be designed so that a simple method of
installing it in the road pavement infrastructure could be developed.

As the goal is to develop a new technology to implement in a place where there are not
any products or enough experiments conducted worldwide, there is a need to perform
several studies, developments and experiments during the development of this research
project. So, the fulfilment of the main objective of this research requires the following

research tasks to be conducted, which correspond to individual objectives:

1. To evaluate the state-of-the-art relating to infrastructure energy harvesting, both
related to the road pavement and railway tracks, so that each technology can be
identified in terms of conversion efficiency, energy generation potential, current
development stage and installation method. With this analysis, the best practices
can be defined and detailed guidelines for the development of the research can be

defined as well;

2. To develop a software tool to quantify the forces delivered from each vehicle tyre
to the pavement or to a RPEH device’s surface, as well as the energy released
from the vehicle to the road pavement or to the device, considering different
vehicle weights and speeds, as well as different vehicle parameters, and
depending on the pavement shape, slope and material properties and other
technical features of the RPEH device. Such a tool is fundamental for the
development of the project and to perform computational simulations during the
development of the RPEH device, as this will allow us to quantify the forces and

energy inputs of the system;

3. To evaluate the impact of the RPEH device in the vehicle body in terms of ride
comfort, so that this is not affected or, at least, it is minimized, which would allow
RPEH devices to be applied in a wide range of places. Combining this evaluation
with the energy harvested from vehicles and the vehicle speed reduction, the
impact of RPEH devices on road safety can also be studied, as they work as a

speed reducer. For this, an energy harvesting system can be modelled and
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integrated in the software tool so that computational simulations can be performed
and evaluated,;

4. To model existing RPEH device systems and incorporate the models in the
software tool, so that computational simulations can be performed and the

behaviour of existing systems can be evaluated;

5. To develop and model new systems for RPEH and incorporate them in the
software tool, so that computational simulations can be performed and the
performance of the new systems can be evaluated and compared to the

performance of existing systems;

6. To evaluate the inclusion of a mechanical energy storage unit in the developed
RPEH systems, model the proposed solutions and determine their impact on the

efficiency of the systems;

7. To perform an experimental validation of the developed solutions using a
prototype developed for this purpose, so that data can be collected and compared
with the computational simulation results, allowing us to make conclusions about
the precision of the models. At this stage, the installation method of the prototype

in the pavement should be addressed, so that the process can be simple;

8. To develop a complete model and a software tool to perform a TEA of RPEH
devices, as well as Cost-Benefit Analysis (CBA), considering different variables as
inputs and presenting the outputs numerically and graphically. This tool should
also allow a Sensitivity Analysis (SA) to be performed to evaluate the impact of
one or multiple variables in the technical and economic performance of the

system, so that the most critical variables can be identified.

To sum up, this thesis provides a scientifically-based development of a RPEH system
that, without affecting ride comfort, is able to efficiently convert the energy released
from vehicles to the device’s surface into electrical energy, with the option of also being

able to store the harvested energy. Guidelines to develop a viable product should be
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defined through a CBA. Beside the system and models development, at the end of the
research project it is expected that two software tools will be finished that can support
other research projects to evaluate and develop RPEH devices, both technically and

economically.

1.5 Research Methodology

The research will start with an extensive literature review and state-of-the-art analysis
related to energy harvesting technologies, with special emphasis on one which can be
applied in transportation infrastructures such as road pavements and railways and that
are able to convert the vehicle released energy into electrical energy. This will allow us
to identify the positive aspects of each solution and also the main failures and

disadvantages of the existing technologies.

Prior to the development of the energy harvesting unit, a study of the VRI will be
performed, including the main vehicle dynamics models and the road pavement
parameters, so that this interaction can be properly evaluated depending on the vehicle
characteristics and actions (acceleration, braking, free rolling) and considering the road
pavement characteristics (materials, slope, shape, among others), in order to quantify
the energy released from vehicles to the road pavement precisely, the energy absorbed
by the road pavement material and the energy delivered to the conversion system. None
of the existing research projects within the field of RPEH have presented a complete
model for the energy released from vehicles with vehicle and road pavement
characteristics as inputs of the RPEH system. This research aims to develop and

validate such a model.

Looking at a typical energy harvesting system, it usually has three different units:
harvesting, conversion and storage. The harvesting component is always the first, as this
is responsible for capturing energy from the external sources. In most cases, the

conversion unit is the second and the storage is the third. However, in some specific

10
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cases, storage is included between the harvesting and the conversion units, working as a
buffer of the harvested energy and allowing the global efficiency of the system to be
maximized. In the energy harvesting from vehicles mechanical energy, this approach
has never been reported and one of the goals of this research is to evaluate the best
combination of these different components of the global system, by studying the
efficiency of different combinations.

Following the development of the computational model, the energy conversion unit will
be developed, including four major components: energy harvesting, energy conversion,
energy storage, and the energy storage controller units. Each unit represents a different
component of the system, but the model combines them so that all can work as a single
unit. Each component will be physically and computationally modelled, using different
systems in the conversion and storage units. The performance of each component will
be evaluated considering the energy received and delivered or converted, allowing the
efficiency of each component and of the complete system to be determined. Using this
approach, it will be possible to identify the inefficiencies of each component of the
system and, consequently, the parts that need to be optimized to increase the global

efficiency of the complete system.

After these models are validated, the energy delivery model will be developed, while
studying different possible uses of the electrical energy that will be generated, such as

delivery to the electric grid or to an end application, both in DC or AC.
The different components of the research project are presented in Figure 1.1.

After concluding the physical and computational models and performing the
computational simulations and identifying the most efficient solutions, prototypes will
be developed to validate the models and the computational simulations using
experimental data. This step will be useful to calibrate the models and optimize the

achieved results.
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Figure 1.1- Diagram showing the components of the proposed solution.

RPEH is a recent research area and the economic viability of the proposed solution will
be evaluated, as well as the technical validation. To do this, a model and a software tool
will be developed, which consider different inputs such as traffic distribution, vehicle
characteristics (including average weight, speed, among others), technical and economic
aspects of the RPEH installation and the application and price of electric energy. This

tool will calculate the electrical energy output of the application as well as the economic

12



Chapter 1 Introduction

outputs, such as the cost per installed watt, cost of the generated energy, net present
value of the investment and return on the investment, among other relevant technical
and economic parameters. This software tool will also allow a SA to be performed to

identify the parameters that can be optimized to maximise output.

1.6 Research Design

For the initial data collection of existing technologies, a literature review will be
performed for the different areas related to the research, including road pavement,
railway infrastructure, energy harvesting methods and technologies (general), focusing
then on the particular cases of road pavement energy harvesting and railway
infrastructure energy harvesting technologies. This will allow us to fully characterize
the state-of-the-art, by analysing papers and patents about existing technologies, their
efficiencies, technical characteristics, experiments performed and achieved results,
current development stage and installation method. A performance analysis will be used
as a quantitative method to evaluate each system and technology identified, both

technically and economically.

After this phase, experimental research will be carried out, focusing on the development
and testing of a new RPEH system. This will be performed using the scientific method,

with the following steps:
1- Formulation of hypothesis;
2- Project, modelling, simulation and testing of the hypothesis;

3- Application of inductive and deductive logic on the analysis of the obtained
results;

4- Prototyping and experimental tests;

5- Results analysis and comparison between theoretical and experimental data and
results;

6- Conclusions (and optimization).

13
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During the different system modelling stages the System Dynamics technique will be
used, in order to optimize the performance of each component and obtain the maximum
theoretical efficiency of the system. Iterative Analysis will also be used, as multiple
simulations will be performed to optimize the different RPEH device characteristics in
order to obtain the most efficient combination and parameters. The methodologies
previously mentioned allow iterative steps to be taken, as with the results of the
computational simulations and experimental tests it is possible to perform changes to
the system and perform new tests, allowing new data and new conclusions to be

obtained.

An Experimental Development will be performed with the development of prototypes,
in order to evaluate different solutions in the laboratory environment and in an
operational environment, with experimental tests. This will allow us to collect data and

to make conclusions about the system’s efficiency and achieved results.

Scenarios will be performed, both during the technology development and modelling, to
compare and analyze different computational simulations results, as well as in the
evaluation of the prototype results. Also, Scenarios will be used during the technical

and economic evaluation of the system.

Finally, a Cost-Benefit Analysis will be performed, where the impact of the project and
its performance in terms of economic outputs will be evaluated. Different economic
variables such as the net present value and the internal rate of return will be evaluated
for different Scenarios and Case Studies, and a sensitivity analysis will be performed.
During this stage, the environmental impact of the application of the system in different

places will also be considered, as well as the costs associated with it.

Figure 1.2 presents the research design framework in a schematic diagram. As
explained, initially evidence will be collected through a literature review and state-of-
the-art techniques, in order to make a performance analysis, and define the research
problems and questions. The second step is the development of physical and
computational models for all the main components of the RPEH system, starting with
the evaluation of the energy released from vehicles to the road pavement surface or to

14
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the RPEH device surface, followed by the models of the energy harvesting system,
including all its components, and finishing with the electrical energy management and
application models. These models will be developed using the System Dynamics
technique and simulations will be performed to evaluate each component both
individually and together. Different components will be considered for each model in
order to evaluate the most efficient combination.

The third step consists of the Experimental Development, with experimental tests being
performed on the system prototype, both in laboratory and tests in a relevant
environment. These will allow us to acquire experimental data and compare it to the
simulation results, which will allow us to calibrate and optimize the computational
models with an iterative analysis. During the prototype development stage the
installation of the system in the road pavement and the production costs of the system
will be evaluated, so that all the costs involved in real implementation can be defined
for the CBA.

The fourth step consists of a CBA with the development of a model and a software tool
where all the input variables can be defined using both the traffic and road parameters
as inputs, as well as the technical and economic characteristics of the RPEH system and
the electrical energy application. This will allow us to define multiple scenarios and
evaluate the technical and economic performance of each application, providing
important data for an end user to evaluate the benefits of the implementation of a RPEH
solution for a real case scenario. Also, this model will allow us to perform a SA in order
to identify the impact of each variable in the system performance. The results of the SA
will provide important information that can be used to enhance the models outputs by
focusing on adjusting and improving the system components that are identified as
having the greatest impact on the model outputs. Moreover, the SA provides insights to
the users of the system regarding the different types of data that need to be collected for

precise evaluation of the system performance.
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1.7  Structure of the Thesis

This thesis is organized into nine chapters. Excluding Chapters 1 and 9, the remaining
chapters of the thesis are based on the scientific papers produced during the
development of the present research work. The contents of each chapter do not
correspond to the exact text and structure of each scientific paper to avoid repetition and

to facilitate the reading of the thesis.

Although each chapter can be considered as an independent subject and related to a
specific scientific article, this thesis does not intend to represent a chain of scientific
articles, but a planned evolution of the research work developed during the research
activities. The relationship between the thesis chapters is presented in Figure 1.3,

through a schematic diagram of the outline of the thesis.

Chapter 1 provides an introduction to the thesis. It presents the global problem
statement, the research problem and opportunity for investigation, the motivation, the
research objectives, research methodology, research design and the organization of the

thesis.

Chapter 2 presents the state-of-the-art regarding infrastructure energy harvesting
systems, relating both to the road pavement and to the railway, as both infrastructure
types have similarities, but different energy harvesting technologies are being developed
for each. Each existing technology will be evaluated in terms of its energy generation
potential and energy conversion efficiency, current stage of development and the
installation mode in the infrastructure, allowing us to make conclusions about its
viability. Finally, conclusions will be drawn about the most promising technologies and

guidelines for the research to perform.

Chapter 3 describes the VRI in terms of a forces analysis, kinematic analysis and
dynamic analysis, allowing an energetic analysis of the interaction to be performed. A
detailed study regarding vehicle dynamics is presented, including the tyre contact patch
in the vehicle models, allowing a more detailed and complete model to be developed to

evaluate the interaction. Also, a movable surface in the pavement is considered and
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modelled. A software tool is developed based on the presented models and the
simulation results are presented and discussed, allowing conclusions to be made about

more precise models.
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Figure 1.3- Schematic diagram of the thesis outline.
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Chapter 4 presents a study of the potential for energy harvesting from vehicles using a
RPEH device with a movable surface and the impact of such device in the ride comfort
and its contribution to promote road safety. The software tool developed in the previous
Chapter is used and simulations are performed evaluating not only the energy harvested
but also the ride quality and the vehicle’s speed reduction. Following this analysis, an
experimental evaluation is performed using a prototype of the proposed system and the
experimental results are compared to the computational simulation results, allowing

conclusions to be drawn about the precision of the model.

Chapter 5 presents the development of a RPEH device using an electromechanical
system. The two most common electromechanical devices are presented and modelled
and a new proposed device is then presented. The developed models are integrated into
the software tool developed in Chapter 3 and, using the upgraded tool, new
computational simulations are performed to evaluate the different electromechanical
systems and draw some conclusions. Following this analysis, an experimental
evaluation is performed using a prototype of the new electromechanical system and the
experimental results are compared to the computational simulation results, allowing us
to make conclusions about the model’s precision and system’s performance, as well as

making comparisons with the present state-of-the-art.

Chapter 6 presents the development of a RPEH device using a new hydraulic system
with a mechanical actuation, which is presented and modelled. First, the most common
hydraulic device is presented and modelled and both models are included in the
software tool previously developed. Based on the upgraded tool, computational
simulations are performed and some conclusions regarding each system’s efficiency and
behaviour are presented. Also, a comparison with electromechanical devices is

performed, as well as with the current state-of-the-art.

Chapter 7 describes the adoption of a mechanical energy storage unit in RPEH devices,
with emphasis on hydraulic devices. Different solutions are presented and modelled and

these are included in the software tool developed previously. The computational
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simulations results are presented for different scenarios and conclusions regarding the

efficiency and effectiveness of these systems are presented.

Chapter 8 presents a technical and economical evaluation of RPEH devices, defining the
main equations to evaluate such devices. A computational model is developed based on
the presented equations and an analysis is performed for different scenarios, including a
SA for specific key variables. Based on this, several conclusions are made in order to

evaluate these devices and the conditions necessary for positive viability are defined.

Chapter 9 summarizes the research work described in this thesis, highlights its
contributions and main achievements, and establishes a set of research guidelines and

improvements for future work.

1.8 Publications

As mentioned in the previous section, this thesis is based on the scientific articles
written about the research work developed during the doctoral studies. Most of the
scientific articles have been submitted to international peer-reviewed journals and are
either published or under review, and others are about to be submitted. Below is the list

of references for the thesis chapters, in the sequence in which they are presented.

1) Scientific articles already published

Chapter 2:

Duarte, F. and Ferreira, A. (2016). Energy harvesting on road pavements: state of the
art. Proceedings of the Institution of Civil Engineers — Energy, 169(2): 79-90.
DOI: 10.1680/jener.15.00005.

Duarte, F. and Ferreira, A. (2017). Energy harvesting on railway tracks: state of the
art. Transport, Institution of Civil Engineers, 170(3): 123-130. DOIl:
10.1680/jtran.16.00016.
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Chapter 3:

Duarte, F., Ferreira, A. and Fael, P. (2016). Software for simulation of vehicle-road
interaction. New Advances in Information Systems and Technologies, Vol. 444 of
the Series Advances in Intelligent Systems and Computing, Springer International
Publishing, Switzerland, pp. 681-690. DOI: 10.1007/978-3-319-31232-3_64.

Duarte, F., Ferreira, A. and Fael, P. (2017). Software tool for simulation of vehicle-
road interaction. Engineering Computations Journal, 34(5): 1501-1526. DOI:
10.1108/EC-07-2016-0273.

Chapter 5:

Duarte, F., Ferreira, A. and Fael, P. (2017). Software to Support the Development of
Road Pavement Energy Harvesting Devices. Recent Advances in Information
Systems and Technologies, Vol. 569 of the Series Advances in Intelligent Systems
and Computing, Springer International Publishing, Switzerland, pp. 807-817.
DOI: 10.1007/978-3-319-56535-4_79.

Chapter 6:

Duarte, F., Ferreira, A. and Fael, P. (2017). Road pavement energy harvesting: an
evaluation methodology for new and existing vehicle-derived mechanical energy
collectors. Journal of Renewable and Sustainable Energy, 9(3): 1-22. DOI:
10.1063/1.4982795.

2) Scientific articles submitted and under review/accepted for publication

Chapter 4:

Duarte, F., Ferreira, A. and Fael, P. Contribution of a novel speed reduction
equipment to promote road safety. International Journal of Pavement

Engineering.

Duarte, F., Ferreira, A. and Fael, P. Experimental validation of a new speed

reduction equipment to promote road safety. Accident Analysis and Prevention.
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Chapter 5:

Duarte, F., Ferreira, A. and Fael, P. Road pavement energy harvesting: a new
electromechanical device to convert vehicles mechanical energy into electrical
energy. Journal of Energy Engineering, American Society of Civil Engineers.

Accepted for publication.
Chapter 7:

Duarte, F., Ferreira, A. and Fael, P. Integration of a mechanical energy storage
system on a road pavement energy harvesting device. Proceedings of the

Institution of Civil Engineers — Energy.

Duarte, F., Ferreira, A. and Fael, P. Integration of a mechanical energy storage
system on a road pavement energy harvesting hydraulic device with mechanical
actuation. Journal of Renewable and Sustainable Energy, American Institute of

Physics. Accepted for publication.
Chapter 8:

Duarte, F., Ferreira, A. and Fael, P. Software tool for technical and economical
evaluation of road pavement energy harvesting devices. Advances in Engineering

Software.

Duarte, F., Ferreira, A. and Fael, P. A technical and economic evaluation of road
pavement energy harvesting devices applied in urban environment. Journal of

Renewable and Sustainable Energy.

3) Scientific article to be submitted soon

Chapter 5:

Duarte, F., Ferreira, A. and Fael, P. Experimental validation of a new
electromechanical road pavement energy harvesting device. The submission to

Journal of Energy Engineering is currently being considered.
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Besides the scientific articles, two patent requests were submitted to the Portuguese
Institute for Intellectual Property (INPI - Instituto Portugués de Propriedade Industrial),
regarding the systems presented in Chapters 4, 5, 6 and 7, with the following

description:

4) Patent requests submitted

Chapters 4 and 5:

Duarte, F., Ferreira, A. and Fael, P. Equipamento de Aplicacdo em Pavimentos que
Integra um Sistema para Captacdo de Energia Mecanica de Veiculos e Conversao
em Energia Elétrica. Instituto Nacional da Propriedade Industrial (INPI),
Portuguese Patent Request 109935 P (in Portuguese).

Chapters 6 and 7:

Duarte, F., Ferreira, A. and Fael, P. Equipamento de Aplicacdo em Pavimentos que
Integra um Sistema Hidraulico com Atuacdo Mecéanica para Geracdo de Energia
Elétrica a partir do Movimento de Veiculos. Instituto Nacional da Propriedade
Industrial (INPI), Portuguese Patent Request 109936 R (in Portuguese).

Complementarily, some scientific articles have been presented and discussed in
different international conferences, with the complete list of conferences presented

below.

5) Conference articles

Chapter 2:

Duarte, F. and Ferreira, A. (2015). Energy harvesting on road pavements.
Proceedings of the Third International Conference on Advances in Civil,
Structural and Environmental Engineering - ACSEE 2015, CD Ed., paper
ACSEE-15-535, pp. 126-130, Zurich, Switzerland.
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Duarte, F., Ferreira, A., Paiva, C. (2016). Energy harvesting on transport
infrastructures: the particular case of railways. Proceedings of the 4th
International Conference on Road and Rail Infrastructure, CD Ed., pp. 811-816,
Sibenik, Croatia.

Chapter 3:

Duarte, F., Ferreira, A. and Fael, P. (2017). A new decision-aid tool for simulation of
tire-pavement interaction and for quantification of energy harvesting on
pavements. Proceedings of The World Conference on Pavements and Assets
Management, CD Ed., 02d05.pdf, pp. 1-10, Milan, Italy.

Chapter 4:

Duarte, F., Ferreira, A. and Fael, P. (2016). Optimization of the shape of road speed
reducers. Proceedings of the International Conference on Traffic and Transport
Engineering - ICTTE 2016, pp. 608-615, Belgrade, Serbia.

The work developed and presented in the present thesis was developed following
previous research project in which the author had been involved. Both the previous
project and the achieved results have made an important contribution to the work
developed during this thesis and the achieved results were recently published, both in

scientific articles and in conference papers:

6) Scientific articles published

Duarte, F., Champalimaud, J. and Ferreira, A. (2016). Waynergy Vehicles: an
innovative pavement energy harvest system. Municipal Engineer, Institution of
Civil Engineers, 169(1): 13-18.
DOI: 10.1680/muen.14.00021.

Duarte, F., Ferreira, A. and Champalimaud, J. (2016). Waynergy People - application
in an operational environment. Proceedings of the Institution of Civil Engineers —
Energy, pp. 1-8. DOI: 10.1680/jener.16.00010.
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Duarte, F., Champalimaud, J. and Ferreira, A. (2017). Waynergy vehicles: system
prototype demonstration in an operational environment. Municipal Engineering -
Institution of Civil Engineers, pp. 1-8. DOI: 10.1680/jmuen.16.00071.

7) Conference articles

Duarte, F., Champalimaud, J. and Ferreira, A (2014). Waynergy Vehicles: an
innovative pavement energy harvest system. Proceedings of the 2nd International
Congress on Energy Efficiency and Energy Related Materials, CD Ed., pp. 343-
348, Oludeniz, Turkey.

Duarte, F., Ferreira, A. and Champalimaud, J. (2015). Waynergy Vehicles: a road
pavement energy harvest system application. Proceedings of the conference
Energy for Sustainability 2015 - Sustainable Cities: Designing for People and the
Planet, CD Ed., ID25, pp. 1-5, Coimbra, Portugal.

Duarte, F., Ferreira, A. and Champalimaud, J. (2016). Waynergy Vehicles: system
prototype demonstration in an operational environment. Proceedings of the
Transport Research Arena, CD Ed., Contribution10157.pdf, pp. 1-10, Warsaw,

Poland.
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Chapter 2

Energy Harvesting in Transportation

Infrastructures: State-of-the-art

2.1 Introduction

Energy Harvesting is described as a concept by which energy is captured, converted,
stored, and utilised using various sources, by employing interfaces, storage devices, and
other units (Khaligh and Onar, 2010; Priya and Inman, 2009). Simplified, energy
harvesting is the conversion of ambient energy present in the environment into other
useful means of energy, as for example, in electrical energy (Kazmierski and Beeby,
2009).

Energy harvesting is divided into two main groups: macro-energy harvesting sources,
associated with solar, wind, hydro and ocean energy; and micro-energy harvesting,
associated with electromagnetic, electrostatic, heat, thermal variations, mechanical
vibrations, acoustic and human body motion as energy sources (Harb, 2011; Khaligh
and Onar, 2010; Yildiz, 2009). Macro-energy harvesting is related to large-scale energy
harvesting, usually in the order of kilojoules or more. Micro-energy harvesting is related

to small-scale energy harvesting, usually in the order of a joule or less.
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Different transportation infrastructures are continuously exposed to different energy
sources. From these it is possible to extract energy, which, using specific technologies,
can be transformed into electrical energy. This Chapter aims to review the energy
harvesting technologies with possible implementation on the major transportation
infrastructures in which some research has been developed in recent years, namely in

road pavements and railways.

2.2 Energy Harvesting on Road Pavements
2.2.1 Introduction

From the energy harvesting technologies identified by Harb (2011), two groups of
technologies have a great potential for implementation on pavements: one uses solar
radiation as an energy source and the other uses the mechanical energy from vehicle
loads. Considering these energy sources, different technologies and systems have been
developed and tested in recent years. The main energy harvesting technologies
applicable on road pavement can be divided into two main groups, as presented in
Figure 2.1. The first group is related to technologies that make use of the solar exposure
on the road pavement. Solar radiation can be directly harvested by photovoltaic (PV)
cells and transformed into electrical energy; it can induce thermal gradients between the
road pavement layers, which can be used to power thermoelectric generators (TEGS),
which produce electrical energy, or be harvested by asphalt solar collectors (ASC),
which extract the temperature accumulated on the road pavement. Induction heating is a
concept in which introducing conductive particles in the asphalt mixture provides self-
healing capacities autonomously at high temperatures by harvesting solar radiation. The
second group is related to technologies that make use of the mechanical energy
transferred from vehicles to the road surface. This can be harvested directly by
piezoelectric harvesters, which generate electrical energy; or it can be harvested by
hydraulic, pneumatic, electromechanical or micro-electromechanical systems (MEMS)

that transfer the harvested energy to electromagnetic generators, which produce
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electrical energy. In the case of MEMS, they can also transfer the harvested energy to

piezoelectric generators.
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Figure 2.1- Road pavement energy harvesting technologies.

2.2.2 Solar energy harvesting on road pavements

2.2.2.1 Photovoltaic technology

Researchers from the Korea Institute (Kang-Won and Correia, 2010) have investigated
the possibility of harvesting solar energy from road pavements, using solar cells
embedded into the pavement infrastructure. They have concluded that the current thin-
film solar cells are difficult to use on surfaces that receive mechanical loads and
environmental conditions can cause premature corrosion and wear. For these reasons,
the researchers are developing new thin-film solar cells that meet the requirements for

use on road surfaces.

Julie and Scott Brusaw proposed a solar collector system to replace the upper layer of
the road pavement, called Solar Roadway (SR, 2015). The Solar Roadway is a series of
structurally engineered solar panels that are able to support traffic loads and are applied
on the road surface transforming solar radiation into electrical energy. Each panel has
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an installed power of 36W and measures 0.37 m?. They have patented the upper layer of
the product with a design patent (Brusaw and Brusaw, 2014). The Brusaws indicate a
conversion efficiency of the system of 11.2% (SR, 2015), a value that cannot be
confirmed in any scientific publication or product certification. One of the major
challenges of this project is to offer safety and the appropriate conditions for the
mobility of the vehicles passing over the panels. At the same time, the upper layer needs
to guarantee the transmission of the solar radiation to the PV cells beneath it in order to

present good conversion efficiency.

In the Netherlands, Toegepast Natuurwetenschappelijk Onderzoek (TNO), along with
other technological partners, have developed a pilot project consisting of a modular
cycle path system, named SolaRoad (SolaRoad, 2014; TNO, 2014). The cycle path is
constructed of concrete elements which are covered by a 1.0 cm thick glass top layer.
Underneath this glass layer, crystal silicon solar cells are laid, although the values of the
installed power and energy conversion efficiency are not presented. The modules are
embedded in concrete slabs and applied on the base layer of the pavement. The authors
of the project indicate that the next step will be to adapt the system for application on
roads (SolaRoad, 2014).

2.2.2.2 Thermoelectric technology

TEGs produce electrical energy due to the Seebeck effect, described by Schreier et al.
(2013) as a voltage difference on a material, resulting from a temperature gradient
imposed between its surfaces. The greater the temperature gradient, the more energy is
generated.

Hasebe et al. (2006) developed a pavement-cooling system using a TEG incorporated
into the pavement. Solar heat is collected by a water piping system embedded in the
road pavement, and this water is cooled by river water. The water first passes on the hot
side of the TEG, and then on the cold side of the TEG, installed under the road. The
maximum power output of the prototype tested was 5 W, using 19 Bi-Te cells (1.23 cm®
each), for a AT of 40.5 °C. For a AT of 25.9 °C, the maximum output power was 2.9 W,
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and for a AT of 11.5 °C, the maximum output power was 0.9 W. The conversion

efficiency of the system was not presented.

Wu and Yu (2012) studied the implementation of TEGs on the surface of pavements.
They propose the connection of the lower part of the module with the sub-grade soil via
highly thermal conductive materials in order to facilitate heat conduction and thus
increase electrical energy production. They have concluded that its maximum efficiency
reached 4% using Quantum Well structured (QW) materials, instead of Bi-Te cells, but
the problem was the storage of that energy. Tests were performed with a pavement AT
of 50 °C, which generated 300 mV with one TEG cell. They have concluded that the
efficiency of the electronic system was 41.3%, which results in a global efficiency of
the TEG system of 1.6%. The prototype, which used a 7.7 cm® TEG unit, was able to
produce a maximum output power of 0.02 W, for a thermal gradient of 6.44 K on the
TEG (Wu and Yu, 2013).

Due to their low conversion efficiency, none of these studies have led to a product
available on the market. Kelk (2015), a Japanese company, have different products
based on TEGs, and sell the TEG cells individually, but none of their available products

have been developed to implement on road pavements so far.

2.2.2.3 Asphalt solar collector technology

An alternative way of using the thermal gradients between the road pavement layers is
to transform the pavement into a solar collector, using pipes and pumps, arranged
specifically in order to capture solar energy and convert it into thermal energy. This is a
method that has been studied in recent years by different authors, called ASC (Bobes-
Jesus et al., 2013).

Sullivan et al. (2007) proposed an ASC system for heating and cooling road pavements
and other infrastructures, using the heat-absorbing property of asphalt concrete applied
on the construction of flexible pavements. The ASC system consists of an asphalt

pavement layer with water pipes in it. The ASC system is linked to two underground
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water storage reservoirs, one for cold water and another for warm water (RES, 2007),
involving seasonal storage. Solar radiation induces an increase in the temperature of the
road surface, which is absorbed by the road pavement materials and transferred to a
water piping system applied under the road surface and is then stored in the soil or other

storage tanks (Sullivan et al., 2007).

The real-world performance of ASCs has been demonstrated by systems installed in
different places around the world, working in different climatic conditions. In
Switzerland, the Solar Energy Recuperation from the Road Pavement (SERSO) system,
presented by Lund (2000), was successfully installed with the main purpose of melting
ice on roads. In the Netherlands, Road Energy Systems®, developed by Ooms (Sullivan
et al., 2007) and TNO (Loomans et al., 2003), has been commercialized in recent years,
with the main advantages presented by the company being a focus on increased road
safety (RES, 2007).

In the UK, ICAX™ (ICAX, 2014) develops and implements ASC solutions. In Japan,
the Gaia system has been developed during the last decade, with different studies being
performed focused more on the snow melting heat storage capacity (Morita and Tago,
2000; Gao et al., 2010). The authors say that the heat collecting capacity is between 150
and 250 W/m? under normal summer weather conditions (Gao et al., 2010). Other
applications have been developed in China (Tu et al., 2010) and the USA (Mallick et
al., 2009).

2.2.3 Vehicle mechanical energy harvesting on road

pavements

The mechanical energy transmitted by vehicle wheels to the road surface can induce
two types of action on the road pavement: vibrations or surface displacement. This

energy can be harvested using different methods and different technologies.
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2.2.3.1 Piezoelectric technology

Pierre and Jacques Curie, in 1880, were the first individuals to develop an energy
harvesting method from pressure. They successfully predicted and proved
experimentally that certain crystals would exhibit a surface charge when subjected to
mechanical stress. This phenomenon was given the name piezoelectricity (Harb, 2011),

after the Greek word piezo, meaning "to press".

Piezoelectric materials fall within a class of multiple solid-state materials that can
generate electrical energy with the application of pressure or vibrations (Beeby et al.,
2006). Both vehicle pressure and vibrations induced on the road pavement can be used
to actuate piezoelectric transducers, in order to convert mechanical energy into electrical

energy (Xiang et al., 2013).

Zhao et al. (2010) proposed and studied the application of cymbal piezoelectric
transducers on road pavements. The amount of generated energy was of 1.2 mW at 20
Hz for one vehicle passage. This was equivalent to 0.06 J per vehicle passage and a

conversion efficiency of lower than 15%.

Zhao et al. (2013) studied different piezoelectric materials in order to determine how to
adapt them for use on road pavements. They have identified that none of the typical
piezoelectric transducers made of lead zirconate titanate were suitable for the asphalt
pavement environment. They suggest a specific design and optimisation process to

adapt the piezoelectric materials for road pavement application.

Xiong et al. (2012) have defined two coupling modes of piezoelectric components: 31-
mode and 33-mode. With 31-mode, the piezoelectric material generates electrical
energy from transverse displacement. On the 33-mode, the power output of the system
increases linearly with the deflection of the pavement or the stress along the poling
direction of the material. They have stated that the usual power generation capacity of

piezoelectric transducers is about 300 pW/cm®.

Wischke et al. (2011) studied the application of piezoelectric modules in road
pavements in tunnels. They concluded that the vibrations caused by vehicles were small

due to vehicle suspension.
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The patent applications US20050127677 (Luttrull, 2005) and US20100045111 Al
(Abramovich et al., 2010a) relate to systems that make use of piezoelectric transducers
on road pavements that produce electrical energy while being deformed due to the
passage of vehicles.. The system presented by Abramovich et al. (2010a) was tested in a
real environment by Innowattech on a product called Innowattech Piezo Electric
Generator (IPEG) (Innowattech, 2014). There are no published results for the generated
energy, or for the conversion efficiency of this product.

Abramovich et al. (2010b, 2012) have developed a system with new methodologies to
increase energy generation and simplified the installation process, as well as using a
new methodology to multiply the forces of the vehicles delivered to the piezoelectric
transducers (Klein et al., 2012). Nevertheless, there were no scientific results presented

for any of these systems.

Bowen and Near (2000) have patented a piezoelectric actuator for road pavements,
which was developed recently (Near, 2013), presenting an energy harvesting product
based on piezoelectric components for use on road pavements. With this product, Near
(2013) created the Genziko company in the USA (Genziko, 2014).

Hill et al. (2014) have compared the products developed by Innowattech and Genziko
using data provided by both companies. From Innowattech, they present an energy
generation per module, per vehicle, of 5.76 J, while Genziko have presented an energy
generation per module, per vehicle, of 40 J, almost seven times more than that of
Innowattech. However, the authors of the study have concluded that none of these
companies have enough real-environment validations to support the presented energy

generation values.

2.2.3.2 Electromagnetic technology

Electromagnetic generators operate based on electromagnetic induction, known as
Faraday’s law, where, if an electric conductor is moved in relation to a magnetic field,

electric current will be induced in the conductor (Beeby et al., 2006). These generators
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are mostly used in big power plants, based on both non-renewable and renewable
sources. In energy harvesting, smaller electromagnetic generators have been developed
over the last decade in order to convert environmental energy sources (mechanical
vibrations, mostly) into electrical energy (Beeby et al., 2007; Saha, 2011; Arroyo and
Badel, 2011; Munaz et al., 2013; Peralta et al., 2014, Elliot and Zilletti, 2014).

Electromagnetic generators are different from piezoelectric systems in that they are not
actuated directly by the mechanical energy of vehicles. Interfaces are applied where the
harvester units are based on hydraulic or pneumatic systems, electromechanical systems

or MEMS, which will be presented following.

2.2.3.2.1 Hydraulic and pneumatic harvesting systems

A hydraulic system consists of a drive ortransmission system that uses a
pressurized hydraulic fluid to transmit forces and actuate mechanical components,
which are usually actuated by electric machines. In the case of pneumatic systems, the
difference is in the working fluid; air is used instead of liquid (Parr, 2011). In road
pavements, hydraulic systems can be used in the opposite way, transmitting the

mechanical energy of the vehicles to actuate electric machines.

Some companies and individual inventors have registered patents where they use
hydraulic or pneumatic mechanisms to harvest energy released from vehicles and
convert it into electrical energy. These systems are designed to be implemented on
roads, as are related patent applications US5634774 (Angel and Gomez, 1997),
GB2290115A (Nakatsu, 1994), US6376925B1 (Galich, 2002), US20040130158A1
(Kenney, 2004), US20070246940A1 (Valon, 2007), W0O2007045087 (Horianopoulos
and Horianopoulos, 2007), US20100192561A1 (Hendrickson,
2010a),W02010081113A1 (Hendrickson, 2010b), US20110215593A1 (Chang and Lee,
2011) and GB2476826A (Houghton, 2011) for hydraulic systems, and US4173431
(Smith, 1979) and GB2408074A (Morley et al., 2005) for pneumatic systems.

Horianopoulos and Horianopoulos (2007) developed a hydraulic device that harvests
energy on road pavements, claiming an energy generation capacity of 51 kWh with
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10,000 vehicles passages along 50 meters (Kinergy Power, 2014). This is proportional
to 367 (J/m)/vehicle, an average of 91.8 J/wheel, which is a very high value. However,
this value is not supported by any scientific evidence, and the average vehicle weight
used in the study is not presented. In their patent (Horianopoulos and Horianopoulos,
2007), the working principles of the technology are described without reference to the
conversion efficiency. On the basis of this system, they have created the product
KinerBump, and the company KinergyPower International Corporation (Kinergy
Power, 2014) in the USA.

Moreover, Hendrickson (2010a, 2010b) has created the company New Energy
Technologies with a product line called MotionPower™ (NewEnergyTechnologies,
2015), based on his patents. Real-environment tests were performed with this

technology but the company has not published the results.

2.2.3.2.2 Electromechanical harvesting systems

In electromechanical systems, electrical devices are operated by mechanical
components or vice versa. In the case of electromechanical energy harvesting systems,
mechanical energy is used to actuate an electrical machine, which produces electrical

energy.

In the case of road pavement energy harvesting, the electromechanical systems can be
divided into four classes:
1) Conversion of rotational motion of a surface into a rotational motion of an
electric generator (Rot-Rot);
2) Conversion of linear motion of a surface into a rotational motion of an electric
generator (Lin-Rot);
3) Conversion of linear motion of a surface into a linear motion of an electric
generator (Lin-Lin);
4) Conversion of rotational motion of a surface into a linear motion of an electric

generator (Rot-Lin).
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Table 2.1 summarises the electromechanical systems that are being developed according
to the motion conversion principle. From this table, it can be seen that most of the

systems have a rotational output motion.

Table 2.1- Patents related to electromechanical systems.

Input motion
Rotational Linear
US4238687 (Martinez, 1980), US4434374 (Lundgren, 1984),
US6767161B1 (Calvo and Calvo, US20070181372A1 (Davis, 2007),
2004), US7102244B2 (Hunter, W02009101448A1 (Hughes et al.,
Rotational 2006), US20090315334A1 (Chen, 2009), W02011145057A2 (Duarte
Output 2009), US7714456B1 (Daya, 2010),  and Casimiro, 2011) and
motion US20110187125A1 (Jang, 2011) and W02013114253A1 (Duarte and
WO02012099706A2 (Mansfield et al.,  Casimiro, 2013)
2012)
Linear US20120248788A1 (Pirisi, 2012) W02004067850A1 (Hughes etal,

2004)

On the basis of the systems presented in the patents W02004067850A1 (Hughes et al.,
2004) and W02009101448A1 (Hughes et al., 2009), the company Highway Energy
Services was created (HES, 2015), in the UK. Besides the information presented in their

patents, no technical data is available on these systems.

Pirisi (2012), following his patent, has developed a prototype of the technology which,
together with researchers from Politecnico di Milano, he has tested and presented the
results (Pirisi et al., 2012a, 2012b, 2013). The generator is described as a tubular
permanent magnet linear generator, an electromechanical device able to convert linear
motion into electrical energy; using a 1:10 scale prototype in the laboratory, they claim
a conversion efficiency of 85% (Pirisi et al., 2013) between the mechanical energy
applied to the slider of the generator and the electrical output efficiency. This value does
not include power electronics, but presents only the conversion efficiency of the

generator. In laboratory tests, the system was applied on the top of the road surface. The
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authors of this system have created the company Underground Power, which is

developing a product called "LYBRA" (Underground Power, 2014).

In the USA, the authors of the patent WO2012099706A2 (Mansfield et al., 2012), a
class-1 system, have created the company Energy Intelligence. So far, there have been
no scientific results presented for the project. The authors maintain that the system will
be embedded in the road surface, replacing the upper layers of the road pavement
(Energylntelligence, 2014).

Following the development of a suitable system to convert people-released energy into
electrical energy (Duarte and Casimiro, 2011), with a 60% conversion efficiency
(Duarte et al., 2013a, 2013b), Duarte and co-authors have developed the system
presented in the patent W02013114253A1 (Duarte and Casimiro, 2013), with a class-2
system, suited for application on roads. The authors, together with the company
Waydip, have tested a real-scale prototype, naming the project Waynergy® Vehicles
(Waydip, 2015). Laboratory tests with the prototype obtained experimental energy
generation data, achieving a conversion efficiency of about 50% for the mechanical
energy delivered to the system and the electrical energy output delivered to an electric
load (Duarte et al., 2014, 2016). The system was applied on the upper layer of the road

pavement.

2.2.3.2.3 MEMS harvesting systems

MEMS is a technology that is usually defined as miniaturised mechanical and
electromechanical elements, made using the techniques of micro-fabrication, which can
vary from relatively simple structures having no moving parts to extremely complex
electromechanical systems with multiple moving parts, usually under the control of
integrated microelectronics. There has been much recent interest in using MEMS to
harvest energy from ambient vibration and transform it into electrical energy (Stephen,
2006).

To find optimal architectures for maximal power generation under the different
operating constraints, analysis and verification by simulation of three classes of MEMS-
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based vibration-driven microgenerator architectures were presented by Mitcheson et al.
(2004).

Harb (2011) studied and tested different MEMS systems in laboratory, actuating
electromagnetic microgenerators. These generators presented a maximum energy

conversion efficiency of 18%, with ten cells and a buck converter.

Zorlu and Klah (2013) developed a MEMS-based energy harvesting device to generate
electrical energy from vibrations, with implementation on road pavements being one of
the possible applications. In laboratory tests with a prototype, a maximum output of 3.2
mW/cm® was achieved, which is a high power density for this type of application.
However, when a prototype was developed to be tested in a real environment, the
energy generation was 6.0 pW/cm?®, 500 times lower than in laboratory tests. So, the
technology presents some potential but, when applied in a real environment, its

efficiency decreased considerably.

The patent US20130193930A1 (Baugher, 2013) presents a system consisting of a
microstructure for implementation under the road surface, which uses vibrations to
actuate piezoelectric materials to generate electrical energy. No commercial application
of this system has been developed so far, nor have technical results of experiments been

published, as the system is under development.

2.2.4 Technical analysis

To perform a technical analysis and evaluate an energy generation technology, the most
commonly used parameters are the installed power (per area or volume), conversion
efficiency, power density and the energy generation of the technology in normal
operating conditions (Table 2.2). In the specific case of road pavement energy
harvesting, it is also important to classify the technologies according to the installation
method (IM), as this is an important issue regarding the final cost of the solution, the

driving and safety conditions and the maintenance operations of the equipment. Finally,
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as these are mostly new technologies, it is important to classify them regarding their

development status — in this case, using technology readiness levels (TRLS).

Table 2.2- Parameters for performing a technical analysis.

Parameter

Description

Installed
power

The installed power of an electrical energy generation device is its energy generation
capacity in nominal conditions — that is, the maximum theoretical power it can
generate. It is related to the output power and is expressed in watts (W). In many cases,
it is expressed by comparing the installed power with the occupied area of the device
(W/m?), or with the occupied volume of the device (W/m®). In micro-energy harvesting
devices, the analysis is usually done in regard to volume

Conversion
efficiency

Energy conversion efficiency (1) is the ratio between the useful output of an energy
conversion device and the energy input. In the case of electrical machines, the output is
electrical energy measured in joules (J), or electrical power measured in watts (W).
The energy conversion efficiency is a dimensionless parameter, usually expressed as a
percentage

Energy
generation

Energy generation is used to quantify the amount of electrical energy generated under
the operating conditions. It gives the energy input of the system, its efficiency and the
installed power. Usually, it is expressed in joules, but in some micro-energy harvesting
devices it can also be related to the volume (3/m®). In the analysis of energy harvesting
devices, sometimes power generation is also presented, related to the volume of the
device (W/m®)

The different energy harvesting devices can be installed in the road pavement using
different techniques and in different layers of the road pavement. Four main
installation methods were identified

TRL

TRLs are measures used to evaluate the maturity of a technology during its
developmental stages. These levels were initially defined by NASA (Mankins, 1995),
but are now commonly used in project evaluations

Following the analysis of the different technologies presented in this study, the main

characteristics of each one are presented in Table 2.3. For this analysis, the technologies

that convert both solar and vehicle mechanical energy into useful electrical energy and

which have been tested on road pavements were considered. So, ASC, induction healing

and MEMS technologies were excluded from the analysis.
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Table 2.3- Technical analysis of different road pavement energy harvesting technologies.

Installed

Teeinology 2GR EY power (ST generation M TRL
(W/mZ) y 0 g
PV Solar Roadways 97.3 11.2% Not reported 1 4
TNO Not reported  Not reported Not reported 2 7°
TEG Hasabe et al. Not reported  Not reported 38.0 mW/cm® 3 3
Wu and Yu Not reported  1.6% 26mw/icm®* 3 3
. . Innowattech Not reported  Not reported 5.8 Jlveh m 3 4
Piezoelectric -
Genziko 1942.0 Not reported 40.0 J/iveh m 3 4
Kinergy Not reported  Not reported 188.0Jvehm 1/2 4
Hydraulic
yereuli New .Energy Not reported  Not reported Not reported 12 4
Technologies
. 680.0 pW/cm®
0,
Waydip 833.0 50.0% 180.0 Jveh m 2 4
Underground d
Electro- Power Not reported  85.0% Not reported 12 4
mechanical
HES Not reported  Not reported Not reported 2 3
E
nergy Not reported  Not reported Not reported 2 3
Intelligence

a—IM 1 - on the road pavement surface, fixed to the upper layer (the device surface becomes the new road surface);
IM 2 - embedded in the road pavement, upper layer, surface exposed (the device surface becomes the new road
surface); IM 3 - embedded in the road pavement, upper layer, surface covered by road pavement material; IM 4 -
embedded in the road pavement, lower layer, surface covered by road pavement material

b - TRL 1 - basic principles observed and reported; TRL 2 - technology concept and/or application formulated; TRL
3 - analytical and experimental critical function and/or characteristic proof-of-concept; TRL 4 - component
validation in laboratory environment; TRL 5 - component validation in relevant environment; TRL 6 -
system/subsystem model or prototype demonstration in a relevant environment; TRL 7 - system prototype
demonstration in an operational environment; TRL 8 - actual system completed and qualified through tests and
demonstration; TRL 9 - actual system proven in operational environment

¢ - For cycle lanes. For road pavements it has only been conceptualized, not prototyped (TRL 1/2)

d - Efficiency on a 1:10 scale and not considering the losses of control, storage and deliver energy to an electrical
load

From Table 2.3, it may be seen that most of the studies do not meet all the parameters
required to perform a complete technical analysis, hindering a more detailed and direct
comparison of all the technologies. Most researchers or companies present only the
energy generation capacity and IM of the developed devices and only a few studies
present the installed power and the conversion efficiency of the technologies. From this
analysis, one can conclude that the systems that make use of vehicle mechanical energy

have a higher conversion efficiency and energy generation capacity than the systems
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that make use of solar radiation. In terms of energy generation, hydraulic and

electromechanical systems present higher capacities.

In terms of IMs, PV systems are mainly applied using IM 1, while TEG systems are
applied under the road surface, using IMs 3 and 4. Piezoelectric systems are also
applied using IM 3, while hydraulic and electromechanical systems can both be
installed using methods 1 or 2, with their surface in direct contact with vehicle wheels,
to maximise the energy input to the system.

In terms of development status, one can conclude that none of these devices are fully
validated and available on the market; they are generally at TRL 3 or 4. The TNO
system is on TRL 7, but this is for cycle path application and does not present any
evidence of application on roads.

To determine fully whether any technology is viable, an economic analysis should also
be performed. In such an analysis, the most important factor is the levelized cost of
electricity (LCOE), which determines the cost per watt produced, relating the total
economic investment in a technology to the energy generated (EIA, 2014). However, no
technology is fully developed and available on the market. So, no economic data of any

product are yet available and such an analysis cannot be performed at this stage.

2.3 Energy Harvesting on Railways

2.3.1 Introduction

The concept of energy harvesting in the railways industry has started with the goal of
directly supplying trackside electrical infrastructure used for safety and monitoring
purposes (e.g. electric and electronic equipment such as sensors, cameras, electric
panels, etc.). These devices typically have a power consumption of 10-100 W (Lin et
al., 2014), so this was set as the energy generation goal in several research projects (Lin
et al., 2014; Phillips, 2011; Pourghodrat, 2011).
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Different systems were developed for this purpose, both for harvesting the mechanical
vibrations induced by trains into the railway track, as well as converting these into
electricity. Energy conversion (or energy generation) technologies are mostly
electromagnetic and piezoelectric but, in the case of electromagnetic technology, the
systems to actuate the energy generation components can be electromechanical,
hydraulic, pneumatic or other specific systems. Electromagnetic generators can be
linear or rotational. Figure 2.2 illustrates the segmentation of the developed systems,

with EH representing energy harvesting and EG representing energy generation.

Railway mechanical
vibrations

A 4 h 4 A
Electromechanical Hydraulic /
EH pneumatic EH Other EH

A h 4
Piezoelectric
EH & EG

Electromagnetic EG

Figure 2.2- Railway EH and EG technologies.

2.3.2 Piezoelectric technologies

In the case of railways, Nelson et al. (2007) initially developed a system based on
piezoelectric technology to harvest the mechanical energy provided by moving trains to
the rail, in the form of mechanical vibrations and pressure, and to convert it into
electricity. They concluded that the maximum power generation with this technology
was about 0.05 mW per each train passage, a very small value that is insufficient to

supply electric equipment by itself.

The Israeli company Innowattech has also developed a system based on piezoelectric

technology to harvest the mechanical energy of moving trains and convert it into
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electricity (Innowattech, 2014). The company has registered three different patents.
Under the patent W02009098673 Al (Abramovich et al., 2009), a piezoelectric
generator (IPEG) is applied under the railroad fixation to the sleeper, producing
electrical energy when compressed by a moving train. Also based on piezoelectric
technology, alternative energy harvesting devices are presented in patents
US20100045111 A1 (Abramovich et al., 2010a) and US20110291526 A1 (Abramovich
et al., 2011); these consist of piezoelectric cells in a stack using the same installation
methodology as patent W02009098673 Al (Abramovich et al., 2009). However, no
prototype tests or results have been published about the systems presented in these

patents.

Wischke et al. (2011) tested the IPEG system developed by Innowattech in a laboratory
and in a real environment. They concluded that with one piezoelectric cell, the
maximum energy generation with a passing train was 0.26 mJ, a very small value to
fully supply electric or electronic equipment near the railway track. A huge number of
cells would be required to acquire acceptable values of energy generation with this

technology.

2.3.3 Electromagnetic technologies

Some researchers are investigating energy harvesting techniques on railway tracks using
electromagnetic generators as the energy generation component of the system.
Electromagnetic generators are different from piezoelectric systems, as they are not
actuated directly by the mechanical energy of moving trains. Interfaces are applied
between the energy source and the energy generator in order to maximise the harvested
energy, supply the electromagnetic generators with the appropriate characteristics of
mechanical energy, exploit their maximum efficiency, guarantee best performance and
protect them from high loads that could incur damage. The harvesting units are based on
electromechanical systems, hydraulic or pneumatic systems, or MEMS. The

technologies that have been developed for this purpose are now presented.
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2.3.3.1 Electromechanical actuation

Nelson et al. (2009) were the first to present an electromechanical system for
implementation on railway tracks to convert the mechanical vibrations induced by trains
into electrical energy. Their initial approach consisted of a mechanical system making
use of railway track vibrations to actuate a shaft, via a rack—pinion system, converting
the linear motion of the railway track into rotational motion of the shaft. The shaft, in
turn, was connected to an electromagnetic generator, through a gearbox and a flywheel.
The developed prototype was tested in a laboratory and achieved an energy generation
of 10.05 W for a load identical to a train in motion. This result was considered very
positive, being much higher than all other published results at the time (Nelson et al.,
2009).

Following Nelson’s research, Penamalli (2011) tried to optimise the electromechanical
system with a mechanical approach that increases the number of rotations in the shaft of
the electromagnetic generator, leading to higher generation. This was achieved with a
mechanical system called a "mechanical motion rectifier”". The system was also based
on the rack and pinion methodology of Nelson et al. (2009), but it increased the number
of rotations on the shaft, with constant values, turning the irregular upward and
downward track vibrations into a unidirectional motion and used a flywheel to stabilise
the generator speed by storing energy during the high-speed vibration pulse and then
releasing the stored energy to rotate the generator during low-speed vibration. The
prototype was tested in a laboratory with loads emulating a moving train, and achieved
a global energy conversion of 22.0%. The results in terms of energy generation were not
higher than 3.00 W, but the author offered several recommendations for improvements

to the system to increase its efficiency and energy generation (Penamalli, 2011).

Also following the research of Nelson et al. (2009), Pourghodrat (2011) optimised the
electromechanical system, keeping the rack and pinion system, but with a different
approach: the system was actuated in both the downward and upward motion of the
railway track, increasing the rotation of the generator. Computational simulations of the
system presented a potential average output power of 41.82 W, much higher than the

system developed by Nelson’s team. The difference was mainly due to the higher
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rotation of the generator shaft and the new electromagnetic generator integrated in the
system. In extreme conditions (a loaded train and 60 mph (=97 km/h) travelling speed),
the Nelson’ project achieved 10.05 W. Pourhodrat intended to achieve, theoretically,
306.28 W of average output power. However, when the prototype was tested in the

laboratory, only 4.24 W of average output power was achieved (Pourghodrat, 2011).

After failing to improve on Nelson’s system output, Pourghodrat proposed a new
electromechanical system with a new actuation principle — actuated directly by the train
wheels instead of using only the mechanical vibrations of the railway track
(Pourghodrat, 2011). To develop the system, Pourghodrat used the principle of the
mechanical wayside lubrication system. In this system, each train wheel actuates a lever
that, through the cam-follower mechanical system, actuates the gearbox shaft, which in
turn actuates the electromagnetic generator. The development or testing of a prototype
has not been reported, but Pourghodrat estimates, theoretically, that the system could

produce four times more power than the system developed by Nelson et al. (2009).

Following the research of Nelson et al. (2009) and combining it with the work of
Pourghodrat (2011), Phillips (2011) has modelled and computationally simulated the
potential of both systems. Phillips concluded that Pourghodrat’s system presents the
greater potential for generating electrical energy, achieving a theoretical value of 276.87
W, which is enough to supply most of the electric devices used near railway tracks.
Phillips also tested the system proposed by Pourghodrat (2011) in a laboratory,
achieving an average power output of 5.29 W. It was concluded that the problem was in
the generator shaft speed, which did not reach the theoretical speeds, leading to much

lower power generation in practice.

Following on from the research of Nelson et al. (2009) and Penamalli (2011), Lin et al.
(2014) optimised the electromechanical system, based on the double rack and pinion
proposed by Penamalli (2011), with a new mechanical approach. Lin et al. aimed to
reduce friction, which was the main cause of the low experimental results achieved with
the prototype developed by Penamalli (2011), and so used a single shaft, doubly
actuated (downward and upward motion of the railway track), with one flywheel and a
gearbox, connecting the shaft to the generator. The prototype was tested in the
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laboratory and in a real environment, and managed an average power output of 49.80
W, almost five times higher than the Nelson et al. (2009) prototype under the same test
conditions. This system achieved an overall conversion efficiency of 45.60%, the

highest value achieved with a prototype when comparing all the devices.

2.3.3.2 Hydraulic actuation

In railways, mechanical energy is delivered from train loads to the railway track so
hydraulic systems can be used in the opposite way to their common use: transmitting

the mechanical energy of the train to actuate electric machines.

Oxtoby (2010) developed a hydraulic system that makes use of the weight of a train to
actuate a turbine. In this system, a passing train compresses a pad on the railway track,
which produces a flow of air that in turn actuates a turbine. However, no technical
results of this system were presented and no commercial application of the system was

found.

Besides the two electromechanical systems described earlier, Pourghodrat (2011) also
came up with a hydraulic energy harvesting system to actuate an electromagnetic
generator using a train’s mechanical energy. The goal with this system was to amplify
the vertical deflection of the rail using a hydraulic actuator. This system was expected to
achieve 40.00 W of power output for each loaded train passage, and a prototype was
tested in the laboratory. Under the same test conditions used for the two
electromechanical systems proposed by Pourghodrat (2011), the hydraulic system
achieved an average power output of 11.08 W in the best case scenario. This is a
promising result because several hydraulic energy harvesters can be connected to the
same electromagnetic generator, multiplying the power output for the same train

passage, without additional electromagnetic generators.
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2.3.3.3 Other actuation types

Nelson et al. (2007) originally started the concept of harvesting a train’s mechanical
energy on a railway track by using an electromagnetic device, a simple electromagnetic
linear generator, directly driven by the vertical displacement of the rail. The generator
was called the ‘inductive coil’ electromagnetic generator. This system, tested in the
laboratory, achieved an average power output of 0.15 mW. Mian (2013a, 2013b),
representing the US International Electronic Machines Corporation (IEM, 2015),
developed a similar concept but, instead of using an inductive coil, used a magnetic coil
actuated by the train wheel pressure. This system was patented (Mian, 2013a, 2013b),
but technical results of the prototype have not been published. On the IEM website, this
technology is presented as a module of a multi-energy harvesting technology that is part
of the solution called RailPower Suite, which comprises several technologies for
harvesting energy on or nearby railroads and converting it into electrical energy.
However, with no technical results reported, it is not possible to compare this

technology with the other systems discussed.

2.3.4 Technical analysis

To perform a technical analysis and evaluate an energy generation technology, the most
commonly used parameters were presented in Table 2.2. For the particular case of the
railway energy harvesting systems, the IM is different when compared with the road
pavement energy harvesting systems, as different energy harvesting devices can be
installed on railway track using different techniques and in different zones of the
railway track. Three main IMs were identified:

e IM 1: fixed on the rail lateral area, harvesting the rail vibrations;

e IM 2: fixed on the rail base, between the rail and the sleeper;

e IM 3: fixed on the railway track, harvesting the train’s wheel mechanical

pressure.
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Following the analysis of the different technologies previously presented, the main
characteristics of each are presented in Table 2.4. For this analysis, only technologies
with results published in scientific papers were considered. Table 2.4 reveals that most
of the reported studies do not quantify the conversion efficiency of the technologies, but
almost all reveal the power/energy generation, the IM and identify the TRL. From this
analysis, one can conclude that most current research is based on electromechanical
systems and these are the ones that permit higher values in terms of electrical energy

production.

Table 2.4- Technical analysis of different railway energy harvesting technologies.

Conversion Power/ energy
Technology Reference efficiency (%) generation IM TRL
Nelson et al. (2007) Not reported 0.05x10° W 1 5
Piezoelectric 'ZB‘Ob Ig:(;\g;?) et al. (2009, Not reported Not reported 2 3
Wischke et al. (2011) Not reported 0.26x10° W.s (J) 2 5
. Oxtoby (2010) Not reported Not reported 3 2
Hydraulic
Pourghodrat (2011) Not reported 11.08 W 1 4
Nelson et al. (2009) Not reported 10.05 W 1 4
Penamalli (2011) 22.0% 250 W 1 4
Electro- Pourghodrat (2011) Not reported 4.24 W 1 4
mechanical Pourghodrat (2011) Not reported 50.00 W2 3 2
Philips (2011) Not reported 529 W 1 4
Linetal. (2014) 45.6% 498 W 1 5
Other Nelson et al. (2007) Not reported 0.15W 1 3
Mian (2013a, 2013b) Not reported Not reported 3 -

a — Theoretical value

The system developed by Lin et al. (2014), resulting from an optimisation of two
previous studies (Nelson et al., 2009; Penamalli, 2011), presents the highest value in
terms of energy generation (proved experimentally) and is one of the most advanced in
terms of TRL. Piezoelectric technology, besides being on an advanced TRL, presents
very low energy production values, making it a technology with low technical and
economic viability for generating electrical energy. Hydraulic systems, especially the

system developed by Pourghodrat (2011), present an interesting potential: with one unit
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a good value was achieved in terms of energy production (the second highest
experimentally proven value) and this could be multiplied with the use of more

hydraulic units connected to the same electromagnetic generator.

In terms of 1M, most of the technologies are fixed on the rail lateral area, harvesting the
mechanical vibrations of the railway. The exceptions are the piezoelectric systems
installed between the rail and the sleepers and some other systems that use the pressure

of the train’s wheels to harvest mechanical energy directly from the train’s weight.

In terms of TRL, the system developed by Mian (2013a, 2013b) is already
commercially available (IEM, 2015), but no values regarding energy production or
conversion efficiency have been published. Innowattech (2014) also presents some
piezoelectric solutions in its portfolio, but again with no reported values for energy
generation or energy conversion efficiency of the systems. Apart from these two
systems, which are related to the R&D of the companies, the electromechanical system
presented by Lin et al. (2014) is at the most advanced stage as it has been tested and
validated in a real environment. Most of the other solutions analysed have only been

tested in laboratory conditions.

2.4 Summary and conclusions
2.4.1 Road pavement technologies

The concept of road pavement energy harvesting has become increasingly popular over
the last few years. Unlike the case of wind energy, the present situation shows a wide
variety of energy harvesting systems, at several stages of development, competing
against each other to get an opportunity in the market. In the last 15 years or so, the
research and development activity in road pavement energy harvesting has been
developed more by companies than by universities, leading to a lack of scientific
evidence being available on the developed technologies. The tests performed were not
fully characterised in the literature, making very limited information available about the

experimental tests and results obtained. It is clear that none of the developed
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technologies have been fully developed and validated, as none of them have entered the
market with a finished and certified product (with the exception of ASC, which is an
energy harvesting system, but not to generate electrical energy). In the road pavement
energy harvesting field, most of the technologies are at a laboratorial and prototyping

validation stage.

Comparing the technologies that make use of solar energy as their energy source with
the technologies that make use of vehicle mechanical energy, the former is at a more
advanced developmental stage, as it makes use of more mature systems and
technologies. However, presently, most research and development is being performed
on the latter, mainly due to the higher potential that these systems present, in terms of
energy conversion efficiency, energy generation and adaptability to road pavement

conditions.

Comparing the technologies that make use of solar energy as an energy source, PV
systems are the most efficient and mature. However, the implementation on road
pavements is still a challenge, as glass has been used on the PV cells, causing
difficulties for vehicle adherence, which is essential to guarantee rolling capacity and
safety conditions. Systems that make use of TEGs are easier to install on the road

pavement; however, efficiency is considerably reduced.

Comparing the technologies that make use of vehicle mechanical energy as an energy
source, piezoelectric technology was the first to get the attention of researchers.
However, due to its lower energy conversion efficiency, the developments with this
technology have decreased in the last 4 or 5 years. On the other hand, there has been an
increase in research and development of electromechanical systems that harvest vehicle
mechanical energy and, using electromagnetic generators, generate electrical energy.
These, together with hydraulic systems, have registered the highest energy generation
values in experimental tests. Their installation is also simpler than the installation of
piezoelectric devices and they currently present a higher likelihood of success as an
effective solution to transform vehicle mechanical energy into electrical energy

effectively.
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MEMS also present potential in this field since they have been successful in other
applications. However, in the case of road pavement energy harvesting, they have been
applied to harvesting pavement vibrations instead of directly harvesting vehicle
mechanical energy. Pavement vibrations represent a small amount of the available
energy, leading to a low level of energy generation. In the future, these systems should
also be developed to harvest vehicle mechanical energy in order to maximise energy

generation.

2.4.2 Railway technologies

The concept of railway energy harvesting is a very recent area of research, which has
only taken off in the last five years. Unlike wind energy, the present situation shows a
wide variety of energy harvesting systems at several stages of development and
competing with each other to obtain an opportunity in the market. Different
technologies are being investigated in order to convert the mechanical energy induced
by trains on railway tracks into electrical energy. Piezoelectric and electromagnetic
technologies are dominant, with electromagnetic generators being actuated by different

harvesting systems.

In terms of systems/technologies validated in a real environment and with published
results, only one system is available. This system, developed by Lin et al. (2014),
achieved a power production of 49.80 W for each train passage. Higher values of
energy production can be achieved for each train passage by multiplying the number of
devices, but investment in the solution would clearly be multiplied by the number of
devices. In that sense, the hydraulic system proposed by Pourghodrat (2011) could be a
very interesting solution. With one hydraulic energy harvester and one electromagnetic
generator, a power production of 11.08 W for one train passage was achieved in the
laboratory; as this system allows multiplication of the number of hydraulic harvesters
for the same electromagnetic generator, the harvested energy (and consequently the
electrical energy produced) can be multiplied without the need to multiply the number

of generators. Energy production could thus be greatly increased with a lower
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investment increase than required for the electromechanical system proposed by Lin et
al. (2014).

In terms of energy application, most researchers have targeted the electric and electronic
devices used to monitor railway tracks and guarantee user safety; these devices have
power consumptions of 10.00-100.00 W (Zuo and Tang, 2013). To supply these electric
and electronic devices, the systems proposed by Lin et al. (2014) and Pourghodrat
(2011) offer potential. These devices are the most targeted solutions, mainly due to the
fact that there are many areas on railway lines with no electricity, making it a challenge
to supply electric devices in those areas. The use of generated electrical energy to
directly supply electrical equipment near the railway is, at the present time, the most
interesting application for energy harvesting equipment.

However, by multiplying the number of energy harvesters and generators, higher values
of energy production could be achieved and the concept of railway energy harvesting
could increase its potential by injecting the produced energy into the national grid.
Considering the available power from a railway track over long distances, the extraction
and generation of a great amount of energy is possible (Zuo and Tang, 2013). These two
major applications should be considered when the technical and economic viability of
the developed technologies is studied: the cost of each solution needs to be considered

to analyse the return on investment.

In terms of future directions, the developed systems should be optimised and tested in
real environments, using the generated electrical energy to supply electrical equipment
used near railways or, if high energy generation values were achieved, to inject energy
into the electrical grid. New devices should also be developed using different
technologies that allow the conversion of mechanical energy into electrical energy, such
as pneumatic devices and other hydraulic systems, different from the system developed
by Pourghodrat (2011). Energy storage also needs to be analysed: these systems capture
mechanical energy, which can be more easily and efficiently stored than electrical
energy and then converted into electrical energy only when needed. The simultaneous
use of harvesting, storage and converting systems could be a key factor for the success
of mechanical energy harvesting and should be one of the key research areas in the
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future. Finally, the effect of railway dynamics on the developed systems needs to be
analysed to guarantee that a sufficient period of in-service time is available to make this

new technology viable as an alternative power source in economic terms.
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Chapter 3

Development of a Software Tool to
Evaluate the Vehicle-Road

Interaction

3.1 Introduction

Road vehicles consume energy to work their engines and release energy in different
ways, by way of different components. Part of the energy released by vehicles goes into
the road pavement; 15 to 21 per cent of the energy is transferred to the vehicle’s wheels,
in a free rolling situation (IEA, 2012; Hendrowati et al., 2012), with the maximum
energy being transferred to the road pavement when there is a braking action, or when
vehicle wheels hit an elevated obstacle. From the vehicle loads, it is possible to extract
energy onto the pavement, which, using specific technologies, can be transformed into
electrical energy (Duarte and Ferreira, 2016; Andriopoulou, 2012).

From an energetic perspective, road vehicles represent a potential energy source. The
road pavement or specific equipment applied on its surface, such as speed reducer
equipment (SRE) or energy harvesting devices (EHD), becomes the energy collector

that extracts energy from vehicles and delivers it to specific components, which are then
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responsible for its conversion into other useful means of energy, such as electrical

energy.

Because of the increasing rates of road accidents with serious injuries and fatalities,
road safety measures are being implemented globally, with speed reduction being the
main point of action (WHO, 2010, 2013). SRE, such as speed bumps or speed humps,
are the most commonly implemented measures, as they are the solution with the best
performance and effectiveness in speed reduction (Elvik et al., 2009; Ewing and Brown,
2009).

These humps or bumps cause great discomfort to vehicle passengers if the vehicle goes
over the obstacle above the design speed. To avoid this, drivers reduce the vehicle speed
by braking, before hitting the obstacle, losing energy to the brakes and to the pavement
before the obstacle. This “lost” energy can be harvested on the pavement, and then

converted into other means of energy.

Road vehicles can have different motion situations, such as free rolling, braking,
accelerating or turning. In each of them, they will have different forces and moment
distributions, which will depend on their characteristics, such as mass, geometry,
suspension and tyre characteristics, among other things. In each of these situations, as
the mass distributions and, consequently, the force distributions are different at each
vehicle wheel, different amounts of energy are transferred to the road pavement. To
perform a precise energy transfer analysis, both the static forces that vehicles induce on
the road pavement and the dynamic forces resulting from the vehicle’s oscillations must
be quantified. The element which contributes most to these oscillations is the road
surface, which can have different profiles and be made of different materials. This is
more relevant in the case of SRE or EHD, which typically induces higher oscillations on
the vehicle. The geometric profile of these elements is essential to evaluate the vehicle’s

dynamic behaviour.

There are some commercially available software tools for simulating the motion of
vehicles, quantifying the forces induced on the pavement, as well as the forces
developed by each component of the vehicle, such as tyres, suspensions, etc. The two
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main software tools available for this purpose are ADAMS® (MSC.Software, 2016) and
AUTOSIM® (Carsim, 2016).

Although both software tools work well, when the goal is to perform an energetic
analysis on the interaction between the vehicle and the road pavement elements, such as
SRE or EHD (or any other device that is applied on the road pavement, with specific
motion characteristics), these software tools have limitations, because they were not
developed for this purpose.

Other studies to evaluate the vehicle dynamic performance in response to the road
pavement profile were done using specific models mostly based on the quarter-car
model (Borowiec et al., 2010; Barbosa, 2011; Florin and Liliana, 2013; Hassaan, 2014,
2015). However, the quarter-car model does not include the vehicle pitch, which is
important when considerable oscillations are induced on the vehicle body, as in the case
of SRE. Farroni (2016) has also developed a software tool to evaluate the tyre—road
interaction, focusing on the evaluation of steering actions on vehicle, but this tool does
not perform energetic analysis or allows including specific surface profiles on the

pavement.

Following the aforementioned facts, a simulation software tool that allows to study the
vehicle-road interaction (VRI) from an energetic perspective, in order to quantify the
amount of energy released from the vehicle to the pavement or an equipment applied in
the pavement surface for different motion scenarios is considered to be extremely
important to quantify with a high precision the amount of energy received by the road

pavement or a specific equipment applied on its surface.

This Chapter presents the development of a simulation software tool that allows to
perform such analysis, allowing the user to introduce the vehicle parameters, including
its mechanical properties and geometry, motion parameters and driving conditions, as
well as the road parameters and the desired element (SRE or EHD) characteristics and
parameters. This software tool was named RoadVISS (Road Vehicle Interaction
Simulation Software) and allows the simulation of the VRI from an energetic
perspective, by calculating the energy (as well as acceleration and velocity) lost by the
vehicle during the interaction with the obstacle, and the energy received by the obstacle,

69



Chapter 3 Development of a Software Tool to Evaluate the Vehicle-Road Interaction

considering its mechanical characteristics and properties. It also allows users to select
the vehicle model (quarter-car or bicycle car model) and interaction model (Single
Force Analysis (SFA) or Contact Patch Analysis (CPA)), to compare both models and

conclude regarding its precision.

Based on the aforementioned, this tool intends to overcome an existing gap, by
quantifying precisely the energy delivered by a road vehicle in motion onto an SRE or
an EHD, both in terms of the vehicle’s characteristics and the characteristics of the
device, thus evaluating the energy exchange process efficiency. With this, it will be
possible to determine the importance of each parameter in the extraction of the vehicle’s

energy and optimize the efficiency of the device.

The present Chapter also aims to simulate the VVRI, using the software tool RoadVISS,
to determine which is the best vehicle model and interaction model, as well as to study
the effects of road pavement elements (SRE and EHD), on the energy released by the
vehicle. The energy captured by the SRE or EHD is also quantified and the energy

conversion efficiency is evaluated, depending on the evaluated parameters.

In this work, the vertical and horizontal dynamics of vehicles will be considered, as
only forward (linear) motions will be considered, excluding turning motions, which
include lateral dynamics. This assumption is due to the fact that SRE and EHD are
typically installed in places where vehicles only move in a straight line. Other
assumptions in this study are: only two-axle light vehicles are considered; front-wheel
drive; passenger weight is included with the vehicle weight; and wind speed is

neglected.

3.2 Vehicle Dynamics
3.2.1 Introduction

The loads applied by a vehicle in motion on the pavement, by each wheel, depend on

several parameters, such as vehicle geometry, mass, acceleration, speed and pavement
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profile, among others, and have both static and dynamic components (Gillespie, 1992;
Jazar, 2008).

The road pavement induces vibrations on the vehicle, which are absorbed by the tyres
and the suspension system, which can either increase or decrease the loads applied on
the road surface, contributing to a dynamic component of the wheel load. To study these
variations, different models can be used, and the selection of the most appropriate
model should be made based on the specificities of the study being performed.

The interaction between each vehicle wheel and the road surface (or an obstacle
surface) is performed by the tyre, which delivers a perpendicular force onto the
pavement which is distributed by its contact patch. Most authors consider only the
resultant force applied by the tyre over its contact patch (SFA), neglecting the pressure
distribution across its area. For most studies, this is not incorrect, as it can represent a

real situation of continuous motion over a surface.

However, to study in great detail the forces applied over a specific surface which can
have an inclination angle or a vertical displacement that is a function of the applied
force, or in some situations, both scenarios may exist, the analysis must be performed in
terms of the force applied by each part of the contact patch, to obtain a precise
quantification of the force delivered by the surface during its passage over the patch.
This is defined as CPA.

This section presents the static and dynamic forces of a vehicle, taking into
consideration the vehicle parameters; the vehicle models, to study the dynamic
components of the vehicle forces; the formulations to determine the vehicle forces; the
contact patch and pressure distribution over it, to determine the forces applied over the
contact patch; and the equations to determine the energy released by a vehicle when it

interacts with an obstacle on the pavement.
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3.2.2

Vehicle forces distribution

Development of a Software Tool to Evaluate the Vehicle-Road Interaction

The distribution of the vehicle masses and forces, for parked and moving vehicles, both

on horizontal and inclined road pavements is well defined in the literature (Gillespie,
1992; Wong, 2001; Blundell and Harty, 2004; Pacejka, 2005; Jazar, 2008; Popp et al.,

2010; Rajamani, 2011).

Tables 3.1 and 3.2 summarize the vehicle’s perpendicular force distribution on level and

inclined road pavements, and the vehicle’s longitudinal force distribution on level and

inclined pavements, respectively. These equations were extracted from the main vehicle

dynamics references (Jazar, 2008; Popp et al., 2010; Rajamani, 2011). Equations to

determine the lift force (F), drag force (Fq) and rolling resistance (Ry), are presented in

these references. In this work, the indices f and r will be used for the front and rear

wheels, respectively. Each symbol definition is presented in the list of notations.

Table 3.1- Vehicle perpendicular force distribution on level and inclined pavements.

Motion Type Front Wheel Rear Wheel
1 a; 1 a;
- Stopped Fpf Emvgl_ By Emvgl_
c v v
e 1 a, F 1 a, F
e ; 2 fur _ 1 Fyy
% Free Rolling Fyr ST T E,, = S Mg T~
o . 1 a, 1 hCG a Flf 1 aq 1 hCG a Flr
— F — — —_— E —_ _ —_— e
S Accelerating 2f = 5Mwd L 5 Mg L g 2 Lr = 5Meg 7 + 5 Mg L >
[<5]
- . 1 a, 1 hega Fip 1 a; 1 hega Fpr
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Table 3.2- Vehicle longitudinal force distribution on level and inclined pavements.

Front Wheel Rear Wheel
= Stopped Fep=0 Fer =0
(5] ) 1
£  FreeRolling Frp = —Rup—5Fa F,.=—R,,
>
e . 1 1
% Accelerating Fep = 7 Mpa = Ryf— EFd FE.r = =Ry,
> . 1 1
- Braklng Fx-f = _Emva - Rx-f - EFd Fx.r = _Rx.r

- 1 .
= Stopped Fyp =0 Fer = Em,,gsmgb
@

5 : 1 . Fy
= Free Rolling Fyf= Emu(gsm¢) ~Rup=> F.,=-R,,
o
9 . 1 ] F4
& Accelerating Fof = Em”(a + gsing) — Ry -5 F,,=—R,,
S
= ; 1 ; Fq
Braking Fry =Emv(_a+g51n¢) — Ry -7 Fer = =Ry

As can be seen from these equations, there is a static component of the force, which
depends mainly of the vehicle’s mass and geometry, and a dynamic component, which
depends, apart from these two parameters, on the vehicle acceleration and speed. Also,

the pavement inclination has an influence on the vehicle forces.

3.2.3 Vehicle dynamics models

Modelling of four-wheeled vehicles has been studied for the past 50 years. The
dynamics and characteristics are well understood, and validated models have been
developed for many applications, including the study of vehicle vibrations (Wong,
2001; Blundell and Harty, 2004; Jazar, 2008; Popp et al., 2010; Rajamani, 2011).

The most simple model is the quarter-car model, which is the most commonly used and
most useful model of a vehicle’s suspension system (Blundell and Harty, 2004; Jazar,
2008; Popp et al., 2010; Rajamani, 2011). This model only represents the sprung mass
of the vehicle, the unsprung mass, the suspension system and the tyre, as presented in

Figure 3.1(a). For more complex and detailed studies, regarding only forward linear
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motion, the most suitable model is the bicycle car model, which is represented in Figure
3.1(b), and includes the vehicle sprung mass (equal to half the vehicle), the (moment of)
inertia, the front unsprung mass, rear unsprung mass, front and rear suspension systems
and front and rear tyres. The motion equations of both quarter-car and bicycle car
models are well defined in the literature (Blundell and Harty, 2004; Jazar, 2008;
Rajamani, 2011).

X Xs
Si * M i ms, ,'y A 9
CG cG
Ks % ‘—lr‘ CS Ksr % ;_JI:; sr st J‘ Csr
Xu X X T
i ° m” Z_AL ¢ mur 1i * muf
K, % J~ C, K, Kir %
y?i ’ yzi y7 T
(a) (b)

Figure 3.1- (a) Quarter car model and (b) bicycle car model (adapted from Jazar, 2008).

These models are validated for pavements without deflection or vertical motion.
However, most EHDs have a vertical motion owing to the actuation of the vehicle,
which has an impact on the previous models. The inclusion of a surface with vertical
displacement on the pavement is represented in Figure 3.2, both for the quarter-car
model - Figure 3.2(a) -, and the bicycle car model - Figure 3.2(b). In these models, there
is a degree of freedom with a movable surface under the equipment, with a

displacement x;, a mass my, and a spring with stiffness K.
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(a) (b)

Figure 3.2- (a) Quarter car model with a harvester surface on the pavement; and (b) bicycle car

model with a harvester surface on the pavement.

The governing differential equations of motion for the quarter-car model with a
movable harvester surface, shown in Figure 3.2(a), are represented by Equations (3.1-
3.3), whereas the governing differential equations of motion for the bicycle car model
with a movable harvester surface, shown in Figure 3.2(b), are represented by Equations
(3.4-3.8).

Mgk + Cols — 1) + Ko(xe — 2,) = 0 3.1)
My + Cs(ty = %) + K (ry = %5) = Ky (e = %,) = 0 3.2)
mp¥p + Ky (Xp — 2y) + Kpxp = 0 (3.3)
mexXs + Csf(fcs — X — alé) + Csr(fcs — X, + azé) + K (xs — x1 — a10) + Kgp- (x5 — X, + a,0) (3.4)
=0
Iyé — alef(J'cs — X — alé) + azCsr(J'cs — X, + azé) + a;Kp(xg — %, — a,0) (35)
+ a, Ko (g —x, +a,60) =0
My ¥y — Csf(J'cs — % —a,0)+ Kip (o — xp) — Kgp (s — %y — a,0) = 0 (3.6)
My &y — Cop (s — % + @20) + Ky (3 — x1,) — Ky (X — 2 + @,0) = 0 (3.7)
mpXy — Kep (g — xp) — Ky (X — xp) + Kpxp, = 0 (3.8)
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3.2.4 Vehicle-road interaction models

The VRI analysis can be performed considering a resultant force from the tyres over the
pavement, or considering the force distributed over the tyre’s contact patch, as a

pressure distribution.

An analysis considering only the resultant force applied over the contact patch, which
has both a perpendicular (with static and dynamic parts) and a longitudinal component,
is defined as SFA.

Figure 3.3 represents the perpendicular [Figure 3.3(a)] and longitudinal [Figure 3.3(b)]
force distributions for the front wheel of the vehicle when it passes on an inclined
surface with an inclination angle ¢. Based on the literature (Blundell and Harty, 2004;
Jazar, 2008), the values for each force are presented in Table 3.3. The front wheel
perpendicular force is represented by Fzf, with Fzf x representing the horizontal
component of this force, Fzf z representing the vertical component and Fzf x
representing the resultant component. The same approach is used to quantify the
different components of the longitudinal forces, both the acceleration force (F,) and the

tyre rolling resistance force (Ry).

Rxf_z Rxf_r

Fzf x P

(a) (b)

Fzf_z

Figure 3.3- (a) Perpendicular force distribution; and (b) longitudinal force distribution.

An analysis considering the contact patch force and pressure distribution is defined as
CPA. To perform such analysis, first, the contact patch geometry must be defined, and
then the pressure distribution along the contact patch surface.
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Equations for defining the contact patch geometry are well defined in the literature
(Pacejka, 2005; Jazar, 2008; Rajamani, 2011). Based on the tyre stiffness, or on tyre
pressure, and knowing the resultant force applied by the tyre, these equations allow us
to determine the tyre’s deflection and the geometry of the contact patch (the tyre’s area

in contact with the road surface).

Table 3.3- Perpendicular and longitudinal wheel forces on an inclined surface.

Component Front wheel Rear wheel
1 a, 1 a

. Fzf z = |smug =+ Muysg Fzrz = —|=myg—+mu.g
5 ) 29,
3 Vertical (z) 1 he Fiy 1 he Fir
[S ) —_— —_— — —_—
S 8 2™ T oM
“E’_ L + Kip (g — x5) + Kir (X2 — xp)
e Resultant (r) Fzf r = Fzf_z/cos¢ Fzr_r = Fzr_z/cos ¢

Horizontal (x) Fzf x =Fzf_r sin¢g Fzr_x = Fzr_r sin¢g

Fxf_x = [%mv(a + gsing)

Horizontal (x) Fxr_x = —Rxr_x — Fzr_x

1
— Rxf.|cos ¢ _EFd

Longitudinal
forces

—Fzf x
Resultant (r) Fxf_r = Fxf_x/cos ¢ Fxr_r = Fxr_x/cos ¢
Vertical (2) Fxf z = Fxf_r sin¢ Fxr_z = Fxr_r sin¢

To determine the contact patch pressure distribution (q(x)), considering only the
variation on the longitudinal axis, Equation (3.9) can be used (Jazar, 2008), with the
maximum normal pressure (q0) defined by Equation (3.10). In these equations, Xcp
represent the contact patch position, cp_a the contact patch half-length and CP4 the

contact patch area.

_ (xcp —cp_a)®  (xcp —cp_a)
q(xcp) = q0 <1 T ot T 4opa > (3.9)
7E,
q0 = 6CP, (3.10)
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To convert the pressure distribution into an applied force on the surface, in a dynamic
analysis, Equation (3.11) should be used, with i representing the number of the iteration,
I-1 the number of the previous iteration, Fz; the force of the present iteration and ACP4

the variation of the contact patch area that is in contact with the surface.

Fz; = q(xcp); ACPy_; + Fz;_y (3.11)

Figure 3.4 presents the situation where the tyre’s contact patch is divided in two areas:
one in contact with an inclined surface, the other in contact with the road (a flat
surface). The overall pressure distribution, represented by Equation (3.11), is divided in
two different pressure distributions, with two different resultant forces: CP_FZR_sup,
the resultant force applied on the surface; CP_FZR_pavl, the resultant force applied on

the pavement before the surface.

CP_FZR pav1 CP_FZR_sup

CP_sup_H

CP_sup_R
CP_pavi_F

CP_pavi_H
CP_pavi_R
CP_R

Figure 3.4- Contact patch pressure and resultant distribution of forces.
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Equation (3.11) is then divided in two, one for the area in contact with the surface of the
device and another for the area in contact with the road surface. The force on the area in
contact with the device has two components owing to the inclination of the surface,
which are represented by Equations (3.12) and (3.13), with CP_FZR_sup_Z being the
perpendicular component of the force applied on the surface and CP_FZR_sup_X its

longitudinal component.

CP_FZR_sup_Z = CP_FZR_sup X cos ¢ (3.12)
CP_FZR_sup_X = CP_FZR_sup X sin ¢ (3.13)

3.2.5 Energetic analysis

Vehicle acceleration (a) is directly proportional to the longitudinal component of the
force (Equation 3.14). So, the variation of the vehicle’s acceleration is given by
Equation (3.15) and the vehicle’s speed (V) is calculated by Equation (3.16). Knowing
the longitudinal forces, it is possible to determine the vehicle’s acceleration, and later,
the vehicle’s speed at each iteration. The same happens for vehicle position, which is
given by Equation (3.17). The energy released from the vehicle (E,) can be determined
using the vehicle speed reduction, which is associated with the loss of kinetic energy,
using Equation (3.18), with m, representing the vehicle total mass and v the vehicle

speed.

Z FE=m,a (3.14)

0 F
da = LFx (3.15)

mU
Vi = V4 + a; At (316)

1
Xi = Xj_1 + v; At + Eai Atz (317)
1

0E, = > My (0v?) (3.18)
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3.3 Road Pavement Devices
3.3.1 Introduction

Speed reducers consist of a specific type of traffic calming solution, involving vertical
alignment changes in the pavement, with the goal of reducing vehicle speed by causing
discomfort when vehicles go over them at high speeds (Elvik et al., 2009; Ewing and
Brown, 2009). EHDs are instruments actuated by vehicle tyre forces. They receive

mechanical energy from the vehicle and convert it into electrical energy.

To quantify the impact that SRE and EHD induce in vehicles, it is important to study

the geometric shape and dimensions of their surface.

In this section, the main characteristics of SRE and EHD will be presented, with special
emphasis on their surface geometry, material and displacements, when applicable. Also,
the quantification of the energy captured by the equipment will be presented and
compared with the energy lost from the vehicle, allowing us to evaluate the energy

extraction performance.

3.3.2 Speedreducers

To improve traffic safety, vehicle speed needs to be reduced in various places, both in-
and outside urban areas. Three types of measures can be adopted for this purpose:
horizontal alignment changes (chicanes, narrows, roundabouts, etc.); vertical alignment
changes (humps, platforms, raised crosswalks, etc.); or complementary measures, such
as illumination and urban features, among others (Elvik et al., 2009; Ewing and Brown,
2009). The most effective measures to control vehicle speeds are the vertical alignment
changes, as these usually affect the vehicle and their occupants if speed limits are not
respected. However, there are some design rules to guarantee softness and, therefore,

the design speed.
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So, speed reducers should have an impact on vehicles, when they travel above the
design speed, which causes discomfort for the occupants and, at the same time, should
have a minimum impact on the vehicles if they travel under the design speed. This is

achieved through their geometry.

In this study, different geometries for the speed reducer surface (also applied to the
EHDs) were considered. There is no international uniformity for the geometric aspects
of speed reducers regarding their shape, height, length or width, or for materials or
applicable areas. Considering other research work (Johnson and Nedzesky, 2004;
Szurgott et al., 2009) and individual countries’ recommendations (DGV, 2004; Ewing
and Brown, 2009), nine surface profiles (SP) were considered for the speed reducers,
which are presented in Figure 3.5. A set of governing equations for each SP were
defined to characterize its height in function of its length. These equations are presented
in Table 3.4, with y representing the surface vertical position, x representing the surface
longitudinal position, ¢ representing the surface angle, Lmax representing the maximum
length of the surface and hpax representing the maximum height of the SP. The first
profile (S0) is not considered a speed reducer itself, as it represents a flat surface, which

is applicable when considered for a flat surface displacement.

In terms of materials, there are two main solutions: concrete or bituminous mixtures, if
speed reducers are implemented together with the pavement, and plastic or vulcanized

rubber mixtures, when commercial equipment is implemented.

3.3.3 Energy harvesting devices

Energy harvesting is described as a concept by which energy is captured, converted,
stored and utilized by means of various sources, using interfaces, storage devices and
other units (Priya and Inman, 2009; Khaligh and Onar, 2010). Put simply, energy
harvesting is the conversion of ambient energy present in the environment into other

useful means of energy; for example, electrical energy (Kazmierski and Beeby, 2009).
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Table 3.4- Speed reducer or EHD surface profile’s equations.

ID SP definition Equation(s)

SO Plane y(x) =0

2
S1  Convex bum = |n2 _ (= Cman/2))°
vex bump y(x) Jhmax+ 1 T 22
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S2
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—
)= J | T/ 2
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If 0 <X < (Linax/2) and y(X) < hyax
y(x) = x sin (¢)
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Road surfaces are continuously exposed to vehicle loads, making it possible to extract
energy from this which, using specific technologies, can be transformed into electrical
energy (Duarte and Ferreira, 2016; Andriopoulou, 2012).

Regarding the working principle of these devices, as presented with more detail in the
previous Chapter, the mechanical energy transmitted by vehicle wheels to the road
surface can induce two types of actions on the road pavement: vibrations or surface
displacement. Vibrations are mainly harvested by piezoelectric transducers, which have
a very low level of efficiency, so only small amounts of electrical energy are produced.
However, these are less “invasive” to the vehicle. Most road pavement EHDs have a
vertical displacement to actuate a mechanical system (electromechanical, hydraulic or
pneumatic) or directly actuate an electromagnetic generator. The harvested energy is
proportional to the maximum displacement of the surface, as well as its actuation speed
and acceleration. However, this displacement should be as small as possible, to avoid
interferences with the driving performance of the vehicle, creating pavement holes or

other such things.

Also, an EHD presents stiffness and, in some cases, a damping effect due to its
components (both mechanical and electrical), which should be considered in the VRI

study. In this study, only the mechanical stiffness was considered.

Its surface materials and profile can be similar to SREs, as usually these devices have

similar functions in terms of reducing vehicles speed.

3.3.4 Energy captured

The energy absorbed by the road surface material (Es,) can be determined using
Equation (3.19), where F, is the force applied by the vehicle wheel, Al being the
deflection of the material. This can be calculated in relation to the applied load (F,),
elasticity modulus of the material (E") and the thickness (lo) and area (Ana) of the surface

under study, using Equation (3.20).
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1
Eg =5 F, Al (3.19)

Elo Elo
= S Al =——
ApgAl A E

!

(3.20)

For a movable surface, applicable both for SRE and EHD, the energy associated with
the surface motion (En,) iIs calculated using the total force applied on the surface (F,)
and the surface displacement (x,), using Equation (3.21). Equation (3.22) allows us to
evaluate the efficiency of the process, between the energy lost by the vehicle and the

energy captured by the surface of the equipment.

Ey, = E, xp, (3.21)
_ EHa
NHa = E, + E., (3.22)

3.4 Simulation Software Tool
3.4.1 Introduction

Based on the study presented in previous sections, a simulation software tool was
developed, using MATLAB® software, to study the VRI from an energetic perspective,

named RoadVISS — Road Vehicle Interaction Simulation Software.

The purpose of the simulation software tool is to study this interaction in great detail,
with the possibility of fully characterizing the vehicle under study, by defining its class,
weight, axles, wheels, geometry, speed, acceleration, suspensions and tyres; defining all
the mechanical parameters, such as damping and stiffness for each suspension and tyre;
and fully characterizing the pavement or SRE/EHD surface, by defining its material,
shape, geometry and, for a surface with displacement, its maximum displacement, mass,

stiffness and damping properties. It also allows the user to select the vehicle model
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(quarter-car or bicycle car model) and whether the analysis is to consider the contact

patch or not.

RoadVISS calculates all the displacements, both for the vehicle and the pavement/
equipment surface, the applied and received forces and the power and energy
transferred, released from vehicle and received on the pavement/equipment surface, and

presents the results both graphically and numerically.

3.4.2 Inputs and outputs

To select the model inputs, a graphical user interface (GUI) platform was developed
(Figure 3.6).
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Vehicle Class | Light v Staparmion Road Pavement
Front Rear
Vehicle weight [ka] Pavement Type | Flexible =
Suspension Type ||
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Figure 3.6- GUI to select the inputs for the computational model.

86




Chapter 3 Development of a Software Tool to Evaluate the Vehicle-Road Interaction

This GUI has five distinct panels: three for parameter selection; one for the preview of
the selected features for the vehicle, the pavement and the harvester surface; and one for

the selection of analysis features.

The first panel allows the user to select the vehicle and motion properties. In terms of
the vehicle, it allows the vehicle class, weight, number of axles, wheels per axle,
percentage of sprung and unsprung mass, drag and lift coefficients, and inertia moment
of the vehicle to be selected. It also allows users to define the vehicle geometry in terms
of distances from each axle to the centre of gravity (CG), as well as the height of the
CG. In terms of vehicle motion, it allows to the selection of the action (free rolling,
accelerating, braking, or stopped), the motion direction, the vehicle speed and

acceleration (when the action is accelerating or braking).

The second panel allows the user to select the suspension and wheel properties. In terms
of suspension, it allows users to select the suspension type and to define the suspension
stiffness and damping values, for both the front and rear suspension. In terms of tyre, it
allows the user to select the tyre type and to define the tyre stiffness, damping and
pressure, for both the front and rear tyre. The tyre geometry in terms of external

diameter, tyre width and tread width can also be defined, for both front and rear tyres.

The third panel allows the road and harvester properties to be selected. In terms of road
pavement, the user can select the pavement type, the road condition, the longitudinal
and transversal inclination of the pavement. For the SRE/EHD surface, users can select
the shape (according to Figure 3.5), the motion type, the material of the surface, the
width and height and, when the user selects a surface motion, the maximum

displacement, the mass of the surface, its stiffness and damping can be defined.

The fourth panel presents a summary of the selection, showing an image of the selected
vehicle, an image of the selected pavement and an image of the harvester surface, by

shape. With this information, the user can confirm the selection visually.

The fifth panel allows the user to define the simulation time and each iteration interval,
the vehicle model to be simulated (quarter-car or bicycle car model), and contact patch
interaction model, selecting Yes for CPA, or No for a SFA. In this panel, the user can
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clean all the fields to select new values, and can press the Simulate button to start the

simulation.

To present the software outputs graphically, a GUI platform was developed (Figure
3.7). This GUI has two distinct panels, one which presents the outputs and another for

selecting new values for the main variables of the system, as well as choosing an action

(new simulation, print plots or exit).
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Figure 3.7- GUI to present the outputs for the computational model.

The first panel presents the outputs of the system graphically and numerically in eight
graphics and five values. Graphically, the main vehicle results are presented for the
vehicle (sprung mass, front unsprung mass and rear unsprung mass displacements; the
forces induced by the front and rear tyres on the pavement; the power and energy lost
by the vehicle in the interaction with the pavement equipment) and for the SRE or EHD
(the higher and lower positions of the equipment surface, which depends on the surface
profile and surface displacement; the forces received by the surface, from each wheel of
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the vehicle; and the power and energy received by the surface). Numerically, the values
of the energy lost by each wheel of the vehicle and by the entire vehicle are presented;
the energy harvested by each wheel actuation and by the actuation of the entire vehicle;

and the efficiency of the energy transfer process.

The second panel allows users to define new values for the main variables of the
simulation to re-simulate the model with changes, without having to leave the results’
GUI and restart the process from the first GUI. The variables that can be changed are
the vehicle weight, vehicle speed, vehicle acceleration, front and rear suspension
stiffness and damping, front and rear tyre stiffness and pressure, the harvester
displacement, width, height and stiffness. The values are selected using a slider bar,
with the user simply having to press the New Simulation button to start a new
simulation. The graphics are updated after the new simulation is completed. This panel
also offers users the possibility to print the plots, allowing them to select the desired
plots to be printed and pressing the Print Plots button. Finally, it contains an Exit button

to close the results GUI and return to the initial GUI.

3.4.3 Models

Four computational models were developed, using the SIMULINK® tool, to perform the

dynamic analysis depending on the selected inputs:
1) quarter-car model and SFA;
2) bicycle car model and SFA;
3) quarter-car model and CPA,;
4) bicycle car model and CPA.

Models 1 and 2 do not consider the contact patch, so they perform an SFA, while
Models 3 and 4 perform a CPA.

Each model uses the equations defined in the literature (Gillespie, 1992; Wong, 2001,
Blundell and Harty, 2004; Pacejka, 2005; Jazar, 2008; Popp et al., 2010; Rajamani,
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2011) plus the equations previously defined for movable surfaces, with Equations (3.1-
3.3) being used in Models 1 and 3 and Equations (3.4-3.8) used in Models 2 and 4, with
Equations (3.9-3.13) being used in Models 3 and 4. Equations (3.14-3.21) were used in
all the models to quantify the energy lost by the vehicle and harvested by the surface, as

well as to determine the efficiency of the process.

3.4.4 Flowchart

The simulation software flowchart is presented in Figure 3.8.

After all the data are defined by the user on the Inputs window and the Simulation
button is pressed, all the data are collected and a validation is done to confirm if the data
are correctly defined. If not, an error message is presented. If it is, all the variables are
defined and the computational model ID is set in function of the selected Vehicle Model
(quarter-car or bicycle car) and contact patch interaction model (Yes or No).

The selected model is then opened and used to determine all the software outputs. After
the simulation is completed, the results are obtained and validated. If there are
simulation errors, a message is presented. If not, the outputs window is opened, and the
results are presented, both graphically and numerically, as explained previously.

3.5 Technical Analysis
3.5.1 Introduction

To study and quantify the energy delivered by a road vehicle in motion into an SRE or
an EHD depending on the equipment characteristics and evaluate the energy exchanging

process efficiency, the RoadVISS software tool is used.
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Figure 3.8- Simulation software flowchart.

First, simulations will be performed for different vehicle models (quarter-car and
bicycle car models) and different VRI analysis modes (SFA and CPA), to determine the

precision of each model and select the most appropriate for the remaining simulations.

Then, simulations will be performed by changing the equipment surface profile and
geometry, as well as its maximum displacement, to evaluate the importance of these

variables in the energy extraction process.
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3.5.2 Simulations and results analysis

Using RoadVISS, a set of simulations were performed, initially with fixed values
defined for the fixed variables, while the key variables vary in each simulation scenario

to evaluate the impact of each key variable in the results.

The selected key variables for this study are surface profile and surface displacement.
Also, the vehicle model (quarter-car/bicycle car model) and VRI interaction model
(SFA or CPA) are compared.

The values defined for the fixed variables are presented in Table 3.5, as well as the
initial values for the key variables (when the key variable is not changed in a scenario).
The GUI with all fields filled with these values is presented in Figure 3.9. The vehicle,
suspension and wheel data necessary to run the simulations are available in vehicle

manufacturer’s websites and vehicle datasheets.
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Figure 3.9- Graphical user interface with the standard inputs.
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Table 3.5- Fixed and initial values for the simulation variables.

Variable name Value Unit
Vehicle class Light -
Vehicle weight 1,500 (kg)
c Number of axles P1 2 -
2 Number of wheels per axle 2 -
§ Sprung-Unsprung % 90%-10% -
(o] Drag coefficient 0.32 -
S Inertia moment 1,100 (kg/m?)
S Lift coefficients (Front | Rear) 0.19]0.13 -
> Motion | Direction Free rolling | Forward -
Vehicle speed 30 (km/h)
Vehicle acceleration 0 (m/s?)
Suspension type (Front | Rear) Independent | Independent -
_ Suspension stiffness (Front | Rear) 20,000 | 15,000 (N/m)
é Suspension damping (Front | Rear) 1,500 1,700 (Ns/m)
< Tyre type (Front | Rear) Radial | Radial -
02 Tyre stiffness (Front | Rear) 150,000 | 150,000 (N/m)
.2 Tyre damping (Front | Rear) 800|800 (Ns/m)
g;_ Tyre pressure (Front | Rear) 200 | 200 (kPa)
% Tyre external diameter (Front | Rear) 500 | 500 (mm)
Tyre width (Front | Rear) 200 | 200 (mm)
Tyre tread width (Front | Rear) 180 | 180 (mm)
Pavement type Flexible -
2 Road condition Dry -
% Inclination longitudinal | transversal 0|0 ©
3:) Harvester shape Ramp -
o Motion Linear displacement -
% Equipment material Rubber -
£ Equipment width | height 500 | 30 (mm)
§ Equipment maximum displacement 10 (mm)
T Equipment mass 30 (kg)
& Equipment stiffness 400,000 (N/m)
Equipment damping 1,000 (Ns/m)
.  Simulation time 1 (s)
£ lteration time 0.001 (s)
€ Vehicle model Bicycle car -
< Contact Patch Analysis Yes -
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3.5.2.1 Scenario 1 - Different vehicle models

In the first scenario, three different SPs (Ramp, S profile and Bump) were considered to
be simulated with the two vehicle models, quarter-car and bicycle car model. All the
remaining values for the simulations are presented in Table 3.5. The goal is to evaluate
the differences in the total energy released by the vehicle and harvested by a surface,

when different vehicle models are considered.

The simulation results are presented in Table 3.6. The value of the total energy released
by the vehicle using the quarter-car model is achieved by multiplying the calculated
vehicle released energy by the number of vehicle wheels. With the bicycle car model,
the value is achieved by multiplying the calculated vehicle released energy by two, in

other words by the number of vehicle sides.

Table 3.6- Scenario 1 results.

venee sp Fmax(N)  E Q) Eva () n (%)
Quarter car Ramp 4,622.86 428.00 116.00 27.10
Quarter car S profile 6,185.52 412.00 100.00 24.27
Quarter car Bump 4,003.90 1,064.00 144.00 13.53
Bicycle car Ramp 5,432.91 672.00 118.00 17.55
Bicycle car S profile 6,834.69 682.00 108.00 15.83
Bicycle car Bump 4,724.81 808.00 138.00 17.08

From the results presented in Table 3.6, it is possible to compare the differences
between the usage of the quarter-car model and the bicycle car model. Some

conclusions can be stated from the results analysis:

e The maximum force is always higher when considered the bicycle car model,
due to the fact that it considers two different wheels, and for the considered
vehicle geometry, the rear wheel induces higher forces than the front wheel. For

the same conditions, the results’ difference can reach almost 20 per cent.
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e For surface profiles with smaller inclination angles, as the Ramp or S profile,
the vehicle released energy is higher for the bicycle car model, mainly because
of the fact that, when considered two different actuations, and as the rear wheel
has a higher impact, the total losses are higher than when a single wheel is
considered. For these surfaces, the received energy on the SRE/EHD does not
change too much between vehicle models. So, the energy extraction efficiency
is lower when considered the bicycle car model. For the same conditions, the

results difference can reach almost 65 per cent.

e For surface profiles with high inclination angles, as the Bump profile, the
vehicle released energy is much higher for the quarter-car model. This
difference can be explained due to the inclusion of the pitch angle on the
bicycle car model, which allows to distribute the chassis oscillation between
front and rear wheel, leading to lower energy losses. Again, the value of the
harvested energy does not change significantly, leading to a higher energy
extraction efficiency for the bicycle car model. For the same conditions, the

efficiency results’ difference can reach almost 60 per cent.

When the bicycle car model is considered, the inclusion of the pitch angle and the
different mass distribution according with the vehicle geometry increases the precision
of the calculations and gives more realism to the results. So, the results for the bicycle
car model are more precise and closer to the reality than the quarter-car model results,
and the difference between them is considerable, reaching almost 60 per cent in the

process efficiency. Bicycle car model should be used in VRI analysis.

3.5.2.2 Scenario 2 - Different interaction models

In the second scenario, two different surface displacements (0 and 10 mm) for a Ramp
surface profile were considered to be simulated with the two vehicle models, quarter-car
and bicycle car model, both for SFA and CPA. All the remaining values for the

simulations are presented in Table 3.5. The goal is to evaluate the differences in the
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total energy released by the vehicle and harvested by a surface, when different

interaction models are considered. The simulation results are presented in Table 3.7.

Table 3.7- Scenario 2 results.

o el Ema) B Ea(@) ()
Quarter car 0 4,615.70 516.00 0.00 0.00

SFA Quarter car 10 4,502.81 468.00 156.00 33.33
Bicycle car 0 5,608.96 544.00 0.00 0.00
Bicycle car 10 5,653.84 512.00 150.00 29.30
Quiarter car 0 4,472.12 460.00 0.00 0.00

CPA Quiarter car 10 4,422.86 428.00 116.00 27.10
Bicycle car 0 5,398.68 734.00 0.00 0.00
Bicycle car 10 5,432.92 672.00 118.00 17.56

From the results presented in Table 3.7, it is possible to compare the differences

between the usage of the SFA and CPA models. Some conclusions can be drawn from

the analysis of the results:

The maximum force is always higher with the SFA model, due to the fact that it
measures the tyre’s resultant force as being constantly applied to the surface of
the device, while the CPA considers the force correspondent to the tyre area in
contact with the surface of the device, leading to a progressive force being
applied to it, and, consequently, a peak value lower than that for the SFA. For
the same conditions, the difference in results for the maximum force is 4 per

cent.

When the SFA is combined with the quarter-car model, the energy released by
the vehicle in the interaction is similar to the CPA combined with the quarter-car
model, but the energy harvested by the device is much higher, leading to a
higher conversion efficiency (in this case, 23 per cent higher). This is due to the

fact that a higher resultant force is considered during the whole interaction,
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while on the CPA, a progressive force is applied, leading to a lower surface
speed and a smaller force during the surface downward motion, and

consequently, a smaller amount of energy is harvested.

e When the SFA is combined with the bicycle car model, the energy released by
the vehicle in the interaction is lower than when the CPA is combined with the
quarter-car model, but the energy harvested by the device is much higher,
leading to a higher conversion efficiency (in this case, 67 per cent higher). The

explanation is similar to that previously given for the quarter-car model.

These are accepted and expected results, as for the CPA analysis, the force induced by
the vehicle wheel increases progressively over the surface, leading to a progressive
increase in the surface displacement and consequently in its velocity. As for SFA, the
resultant force is permanently applied on the surface from the moment the wheel makes
contact, so the values for the energy received are higher than for CPA. However, CPA
is more realistic and precise, as it is closer to reality than SFA. Considering the
conversion efficiency results, the difference between these two models can reach 67 per

cent.

Regarding the results comparing the surface displacement, it can be seen that in most
scenarios, the energy lost by a vehicle decreases when the surface has motion, which
may be an important conclusion, justifying that equipment with motion can be less
invasive for vehicles than equipment without surface motion, and at the same time, they
are more efficient, as they are able to convert a part of the vehicle’s mechanical energy
into other means of energy, while static equipment does not make use of vehicle

released energy.

3.5.2.3 Scenario 3 - Different surface profile and displacement

In the third scenario, three different surface displacements (5, 10 and 20 mm) for seven

different surface profiles (only surface S1 was not considered) were simulated using the
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bicycle car model and CPA. All the remaining values for the simulations are presented
in Table 3.5. The goal is to evaluate the differences in the total energy released by the
vehicle and harvested by a surface, when different surface profiles and displacements

are considered. The simulation results are presented in Table 3.8.

Table 3.8- Scenario 3 results.

SP Xnh max (mm) F, max (N) E, (J) Ena (9) n (%)
Convex 5 5,138.27 896.00 60.00 6.70
bump 10 4,724.80 808.00 138.00 17.08
20 4,771.38 802.00 268.00 33.41
5 5,472.96 690.00 46.00 6.67
Ramp 10 5,432.92 672.00 118.00 17.56
20 5,779.61 668.00 182.00 27.24
5 5,026.87 1,508.00 72.00 4.77
Hump 10 4,549.53 1,980.00 168.00 8.48
20 4,981.83 2,080.00 356.00 17.12
5 5,893.54 674.00 56.00 8.31
Triangle 10 5,432.56 550.00 130.00 23.64
20 5,287.62 588.00 224.00 38.10
5 6,914.31 840.00 42.00 5.00
S profile 10 6,834.69 682.00 108.00 15.84
20 6,927.92 546.00 250.00 45.78
5 5,100.01 266.00 40.00 15.04
Scale up 10 5,204.35 344.00 124.00 36.05
20 5,458.93 356.00 168.00 47.19
5 5,015.76 856.00 56.00 6.54
Crest 10 4,616.98 806.00 130.00 16.13
20 5,403.82 760.00 252.00 33.16

From the results presented in Table 3.8, it is possible to compare the differences
between the usage of different surface profiles and different maximum displacement of

the surface. Some conclusions can be drawn from the results:

e For the same surface displacement, the surface profile has a great influence on
the energy released by the vehicle and harvested from the surface. It can vary

from only 266.00 J of lost energy with a Scale up profile, with 5-mm maximum
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displacement, to 1,508.00 J with a Hump surface profile, for the same
displacement, leading to completely different values of harvested energy and

conversion efficiency.

e With an increase in the surface maximum displacement, for most surfaces, the
vehicles’ released energy decreases, and for all surfaces, the harvested energy
increases, increasing the efficiency of the process. It can therefore be concluded
that the surface maximum displacement is an essential feature for controlling
the extraction of energy from a vehicle, as well as the harvested energy from a
SRE or EHD. However, this displacement should be limited to take into account
the oscillation induced on the vehicle, which should respect specific limits of

ride comfort.

Analysing the results, it can be seen that there is no perfect combination, as this is
dependent on the goal of each application. If the goal is to minimize the impact on the
vehicle, minimizing its lost energy, the Scale-up profile presents better results. If the
goal is to maximize the harvested energy, Bump and Hump profiles present better
results. If process efficiency is the goal, Scale-up and S profile are the most appropriate

surface profiles.

3.6 Summary and Conclusions

In this Chapter it was presented the development of a simulation software tool -
RoadVISS - that allowed users to study the forces induced by a vehicle in motion into
the road pavement, a SRE or an EHD, as well as the energy lost by the vehicle,
associated to the contact with the referred surface, and the energy received by that
surface. Based on this tool it is possible to determine which is the best vehicle model
and VRI model, as well as to study the effects of road pavement elements, both SRE
and EHD, on vehicle energy extraction. It also enables to study the effect of the

characteristics of the equipment on the vehicle energy extraction process.
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The software was developed in MATLAB® environment, including a GUI where the
user can select and define all the variables associated to the simulation, and another GUI
where the results are presented. The software has an extensive database of considered
variables, allowing a huge amount of different combinations of values to be simulated,
leading to the possibility of performing a great number of studies. The outputs of the
system are focused on the forces and energy released by the vehicle and received by the
pavement or by an energy harvest surface, but the computational model allows users to

define new outputs and study other variables.

From the simulations performed, several conclusions have been presented in the
analysis of the results. The first, and one of the most important conclusions, is related to
the precision of the vehicle models. The simulations performed showed that bicycle car
model results are more precise than the quarter-car model results, differing by up to 60
per cent. As most VRI studies use the quarter-car model (Borowiec et al., 2010;
Barbosa, 2011; Florin and Liliana, 2013; Hassaan, 2014, 2015), which is less precise
than the bicycle car model, this is an important conclusion, meaning that future VRI

research should adopt the bicycle car model to improve the precision of results.

Also, most studies consider that a resultant force is applied on the pavement,
corresponding to the SFA model, as well as the existing software (Carsim, 2016; MSC.
Software, 2016). In this study, the application of SFA was compared with that of CPA,
and it was found that, especially for the cases when the surface has motion, the
difference in results can reach 67 per cent, with the CPA model being more precise than
SFA. Again, future VRI studies must adopt the CPA model to maximize the precision

of results.

Regarding variations in the surface parameters (shape and displacement), it can be
concluded that these variables have a great influence on the energy released by the
vehicle, as well as on the energy harvested by the equipment surface. The surface shape
and its maximum displacement are variables that contribute the most to the interaction
results, both in terms of the vehicle’s released energy and the surface harvested energy.
Other variables can be changed during the simulations, such as the vehicle or harvester
geometry, which will impact the amount of energy released and harvested. The
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selection of the surface parameters should be done according to the goals of each

application and the most appropriate solution for all scenarios was identified.

In conclusion, to design an SRE or EHD, a huge amount of simulations should be
performed, relating the different key variables and optimizing its design for the place of
application, design speeds, average traffic weights and available space for the
equipment, among other features. RoadVISS software allows us to perform these
simulations and it is an appropriate tool to support the design of an SRE or an EHD, in a

way that any of the existing software allows to do.

The developed software tool can have multiple applications, from the study of vehicle
suspensions and tyres, regarding their interaction with speed reducers, to the design of
SRE themselves, but one of the main applications can be the design of EHD to
implement on road pavements, which make use of vehicles’ released energy to convert
it into electrical energy. The developed models are validated for two-axle light vehicles.
Additional developments will be performed to include multiple-axle light vehicles and
heavy vehicles on the models.
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Chapter 4

Road Pavement Energy Harvesting:
Optimizing the Energy Extraction
from Vehicles to Promote Road

Safety

4.1 Introduction

Road accidents are considered by the World Health Organization (WHO) to be one of
the main problems affecting public health in the WHO European Region, and are
responsible for causing the death of about 120,000 people per year. Road accidents are
the leading cause of death in children and young adults aged 5 to 29 years old (WHO,
2010). Additionally, the WHO estimates that each year about 2.4 million people are
seriously injured as a result of road accidents in the WHO European Region alone.
Worldwide, the WHO estimates that there are about 1.24 million deaths due to road
accidents (WHO, 2013).

All this has a massive social impact directly and indirectly because besides the decrease

in productivity caused by death or serious injury to people of a working age, a great
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strain is caused on health system resources. In addition to the pain and suffering caused
to the families of victims, road accidents cause substantial economic loss for society,
estimated by the WHO to be as high as 3% of gross domestic product in many of the
countries studied (WHO, 2010, 2013).

Analyzing road accidents and their fatality rate, the WHO concludes that, globally, 22%
of deaths due to road accidents are pedestrians, 5% are cyclists, 23% are motorcyclists,
50% are so-called vulnerable road users (WHO, 2013). In the European region, this

figure is slightly lower, standing at 43%, with 27% of deaths involving pedestrians.

One of the main causes of accidents with vulnerable road users is excess of speed,
especially within urban areas. Most accidents with pedestrians (70%) occur on
pedestrian crossings or permitted crossing areas and in 80% of cases, with the
pedestrian in movement (Holzmann, 2008).

The WHO (2013) recommends six strategic points for action in order to reduce the
number of accidents effectively and rapidly, especially among vulnerable road users,

with the first and most relevant being speed reduction.

This issue is of great importance on several levels. Firstly, because the need to reduce
speed is properly studied and based on traffic engineering and road safety manuals
(Seco et al., 2008; Elvik et al., 2009) - the higher the speed, the greater the time and
distance for braking and stopping and, consequently, the greater the severity of
accidents. The state of the pavement (dry or wet) also has an influence on braking and
stopping distances, but the main factor is the vehicle speed at the moment that it begins
to brake (Seco et al., 2008). Similarly, studies show that the probability of an accident
involving a pedestrian being fatal is greatly reduced by the reduction of impact speed.
The probability of death is 80% if the speed is 65 km/h, 45% if the speed is 50 km/h and
lower than 10% if the speed is 30 km/h. These numbers highlight the importance of
controlling speed to keep it below 50 km/h in urban areas and below 30 km/h in

residential areas or pedestrian crossings.

Traffic calming measures have emerged as a way to minimize negative impacts of

traffic in places where vehicles move by moderating their speed, with the main
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objective of reducing motorized vehicle speed to that of non-motorized vehicles and/or
pedestrians moving in the same space. One of the most effective measures is to change
vertical alignments, in particular with the implementation of speed reduction equipment
(SRE), such as speed bumps or speed humps. SREs are the most commonly used traffic
calming measure globally because they ensure a significant reduction in vehicle speed
(Seco et al., 2008; Elvik et al., 2009).

This equipment has the advantage of reducing the vehicle speed indirectly, rather than
directly by way of the impact on the vehicle, as it forces drivers to reduce vehicle speed
before hitting the equipment to avoid impact (Silva, 2010). SREs increase the respect
between vehicles and pedestrians on pedestrian crossings and are able to reduce the
number of road accidents by 41% (Silva, 2010), although many authorities indicate
substantially lower values, such as ITE, who suggest a reduction of 13% (Ewing and
Brown, 2009). According to Gifford (2004), accidents can be reduced in 20 mph zones
(32 km/h) by as much as 60%.

Due to the impact of these devices on vehicles and their occupants, overcoming the
admitted discomfort levels defined by I1SO 2631-1 (ISO, 1997), such solutions are not
suitable for application in locations on roads where the design speed is usually between
40 and 50 km/h (Seco et al., 2008), which limits their range of application. Another
major drawback of SREs is the noise generated by the impact of the vehicle on the
equipment, which is considered a nuisance in residential areas, especially at night
(Silva, 2010; Freitas et al., 2013).

From the analysis performed, it can be concluded that traffic calming measures are
effective to some extent, yet there is plenty of margin for improvement and
development. In the particular case of SREs, they are seen as the most effective measure
in speed reduction, though possible locations for implementation are limited. If
solutions were optimized and less invasive in terms of the impact on vehicle occupants,
while remaining effective in terms of speed reduction, the potential application of these
devices would be greater and their contribution to an effective speed reduction would be

better, producing a significant decrease in the rate of road accidents.
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Energy harvesting devices (EHD), when implemented in the road pavement, extracts
energy from vehicles which, in most cases, decrease the kinetic energy of vehicles,
meaning that it will decrease its speed. If this process is done without affecting the ride
comfort, it enables the vehicle speed to be reduced without any driver action. The speed
reduction is directly proportional to the extracted energy. In the same manner, a road
pavement EHD is able to produce more electrical energy according to the amount of
energy harvested from vehicles. So, in order to improve a road pavement EHD
performance, it should be studied the most appropriate techniques to maximize the
amount of energy harvested from the vehicle without affecting the ride comfort and, at
the same time, this study will lead to a solution to reduce the vehicle speed without any
driver action, promoting road safety with a new approach. If successful, it will be
possible to implement these devices in places where vehicles move at speeds higher

than 40 km/h and reduce their speed without causing discomfort to occupants.

In this Chapter the study of typical SRE is presented, to understand its common
characteristics. After that, a new approach to harvest mechanical energy from vehicles
minimizing the impact to the vehicle is presented. The proposed system is modelled,
computationally simulated and experimentally validated, so that conclusions of its

performance can be drawn.

4.2 Speed Reduction Equipment

4.2.1 Introduction

SRE consists of a specific type of traffic calming solution, involving vertical alignment
changes in the pavement, with the goal of reducing vehicle speed by causing discomfort
to their occupants when vehicles travel above the design speed (Elvik et al., 2009;
Ewing and Brown, 2010). To quantify the impact that a SRE induces on a moving
vehicle, it is important to study the geometric shape and dimensions of its surface, as
well as the vehicle-road interaction.
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In this section, the main characteristics of existing SRE will be presented, with special
emphasis on their surface geometry and working principles. Based on this information,

the models defined in Chapter 3 for SRE can be tested later in this work.

4.2.2 Existing equipment analysis

SREs should have an impact on vehicles when they travel above the design speed, by
causing discomfort for the occupants and, at the same time, they should have minimum
impact on the vehicles if they travel under the design speed. This is achieved through

their geometry and surface profile.

Considering the existing products on the market, most of them are speed humps and
speed bumps, manufactured using a high-strength rubber (usually vulcanized) with
convex or sinusoidal surface profiles, the most widely used products being a maximum
of 3 or 5 cm high at the centre and 50 or 90 cm wide, respectively (3M, 2016). The 3 cm
speed bumps are used in places with a speed limit not exceeding 35 km/h, while the 5
cm height are used in places with a speed limit not exceeding 20 km/h. To fix these
devices to the pavement, screws are fastened in plastic expansion anchors applied in

holes made in the upper layers of the pavement.

Some manufacturers have different surface profiles, such as triangular or trapezoidal
shapes, using the high strength rubber as the predominant material, or using recycled
plastic as the main alternative (TSS, 2016; Honggiao Traffic, 2016).

There is no international uniformity to the geometric aspects of SRE regarding their
shape, height, length or width. Considering other research (Johnson and Nedzesky,
2004; Szurgott et al., 2009), individual countries recommendations (DGV, 2004; Ewing
and Brown, 2010), and the previously mentioned products, it can be concluded that the
mostly commonly used surface profiles on SREs are, respectively, convex bump (S1),
sinusoidal bump (S2), trapezoidal (S3) and triangular (S4), as presented in Figure 4.1,
with Lmax being the maximum width and hmax the maximum height of the SRE surface.

The equations that characterize each surface profile were presented in Table 3.4.
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Figure 4.1- Typical SRE surface profiles.

In terms of materials, there are two main solutions: concrete or bituminous mixtures, if
speed reducers are implemented together with the pavement; plastic or vulcanized
rubber mixtures, when commercial equipment is implemented. Speed bumps and speed
humps built directly in the pavement (in concrete or bituminous mixture) are not
considered in this work, as they are built by the infrastructure manager in accordance

with local standards.

Regarding the SRE patented devices, the majority are based on the same basic principle:
application of a device in the road surface that acts as a barrier to vehicle motion,
promoting the impact of the vehicle’s tyres with the equipment and thus creating an
oscillation in the vehicle, imposing discomfort to their occupants and reduce the linear

velocity of the vehicle.
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One of the first patents related to a SRE goes back to 1982 was registered by Lecompte
(1982), in Canada, and consisted of a device which is very similar to the existing speed
bumps: convex surface, prefabricated high strength rubber, applied on the road surface

and fixed by screws.

In the USA, several patents were registered in the 90’s, where, in addition to the speed
bump registered by Lecompte (1982), mechanisms were added below the surface of the
equipment, allowing its displacement, as in the case of patents US4974991 (Mandavi,
1990), US5267808 (Welford, 1993) and US5509753 (Thompson, 1996). However, all
these devices had the same principle of typical speed bumps, with the disadvantage of
requiring a major adjustment in the pavement, in order to install the respective
mechanisms under the SRE. Sinclair (1997) registered a design patent, USD387181, for
a modular speed bump with reflective elements, similar to most SRE currently available

on the market.

In the 2000s, new patents were registered, in order to give greater dynamism to the
speed bumps and minimize the impact of the vehicle interacting with it. One example is
the system developed by Kamienchick (2000), where it is intended that the equipment
surface has a deflection effect when vehicle wheels pass over it. However, this keeps
the typical shape of a speed bump, installed above the pavement, containing air, oil or
another fluid inside it. In the case of equipment failure, the fluid will be spilled to the
pavement, which can have disastrous effects. A new product with this working principle

is being developed by Bandennova (2016), without any technical data available so far.

4.2.3 Energetic analysis

The interaction of a vehicle with a typical SRE can be characterized by typical VRI
equations, as defined in Chapter 3 by the equations in Tables 3.1 and 3.2, as well as the
models defined in the vehicle dynamics literature (Gillespie, 1992; Wong, 2001,
Blundell and Harty, 2004; Pacejka, 2005; Jazar, 2008; Popp et al., 2010; Rajamani,
2011).
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The energetic analysis from this interaction can also be performed based in Chapter 3
models, with Equation (3.18) quantifying the energy lost by the vehicle in the
interaction and Equation (3.19) the energy harvested by the SRE surface.

4.3 Road Pavement Energy Harvesting Device for Speed

Reduction Purposes

4.3.1 Introduction

A new solution is proposed to promote a more effective speed reduction, based on the
RPEH device’s working principles. This approach consists of a device to be
implemented on the road pavement with a movable surface which has a degree of
freedom in the vertical axis and is actuated by the passage of a vehicle wheel over it.
The device is connected to a mechanical system below it, which receives and
temporarily stores the surface harvested mechanical energy delivered from the vehicle
during the interaction with the equipment surface. After the vehicle wheel leaves the
contact with the equipment surface, the accumulated energy is used to restore the
surface to its initial position.

The new SRE design has two main components: its surface profile and displacement,
and the mechanical system responsible for energy storage and surface position control.

Both components will be studied in this section.

4.3.2 Surface profile

The surface profiles presented in Figure 4.1, typical for standard SRE without surface
displacement, have a common feature: the initial and final height is the same at the road
pavement level so that the vehicle wheel starts and finishes the contact with the

equipment at pavement level.
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When the SRE surface has vertical motion, moving downwards with the force exerted
by the moving vehicle wheel, its final height should not be the same as its initial height,
so that the vehicle tyre can reach the pavement level immediately after it leaves contact
with the SRE surface. So, at the surface maximum length, the surface profile height
should be the same as the surface maximum displacement. To accomplish this important
feature, four different surface profiles are presented in Figure 4.2. Each surface profile
(SP) has the following denomination: Ramp (S5); S profile (S6); Scale up (S7); and
Crest (S8). Each SP equation is presented in Table 3.4.
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Figure 4.2- New SRE surface profiles for a one degree of freedom movable surface.
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4.3.3 VRI models with movable surface

The main models for studying the VRI were presented in Chapter 3 with special
emphasis on the bicycle-car model, which is the most appropriate model to study the
interaction between a vehicle and a SRE in the pavement. Those models were validated
for pavements without a movable surface. However, when considering equipment
whose surface moves vertically due to the actuation of the vehicle, these models are

incomplete.

The inclusion of a surface with vertical displacement in the pavement for the bicycle car
model determines a significant change in the models. A new model to better define this
interaction was proposed in Chapter 3. Considering the bicycle car model, as in Figure
3.2b, Equations (3.4-3.8) defines the model to be considered in this work, with a one
degree of freedom movable system implemented under the equipment surface, which

has a displacement xy, @ mass mp, and a spring with stiffness Kj,.

4.3.4 Mechanical system modelling

The main element of the mechanical system responsible for the opposition force to the
surface motion, for the mechanical energy storage and for the surface position
replacement is a spring. This could be directly actuated by the equipment surface, but it
would limit the spring’s force to its displacement and stiffness. To increase the spring
displacement and, consequently, its reactive force, a mechanical system is coupled to
the surface, in order to transmit the received force to the spring and multiply the
displacement. This system, presented in Figure 4.3, is based on a crank of length I,
connected to a surface at a fixed point, moving linearly with the linear motion of the
surface (xp), and transmitting the force from the surface to a piston, which is connected
to the spring, causing a horizontal linear motion (xsp). This is defined as a crank to slider
(CTS) mechanical system.
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Figure 4.3- SRE mechanical system.

The kinematic relations of the system are defined by Equations (4.1-4.5), with Xsp-in
representing the initial position of the piston and hcr.in representing the initial height of

the crank axis.

her = 1,y sinb,,. 6., = sin™?! <l—cr) (4.1)
cr

Xer = lerCOSO;y (4.2)

Xsp = Xsp—in T Xcr (43)

her = hep_in + xp, (44)

Xg = xsp (45)

Figure 4.4 represents the force diagrams of the system for a downward motion of the
surface, with Equations (4.6-4.10) defining the force transmission. In these equations,
Fsw1 represents the force entering the mechanical system, Fsy. the force transmitted by
the piston to the spring, and Fsys the force exerted by the spring onto the piston, while
Fsmzs and Fsuis represent the reaction force on the crank’s extremities connected to the
piston and the surface, respectively. The opposition forces are represented by an index
s, for example, the opposition force to Fsyy is represented by Fsuis. The force exerted

by the surface mass is not considered in the force analysis, due to its low expressivity.
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Figure 4.4- Force diagrams for the downward motion of the surface.

Four = F (4.6)
F.
Fomz = tgsgu 4.7
Fsms = Knxg (4.8)
Fsmas = Fsus (4.9
Fsm1s = Fsmas t90cr (4.10)

Equations (4.11-4.12) represent the dynamic equations that define the motion of the
system, for the surface (4.11) and for the piston (4.12), Fis the losses being due to
mechanical friction.

1 (4.11)

Xp = m_n [FSMls - Fz]

1 412
(Foz — Fss — Fios] (4.12)

Xsp
sp

When the surface is stopped at the lower limit after maximum displacement is reached,
the dynamic equations are equal to zero, and the force transmission equations are equal
to those defined by Equations (4.6-4.10).

For an upward motion of the surface, the force transmission through the mechanical
system is presented in Figure 4.5, and the forces are defined by Equations (4.13-4.15).

The opposition force from the surface, Fswis, iS defined by the surface mass (my.g).

FSM3 = Kth (413)
Fopz = Fsys (4-14)
Fsp1 = Fouz t90cr (4.15)
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Figure 4.5- Force diagrams for the upward motion of the surface.

Equations (4.16-4.17) represent the dynamic equations that define the motion of the

system for the surface (4.16) and for the piston (4.17), respectively.
(4.16)

Xp = m_ [FSMl _FSMls]
h

(4.17)

[=Fsmz + Fsmas + Fios]

Xep =
sp

This system has the ability to multiply the force received by the surface by a higher
force delivered to the spring, while reducing the displacement from the surface to the
spring or the opposite, depending on the initial value of the crank angle (8¢ and the
crank length (Ir). Using two CTS mechanical systems connected to the surface, one on
each side of the device, as shown in Figure 4.6, allow us to have more precise control
over the surface displacement and distributing the loads, keeping the surface in line and
balanced. Also, a linear guiding system is used, connected to the surface and to the base,
so that the surface movement only occurs in the vertical axis. Considering this, Fgm; iS

divided by two, and the total spring stiffness is also divided by the two springs.

VAV

Figure 4.6- SRE with two CTS mechanical systems connected to the surface.
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4.3.5 Energetic analysis

Considering a one degree of freedom movable surface, the energy harvested by the
surface, associated with the surface motion is calculated using the vertical component of
the force applied in the surface (F,) and the surface displacement (xy) using Equation
(4.18). Equation (4.19) allows us to evaluate the efficiency of the process, between the
energy lost by the vehicle (E,) and the energy harvested by the surface of the equipment

(Ena). The energy lost by the vehicle is determined using Equation (3.18).

0Ey, = F, 0x, (4.18)

EHa
Ma =7 (4.19)

4.4 Technical Analysis

4.4.1 Introduction

Based on a software tool presented in Chapter 3, the equations of the SRE presented in
the previous sections were incorporated for the different surface profiles, the vehicle
dynamic models with a moving surface and the mechanical system responsible for the

actuation of the surface.

The purpose of the simulation software is to study this interaction in great detail, with
the possibility of fully characterizing the vehicle under study, by defining its class,
weight, axles, wheels, geometry, speed, acceleration, suspensions and tyres, defining all
the mechanical parameters, such as damping and stiffness for each suspension and tyre,
as well as fully characterizing the pavement or SRE surface, by defining its material,
shape, geometry and, for a surface with displacement, its maximum displacement, mass,
and stiffness. Considering the conclusions of Chapter 3, the selected vehicle model for

this analysis is the bicycle car model.

The software tool calculates all the displacements, both for the vehicle and the SRE

surface, the applied and received forces, and the power and energy transferred, released
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from vehicle and received on the SRE surface, and presents the results both graphically
and numerically. From the vehicle’s chassis displacements and from the motion
equations, the software also quantifies the vertical and longitudinal accelerations, which

are important to determine the discomfort induced on the vehicle’s passengers.

In this section, the simulations performed with RoadVISS for two scenarios will be
presented: standard speed reducers, without surface motion; and the new SRE proposed,
for different surface profiles, maximum displacements and geometries, in order to

identify the most effective solution, both in terms of speed reduction and ride quality.

According to Uys et al. (2007) and considering 1SO 2631-1 (ISO, 1997), the vertical
acceleration induced by the vehicle on the passengers is a key factor for measuring the
ride quality. The levels of acceptability of ride quality are presented in Table 4.1.
Considering these values, it is intended that the SRE do not induce vertical accelerations

above 0.80 m/s?.

Table 4.1- Levels of acceptability of ride quality (1SO, 1997).

Vehicle chassis vertical acceleration .
Acceptability

(m/s?)

<0.315 Not uncomfortable
0.315-0.630 A little uncomfortable
0.500-1.000 Fairly uncomfortable
0.800-1.600 Uncomfortable
1.250-2.500 Very uncomfortable

>2.000 Extremely uncomfortable

4.4.2 Comparison between typical SRE and the proposed

solution

Using the RoadVISS software tool to perform the simulations both for standard SRE
and for the new proposed device, a vehicle with the characteristics presented in Table
4.2 was defined, using the bicycle car model and the contact patch analysis. The initial

speed considered was 50 km/h as this is the speed limit in urban areas.
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Table 4.2- Fixed and initial values for the simulation variables.

Variable name Value Unit
Vehicle class Light -
Vehicle weight 1,500 (kg)
c Number of axles P1 2 -
8 Number of wheels per axle 2 -
g Sprung-Unsprung % 90%-10% -
o Drag coefficient 0.32 -
35 Inertia moment 1,100 (kg.m?)
S Lift coefficients (Front | Rear) 0.19]0.13 -
> Motion | Direction Free rolling | Forward -
Vehicle speed 50 (km/h)
Vehicle acceleration 0 (m/s%)
Suspension type (Front | Rear) Independent | Independent -
Suspension stiffness (Front | Rear) 20,000 | 15,000 (N/m)
E Suspension damping (Front | Rear) 1,500 1,700 (Ns/m)
s Tyre type (Front | Rear) Radial | Radial -
‘g Tyre stiffness (Front | Rear) 150,000 | 150,000 (N/m)
2 Tyre damping (Front | Rear) 800 | 800 (Ns/m)
g»_ Tyre pressure (Front | Rear) 200 | 200 (kPa)
% Tyre external diameter (Front | Rear) 500 | 500 (mm)
Tyre width (Front | Rear) 200 | 200 (mm)
Tyre tread width (Front | Rear) 180 | 180 (mm)

4.4.2.1 Scenario 1 - Standard SRE

Considering the SRE available on the market, more specifically the commercial speed

bumps, which have a convex and sinusoidal profile with different widths (400, 500, 600

and 900 mm) and different maximum heights (20, 25 and 30 mm), and also some

products with triangular and trapezoidal surface profiles, as presented in Figure 4.1,

simulations for a vehicle with the characteristics presented in Table 4.2 were performed

in order to determine the impact of the different SRE on the vehicle, in terms of

maximum induced force form vehicle to the SRE (F,), vehicle released energy (E,),

chassis maximum vertical displacement (xs), maximum vertical acceleration (xs),

maximum longitudinal acceleration (7,), and vehicle speed reduction (Vreq). The

simulation results are presented in Table 4.3.
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Table 4.3- Standard SRE simulation results.

XS max Xs max vx max Vred

I—max hmax I:Z max E

SP (mm) (mm) (mm) 6)) (mm) (mis®)  (mis)  (km/h)
400 20 5691.16  760.00 1.61 2.25 -3.24 0.13
s1 500 25 6,456.17  954.00 2.22 2.96 -3.40 0.16
600 30 6,685.55 1,200.00 3.37 3.58 -3.47 0.21
900 50 7,739.05 2,248.00 6.48 5.11 -3.82 0.39
400 20 6,588.26  776.00 0.95 1.68 -2.12 0.13
S 500 25 7,121.65 836.00 1.23 2.33 -2.66 0.19
600 30 7,669.48 1,028.00 2.34 2.95 -2.95 0.21
900 50 9,738.73  2,680.00 3.89 4.83 -4.1 0.47
500 30 7,045.11 3,368.00 3.25 3.13 -6.15 0.59
S3 750 40 8,345.22  4,562.00 5.89 4.04 -6.99 0.79
1000 50 10,301.18 5,782.00 8.67 4.94 -7.11 1.01
400 20 6,006.95 570.00 0.98 1.54 -0.75 0.10
S4 600 30 7,025.51  864.00 1.79 2.47 -0.83 0.15
800 40 7,603.11 1,040.00 2.89 3.23 -0.84 0.18

From the results presented in Table 4.3, it is possible to compare the differences

between each SRE, depending on its particular characteristics. Some conclusions can be

drawn from the analysis of the results:

e All the SRE analysed induce a vertical acceleration higher than 0.80 m/s?, which

indicates, according with 1ISO 2631-1 (ISO, 1997), that all SRE induce an
uncomfortable ride quality to the vehicle passengers, when passing over the SRE
at 50 km/h; in fact, most of the SRE studied present a vertical acceleration
higher than 2.50 m/s?, resulting in extremely uncomfortable ride quality for

passengers.

Comparing each of the SRE, one can conclude that the Triangular surface
profile (S4) presents the lowest vertical acceleration induced on vehicle
passengers, but is also the profile with the lowest energy extraction, meaning the

lowest vehicle speed reduction.

The convex Convex bump surface profile (S1), which is the mostly used profile

on municipal roads, especially 600 mm wide by 30 mm height version, gives to
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the vehicle passengers an extremely uncomfortable ride quality and only

promotes a direct speed reduction of 0.21 km/h.

e The Sinusoidal bump surface profile (S2), when compared with the Convex
bump surface profile (S1), induces lower vertical acceleration to the vehicle
chassis so less discomfort to passengers with similar results in terms of speed

reduction, meaning that this profile is more appropriate to improve ride quality.

e The Trapezoidal surface profile (S3) presents the highest speed reduction
values; however, due to the very high vertical acceleration induced to the vehicle

passengers, its use should be very limited.

From all the simulations, it can be concluded that all SRE induce very uncomfortable or
extremely uncomfortable ride quality to the vehicle passengers, without resulting in
high values of vehicle speed reduction. It may be concluded, therefore, that the
effectiveness of these devices is due only to the discomfort caused to vehicle
passengers, leading to speed reduction before the equipment due to a braking action and

not by the equipment itself.

4.4.2.2 Scenario 2 - New device with movable surface

Considering the new solution proposed with a movable surface and considering the
same vehicle and motion conditions as in the previous simulations for standard SRE, a
set of simulations were performed for the different surface profiles presented in Figure
4.3, with different widths (200, 400 and 600 mm) and maximum heights (20, 25 and 30
mm), the maximum displacement being equivalent to the surface maximum height. The
considered spring stiffness value is 200,000 N/m, and the surface material is recycled
plastic with a rubber layer on top, with a total mass of 20 kg. The values for r; and 61.i,
are, respectively, 0.10 m and 1.22 rad (or 70°). The simulation results are presented in
Table 4.4.
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From the results presented in Table 4.4, it is possible to compare the differences

between each surface profile and SRE characteristics. Some conclusions may be drawn

from the analysis of the results:

Surface profiles Ramp (S5), S profile (S6) and Scale Up (S7) induce a vertical
acceleration lower than 0.80 m/s?, meaning that these three profiles provide a
comfortable or a little uncomfortable ride quality, while energy is being

harvested from the vehicle, leading to a speed reduction.

Surface profile Crest (S8) induces a vertical acceleration between 0.74 and 1.35

m/s?, values that are considered uncomfortable in terms of ride quality.

In terms of speed reduction, Crest is the surface profile that allows the most
energy to be harvested from the vehicle and, consequently, to maximize speed
reduction, followed by the surface profile Ramp, S Profile and Scale Up,
respectively.

The surface profile that presents the best relation speed reduction versus ride
quality is Ramp (S5), with special emphasis on the 200 mm wide by 25 mm
maximum displacement equipment, which allows a vehicle speed reduction of
0.13 km/h only in 0.20 metres, meaning that with five consecutive devices
applied on the pavement it would be possible to reduce the vehicle speed by 0.67
km/h and with a good level of ride quality (a little uncomfortable).

When comparing the achieved results using a movable surface and surface profiles S5-
S8 with the standard SRE with surface profiles S1-S4, it may be concluded that the

relationship between vehicle speed reduction and ride quality is much better with the

newly proposed device with movable surface, for all the studied surfaces, both in terms

of speed reduction and ride quality.
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Table 4.4- New SRE with movable surface simulation results.

XS max Xs max vx max Vred

Lmax hmax I:Z max E

SP (mm) (mm) (mm) ) (mm) (misy)  (mis®)  (km/h)
200 20 3,524.92 580.00 0.14 0.36 -0.62 0.10
200 25 3,968.15 724.00 0.31 0.49 -0.78 0.13
S5 400 20 3,494.58 396.00 0.06 0.34 -0.29 0.07
400 25 3,501.22 500.00 0.06 0.29 -0.36 0.09
600 25 4,853.91 462.00 0.02 0.23 -0.33 0.08
600 30 4,507.48 534.00 0.16 0.81 -0.38 0.10
200 20 4,119.11 286.00 0.18 0.38 -1.29 0.05
200 25 4,763.49 350.00 0.33 0.61 -1.23 0.06
S6 400 20 4,120.48 134.00 0.04 0.39 -0.54 0.03
400 25 4,187.17 266.00 0.04 0.32 -0.95 0.05
600 25 5,160.44 272.00 0.13 0.92 -0.72 0.05
600 30 4,888.78 326.00 0.14 0.92 -0.65 0.06
200 20 3,478.42 88.00 0.06 0.44 -1.02 0.02
200 25 3,497.61 110.00 0.03 0.37 -1.36 0.02
7 400 20 2,862.85 104.00 0.24 0.35 -0.65 0.02
400 25 2,939.65 142.00 0.21 0.36 -0.61 0.03
600 25 4,216.41 222.00 0.31 0.52 -0.89 0.04
600 30 3,619.58 224.00 0.4 0.62 -0.10 0.04
200 20 3,767.39 820.00 0.64 1.02 -3.34 0.14
200 25 4,719.91 966.00 0.88 1.35 -3.45 0.17
S8 400 20 3,996.51 780.00 0.57 0.74 -3.16 0.14
400 25 3,900.17 860.00 0.84 0.88 -3.18 0.15
600 25 4,541.08 898.00 1.13 0.87 -3.17 0.15
600 30 4,290.05 938.00 1.18 0.86 -3.19 0.16

As the movable surface concept induces both a small vertical acceleration and chassis
vertical displacement (lower than 1 mm for almost all scenarios), it allows multiple SRE
to be implemented consecutively in the pavement, without or with a very small distance
between each other, enabling vehicle speed reduction to be maximised in a very small

distance.

124



Chapter 4 Road Pavement Energy Harvesting: Optimizing the Energy

Extraction from Vehicles to Promote Road Safety
4.4.3 Potential contribution to road safety

A study by Donario and Santos (2012), sponsored by the Portuguese Authority for Road
Safety, assessed the economic and social cost of road accidents nationwide. From this
study several important conclusions were drawn, in particular the following numbers:

» Average annual economic and social cost of road accidents: about 2,500 million
Euros, representing 1.54% (on average) of Portuguese GDP in 2010;

» Average annual economic and social cost for each accident with victims: 60,000
Euros;

» Average annual economic and social cost for each accident with fatalities:
735,000 Euros;

» Average annual economic and social cost for each accident with serious injuries:
121,000 Euros;

» Average annual economic and social cost for each accident with minor injuries:
32,000 Euros;

» Average annual economic and social cost per victim: 44,000 Euros;

» Average annual economic and social cost per fatality: 664,000 Euros;

» Average annual economic and social cost per seriously injured victim: 96,000
Euros;

» Average annual economic and social cost per slightly injured victim: 23,000
Euros.

These numbers are in accordance with the numbers presented by the WHO (2010,
2013).

Considering the facts presented in the introduction to this work, it has been established
that the most affected groups in urban areas are vulnerable road users, accounting for
43% of road fatalities in the European region, with 27% being pedestrians (WHO,
2013), and given that the WHO itself points out that speed is the main cause for
accidents with vulnerable road users, reducing speed in urban areas is extremely
important to directly reduce the number of fatalities in road accidents, especially

involving vulnerable road users.

As studied by Seco et al. (2008), the probability of an accident involving a pedestrian
being fatal considerably decreases with the reduction of impact speed, the probability
being 80% if the speed is 65 km/h, 45% if the speed is 50 km/h and lower than 10% if
the speed is 30 km/h.

125



Chapter 4 Road Pavement Energy Harvesting: Optimizing the Energy

Extraction from Vehicles to Promote Road Safety

Since the vast majority of pedestrian accidents occur on pedestrian crossings
(Holzmann, 2008), it is of great importance to effectively reduce vehicle speed on the
approach to pedestrian crossings, without the problems presented by typical SRE, as

discussed in this research work.

The proposed device with movable surface, using the Ramp surface profile with the
dimensions of 200x25 mm (width x maximum height), with a maximum displacement
of 25 mm, which for the studied vehicle at a 50 km/h speed induces a vertical
acceleration in the vehicle chassis of 0.49 m/s?, considered to be a little uncomfortable,

results in a vehicle speed reduction of 0.67 km/h per metre.

Table 4.5 presents a case study for speed reduction based on the vehicle initial speed
and the total length of consecutive SRE installed in the pavement, with the exit speed

and the obtained speed reduction presented as outputs.

Table 4.5- Speed reduction case study.

Initial speed  SRE total length  Exit speed Vred Speed reduction
(km/h) (m) (km/h) (km/h) percentage
20 47.0 13.0 21.7%
60 30 44.4 15.6 26.0%
40 38.7 21.3 35.5%
50 35.9 24.1 40.2%
20 45.0 5.0 10.0%
50 30 40.9 9.1 18.3%
40 38.2 11.8 23.7%
50 35.4 14.6 29.2%
20 345 55 13.7%
40 30 31.6 8.4 21.0%
40 28.2 11.8 29.4%
50 24.9 15.1 37.8%

From Table 4.5 it is possible to conclude that for an entry speed of 50 km/h, with 50
metres of the proposed SRE installed consecutively in the pavement, vehicle speed can

be reduced by approximately 14.6 km/h, or about 29.2% related to initial speed, slowing
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down the vehicle from 50 km/h to 35.4 km/h. As studied by Holzmann (2008), a
reduction from 50 km/h to 30 km/h can reduce the probability of fatality in an accident

from 45% (medium-low) to 10% (very low), which is highly significant.

From this analysis, with 50 metres of the proposed SRE applied on the pavement, on
each side of the road, before a pedestrian crossing, it is possible to reduce vehicle speed
by almost 40% (depending on the initial speed), reducing very significantly the

probability of a fatal accident.

Based on the values presented by Donario and Santos (2012), for each fatality avoided,
664,000 Euros could be saved; for each seriously injured victim avoided 96,000 Euros
could be saved and for each slightly injured victim, 23,000 Euros could be saved.
Considering these values, and based on WHO (2010, 2013) estimates, it may be
concluded that the estimated total cost of pedestrian accidents is approximately 675
million Euros, just in Portugal. So, with a 100,000 Euro investment for each critical
pedestrian crossing, for every victim avoided there would an immediate return on the

investment.

4.5 Experimental Validation

4.5.1 Introduction

Following the computational simulations, a prototype of the system was designed,
simulated and constructed for experimentally evaluating the results. This prototype,
besides the mechanical system, also includes sensors and instrumentation components
to measure different variables, a data logger to collect these data and software to receive
data and generate plots. The prototype was then implemented in a controlled
environment and different scenarios were tested. A new set of computational
simulations was performed, for the same scenarios as those tested experimentally, so
that both results could be directly compared. The analysis of the results is also presented

in this section.
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4.5.2 Prototype

The design of the experimental prototype was based on the CTS mechanical system
presented in Figure 4.3, but using two CTS systems, as presented in Figure 4.6.
Considering the usage of low weight and low cost materials, especially plastic, as the
core material for the components of the prototype, a multiple crank system was adopted.
The components were designed so that the prototype can support the passage of a heavy
vehicle with 10 tons per axle, with a safety factor of 1.5. Also, a linear guiding system
was used to guarantee a uniform displacement of the system surface, with a linear guide
and a linear bearing in each corner of the prototype. The values considered for the
prototype components, specially the crank length (lc), its initial position (Ocr.in), the
maximum displacement of the surface (Xh.max) and the spring stiffness (Kp), were the

same as presented in previous sections.

The prototype design is presented in Figure 4.7, without sensors, instrumentation
components and the surface with a specific profile. Three SPs (Crest, Ramp and S
profile) were designed and built for the experimental tests. The external dimensions of
the prototype are 0.8 x 0.3 m, having a total area of 0.24 m?. Its total height is 0.11 m.
The external dimensions of the surface are 0.775 x 0.275 m, giving a total area of 0.213

m2.

Besides the mechanical system, sensors and instrumentation components were also
included in the prototype, namely two Tedea-Huntleigh load cells, model 1250 (Vishay,
2017), with a 1,000 kg maximum load each, to measure the force received by the
surface of the prototype and transferred to the mechanical system (Fswv1), applied
between the surface with a specific profile and the mechanical system surface; and two
linear encoders Varionm - IPL Linear Position Sensor, model IPL-0025-103-3%-ST
(Farnell, 2017) to measure the linear displacement of the prototype surface (x,) and the
linear displacement of the mechanical system (xsw), applied in a fixed and a moving part

of the systems to measure the displacements.
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Figure 4.7- Prototype design without sensors and instrumentation components.

These sensors were connected to a Data Logger from National Instruments, model NI
USB-6003 (National Instruments, 2017), with an intermediate instrumentation system to
adapt the sensors signals to the data logger requirements. The Data Logger was
connected to a laptop via USB, transferring the acquired data with a frequency of 100
Hz, and software was developed using LabVIEW® to read the received data and convert

it into plots, as well as store these data in readable files.

To convert the measured loads from the load cells into a received force, the values from
both load cells were added and multiplied for 9.81 m/s?, and to determine the load
delivered by the slider to the springs, Equation (4.7) was used. In this equation, to
define the angle 6., Equations (4.1-4) were used considering the displacements x, and
Xer measured by the linear encoders. With these values, the energy harvested from the

surface (Ep) was measured using Equation (4.18).

In Figure 4.8a the prototype is presented with the sensors and with the Crest surface

profile, while Figure 4.8b shows the Data Logger and the instrumentation circuit.
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Figure 4.8- (a) Prototype system fully assembled with sensors, trimetric view; (b) data logger with

instrumentation.

4.5.3 Test scenarios

The prototype was installed in a road pavement surface of a car parking space by
opening a hole with the external dimensions of the prototype (0.8 x 0.3 x 0.11 m?), with
the prototype surface at the external level of the road surface. Figure 4.9 shows the
prototype implemented in the road pavement surface. Considering the working principle
of the designed system, when the vehicle wheels start contact with the prototype
surface, it will be at the pavement level, and when the wheel leaves the contact with the
prototype surface it still continues at the road pavement level, avoiding the typical bump

effect of speed bumps.

To perform multiple tests with the prototype and evaluate its performance under
different conditions, different vehicles weighing 1,000 kg (VE;) and 2,000 kg (VE>),
different prototype surface profiles as presented in previous sections (Crest, Ramp and S
profile), different values for the spring stiffness of 200 kN/m (Kpy;) and 400 kN/m (Ky,)
and different vehicle speeds, of 20, 30, 40 and 50 km/h were considered. Table 4.6
presents the different scenarios for the prototype experiments.
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Figure 4.9- Prototype installed in a road pavement.

Table 4.6- Test scenarios for the system prototype.

Vehicle weight sp Total spring stiffness Vehicle speed
(kg) (KN/m) (km/h)

K,=200 10120130140

S8=Crest Kz=4oo 10 : 20 : 30 : 40

VE;=1,000 S5=Ramp E;Zgg 18 : ;g : 28 : 38

e K0 e

= 1672030140

VE,=2,000 S5=Ramp 2:‘2188 18 : ig : 28 : jg

S6=S profile 2:288 18 : ;8 : 28 : jg
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4.5.4 Computational simulations

Using the RoadVISS software tool to perform the simulations for the new SRE

proposed in this work and also to evaluate the impact of the vehicle characteristics in

the system performance, two vehicles with the characteristics presented in Table 4.7

were considered, using the bicycle car model and the CPA. Also, different initial

vehicle speeds (vini) were evaluated, from 20 km/h to 50 km/h, as this is the speed limit

in urban areas.

Table 4.7- Fixed and initial values for the simulation variables.

Variable name Value (VE;) Value (VE,) Unit
Vehicle class Light -
Vehicle weight 1,000 2,000 (kg)

c Number of axles P1 | wheels/axle 2|2 -

2 Distance al | a2 0.914 | 1.557 1.055|1.651 (m)

g  Sprung-Unsprung % 90%-10% -

o  Drag coefficient 0.3 0.34 -

S Inertia moment 750 1,470 (kg.m?)

‘$  Lift coefficients (Front | Rear) 0.17]0.12 0.21]0.15 -

> Motion | Direction Free rolling | Forward -
Vehicle speed 20|30|40]|50 (km/h)
Vehicle acceleration 0 (m/s?)
Suspension type (Front | Rear) Independent | Independent -

= Suspension stiffness (Front | Rear) 20,000 | 15,000 25,000|18,000  (N/m)

% Suspension damping (Front | Rear) 1,500 1,700 1,700 | 1,900 (Ns/m)

o  Tyretype (Front| Rear) Radial | Radial -

S  Tyre stiffness (Front | Rear) 140,000 | 140,000 160,000 | 160,000  (N/m)

% Tyre pressure (Front | Rear) 200 | 200 250 | 250 (kPa)

& Tyre external diameter (Front | Rear) 400 | 400 500 | 500 (mm)

@ Tyre width (Front | Rear) 190|190 220220 (mm)
Tyre tread width (Front | Rear) 175|175 200 | 200 (mm)

Considering the new solution proposed for a SRE with a movable surface, a set of

simulations were performed for the different SPs presented in Figure 4.2, with a surface

width (Lmax) of 275 mm and a maximum height (hmax) of 20 mm, the maximum
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displacement (Xh.max) being equivalent to the surface maximum height. The total spring
stiffness was changed between simulations, with Kp; equal to 200,000 N/m and Kj;
equal to 400,000 N/m, and the surface material is recycled plastic with a rubber layer on
top, with a total mass of 18 kg. The values for I, and O..i, are, respectively, 0.04 m and
0.848 rad (or 48.6°). The simulation results for VE; and VE; are presented in Tables 4.8
and 4.9, respectively, for the maximum value of the force transmitted by the surface
(Fsm1), the energy harvested by the surface during the vehicle front wheel actuation (Ena
FW), rear wheel actuation (Ey, RW), and the total energy harvested by the surface (Ena).

Table 4.8- Simulation results of the new SRE with movable surface for VE;.

sp Kh Vini Fsm1 Epa FW Era RW Eva
(kN/m) (km/h) (N) () ) )

20 3,426.3 33.8 22.4 56.2

200 30 2,640.1 46.9 30.3 77.3

40 3,379.1 54.9 35.1 90.0

S8 50 3,956.2 57.7 36.0 93.7

20 3,614.8 23.6 28.9 52.5

400 30 3,076.4 34.8 25.8 60.5

40 3,527.5 46.0 30.7 76.7

50 3,722.4 50.0 315 81.5

20 3,326.6 31.8 17.3 49.1

30 2,269.9 43.1 25.8 68.9

200 40 2,890.1 47.8 29.6 77.4

50 3,137.4 52.1 30.6 82.7

55 20 3,834.0 21.2 20.9 42.1

30 2,134.9 27.8 17.3 45.1

400 40 3,027.5 36.7 21.2 57.9

50 3,327.4 40.3 235 63.8

20 4,350.4 44.9 25.0 69.9

30 3,398.4 48.7 324 81.1

200 40 3,590.1 54.8 36.6 91.4

50 3,942.8 58.1 36.7 94.8

S6 20 4,765.2 38.2 18.0 56.2

30 4,331.2 314 18.4 49.8

400 40 4,126.5 42.1 26.6 68.7

50 4,311.7 45.9 29.5 75.4
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Table 4.9- Simulation results of the new SRE with movable surface for VE,.

Sp Kn Vini Fsm1 Ena FW Era RW Era
(kN/m) (km/h) (N) ) Q) Q)
20 5,024.2 53.1 40.1 93.2
200 30 4,540.2 56.9 51.5 108.4
40 3,878.5 69.1 62.0 131.1
S8 50 4,492.6 81.5 66.5 148.0
20 5,422.1 60.0 34.0 94.0
400 30 5,049.8 42.4 37.9 80.3
40 5,164.5 69.8 67.5 137.3
50 5,036.1 82.8 68.4 151.2
20 4,833.2 44.1 34.8 78.9
200 30 4,133.0 53.8 46.1 99.9
40 4,145.5 65.4 55.0 120.4
S5 50 4,550.5 75.4 58.7 134.1
20 5,510.2 57.2 334 90.6
400 30 4,978.1 39.7 30.1 69.8
40 4,333.2 57.7 53.6 111.3
50 5,153.8 71.1 61.8 132.9
20 5,195.1 44.9 42.3 87.2
200 30 4,483.7 51.7 49.2 100.9
40 4,049.4 63.7 57.5 121.2
S6 50 4,504.2 68.8 63.3 132.1
20 5,321.1 54.9 47.2 102.1
400 30 4,930.2 37.0 31.2 68.2
40 4,527.5 51.7 50.1 101.8
50 4,607.8 63.2 59.5 122.7

Considering En, as the most important variable to evaluate the performance of the
system, Figure 4.10 presents the energy harvested for VE3, for the different surfaces and
for different spring stiffness, while Figure 4.11 presents the results for the same

scenarios but for VE,.
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From the results presented in Tables 4.8 and 4.9, as well as Figures 4.10 and 4.11, it is
possible to compare the differences between each surface profile and SRE

characteristics. Some conclusions may be drawn from the analysis of the results:

e Surface profile S8 has the best performance of energy extracted from both types
of vehicles in almost all scenarios, with a few exceptions where surface profile
S6 has a better performance. For all scenarios, S5 has the lowest values of
energy harvested from vehicles. As the extracted energy is proportional to the
vehicle speed reduction, surface profile S8 reduced the vehicle speed the most

efficiently;

e In most scenarios, the energy harvested from the device’s surface is higher the

lower value of the spring stiffness;

e The lower value of the spring stiffness, the increase in the harvested energy is
proportional to the increase in the vehicle speed for all the tested scenarios.
However, for the highest spring stiffness value, the harvested energy is not

proportional to the vehicle speed increase.

4.5.5 Experimental results

Both the VE; and VE; used in the experimental tests have the same characteristics as the
vehicles considered in the computational simulations, as presented in Table 4.7, so that

the experimental test results can be compared with the appropriate level of confidence.

Tables 4.10 and 4.11 show the results of the experimental tests with the prototype, for
VE; and VE,, respectively. In these tables, the different variables presented in Table 4.6
are identified, and the values regarding the force received by the surface and transmitted
to the mechanical system (Fsw1), the energy harvested by each vehicle wheel (Epa FW
and Exa RW), as well as the total energy harvested from both wheels from one side of

the vehicle (En,) are presented.
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Considering the total Ey, as the most important variable to evaluate the performance of
the system, Figure 4.12 presents the energy harvested for VE;, for the different surfaces
and the different spring stiffness, while Figure 4.13 presents the results for the same
scenarios but for VE,.

Table 4.10- Prototype test results for VE;.

Sp Kh Vini Fsm1 Ena FW Ena RW Ena
(KN/m) (km/h) (N) Q)] Q)] Q)]
20 3,694.2 50.0 31.5 81.5
200 30 3,339.1 60.1 40.8 100.9
40 3,673.1 65.8 37.2 103.0
S8 50 3,791.5 69.6 38.8 108.4
20 3,640.1 454 38.4 83.8
400 30 4,012.1 53.8 30.6 84.4
40 4,641.7 83.8 313 1151
50 4,230.2 65.4 28.5 93.9
20 3,195.4 40.3 33.7 74.0
30 3,350.0 48.1 32.5 80.6
200 40 2,612.6 41.3 22.6 63.9
50 2,562.9 43.7 21.7 65.4
35 20 2,963.0 30.1 24.3 54.4
400 30 3,033.1 29.1 20.9 49.9
40 3,235.7 45.8 22.2 68.0
50 2,938.4 45.2 32.2 77.4
20 3,573.7 45.5 30.8 76.3
200 30 2,901.5 46.3 27.0 73.3
40 3,639.6 60.5 38.9 99.4
50 2,699.2 36.2 17.2 53.3
S6 20 2,759.0 42.9 17.6 60.5
30 3,137.4 38.5 24.3 62.8
400 40 3,667.8 54.5 24.2 78.7
50 3,730.5 65.2 31.9 97.2
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Table 4.11- Prototype test results for VE,.

Sp Kh Vini Fsm1 Ena FW Ena RW Era
(KN/m) (km/h) (N) ) ) )
20 3,969.1 57.0 50.6 107.6
200 30 3,661.5 44.9 48.3 93.1
40 3,831.1 56.0 51.4 107.4
S8 50 3,791.2 58.0 43.7 101.7
20 6,480.1 69.6 72.8 142.5
400 30 4,539.7 77.0 84.0 161.0
40 3,491.2 85.2 82.3 167.5
50 5,526.0 102.5 96.9 199.4
20 3,969.0 57.0 47.3 104.3
200 30 3,909.0 52.0 47.3 99.3
40 3,771.3 56.7 56.0 112.7
S5 50 3,972.9 63.5 51.8 115.3
20 3,573.9 44.1 41.3 85.4
400 30 3,934.1 67.2 63.8 131.0
40 3,854.0 68.7 62.7 131.4
50 3,470.2 50.3 50.3 100.7
20 4,617.9 47.0 49.0 96.0
200 30 3,353.3 46.3 54.0 100.3
40 3,767.6 514 54.9 106.3
S6 50 4,410.7 71.2 61.3 132.4
20 3,700.3 52.0 48.9 100.9
400 30 3,559.9 59.8 56.0 115.9
40 3,736.3 67.2 61.3 128.4
50 3,838.8 66.5 55.5 122.0
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Analyzing the results, the following conclusions can be drawn.

e For VE; and for the same surface profile, Ena is generally higher for a lower
value of the spring stiffness, but for VE, the opposite happens. This allows us to
conclude that for higher vehicle weights, higher values of spring stiffness must

be used to optimize the energy harvested from vehicles.

e The surface profile S8 is the one which presents a higher value of En, for most
scenarios, which was also verified with the computational simulations, allowing
us to conclude that this is the optimal surface profile regarding energy extraction

and, consequently, speed reduction.

e Anincrease in the vehicle speed for VE; is proportional to an increase in the Eyq
only in half of the tested scenarios, while for VE, this proportionality was
registered only for one scenario. This allows us to conclude that in the
experimental tests the proportionality between the vehicle speed and the energy

harvested was not fully validated.

e For similar surface profiles and spring stiffness, the energy harvested from the

equipment increases with the vehicle weight, almost in direct proportion.

4.5.6 Discussion

Tables 4.12 and 4.13 present the difference between the simulations and the

experimental results for similar tested scenarios using VE; and VE,, respectively.
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Table 4.12- Difference between the simulations and experimental results for tested scenarios using

VE;.
Sp Kn Vini Fsm1 Ena FW Era RW Era
(KN/m) (km/h) (N) ) ) ©)
20 7.8% 47.9% 40.9% 45.1%
200 30 26.5% 28.1% 34.5% 30.6%
40 8.7% 19.9% 6.0% 14.5%
S8 50 -4.2% 20.6% 7.8% 15.7%
20 0.7% 92.4% 32.7% 59.6%
400 30 30.4% 54.7% 18.6% 39.3%
40 31.6% 82.1% 2.0% 50.0%
50 13.6% 30.8% -9.4% 15.3%
20 -3.9% 26.6% 94.9% 50.7%
200 30 47.6% 11.6% 26.1% 17.0%
40 -9.6% -13.7% -23.7% -17.5%
S5 50 -18.3% -16.2% -29.0% -20.9%
20 -22.7% 42.0% 16.4% 29.3%
400 30 42.1% 4.5% 20.7% 10.7%
40 6.9% 24.7% 4.7% 17.4%
50 -11.7% 12.1% 36.8% 21.2%
20 -17.9% 1.2% 23.2% 9.1%
200 30 -14.6% -4.9% -16.8% -9.6%
40 1.4% 10.4% 6.4% 8.8%
s6 50 -31.5% -37.8% -53.2% -43.7%
20 -42.1% 12.2% -2.2% 7.6%
400 30 -27.6% 22.6% 32.0% 26.1%
40 -11.1% 29.5% -9.1% 14.6%
50 -13.5% 42.1% 8.2% 28.9%
Average -1.1% 22.0% 12.8% 17.7%
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Table 4.13- Difference between the simulations and experimental results for tested scenarios using

VE..
Sp Kn Vini Fsm1 Ena FW Era RW Era
(KN/m) (km/h) (N) ) ) ©)
20 -21.0% 7.3% 26.2% 15.4%
200 30 -19.4% -21.1% -6.3% -14.1%
40 -1.2% -18.9% -17.1% -18.1%
S8 50 -15.6% -28.9% -34.3% -31.3%
20 19.5% 16.1% 114.2% 51.6%
400 30 -10.1% 81.7% 121.7% 100.5%
40 -13.0% 22.1% 21.9% 22.0%
50 9.7% 23.8% 41.6% 31.9%
20 -17.9% 29.2% 36.0% 32.2%
200 30 -5.4% -3.3% 2.5% -0.6%
40 -9.0% -13.3% 1.7% -6.4%
S5 50 -12.7% -15.7% -11.8% -14.0%
20 -35.1% -22.8% 23.6% -5.7%
400 30 -21.0% 69.2% 111.9% 87.6%
40 -11.1% 19.0% 16.9% 18.0%
50 -32.7% -29.2% -18.5% -24.3%
20 -11.1% 4.7% 15.8% 10.1%
200 30 -25.2% -10.5% 9.8% -0.6%
40 -7.0% -19.3% -4.5% -12.3%
s6 50 -2.1% 3.4% -3.2% 0.3%
20 -30.5% -5.3% 3.6% -1.2%
400 30 -27.8% 61.6% 79.6% 69.9%
40 -17.5% 29.9% 22.3% 26.2%
50 -16.7% 5.2% -6.8% -0.6%
Average -13.9% 7.7% 22.8% 14.0%
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From these Tables, some conclusions can be drawn.

e For VEy, the average difference of Fsyy is 1.1%, a very small value that allows
us to conclude that, on average, the simulations are accurate. Analyzing
individual values, the maximum difference was 42%, a considerable value,
registered for lower vehicle speeds. For VE,, the average difference of Fgy; is
13.9%, a higher value than for VE;, but it is still a reasonable value that allows

us to consider the simulations results with very positive precision.

e Regarding En, and for VE;, the average difference is 17.7%, with higher values
achieved experimentally when compared to the simulation results. A possible
justification for this difference could be a higher vehicle tyre pressure or a
higher spring stiffness from its suspension system when compared to the values

considered in the simulations.

e Regarding En, and for VE,, the average difference is 14.0%, which is a very
positive result, allowing us to accept the simulation results. Analyzing individual
simulations, there are some exceptions with a great difference between both
results, but generally the precision was very good, with multiple results having a
difference lower than 2%. As considered for VE;, a small difference in the
pressure of the vehicle’s tyres or a higher spring stiffness from its suspension

system can justify the registered differences.

4.6 Summary and Conclusions

The social and economic costs resulting from high rates of fatalities and serious injuries
due to road accidents increase every year and are currently a topic of very high
relevance. It is of the utmost importance that the number of accidents on roads be
reduced, so the WHO (2010, 2013), has identified six key areas for action. The first area
and the one that can have the greatest impact is the effective reduction of traffic speed,

especially in urban areas, where accident rates are very high, particularly affecting
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vulnerable road users, especially pedestrians. There are already solutions on the market
and traffic engineering techniques that contribute to this goal, but as accident rates

continue to increase, more effective measures or solutions are needed.

By extracting kinetic energy from the vehicles motion it is possible to reduce its speed,
with a system which is applied directly on the road pavement, making it impossible for
the vehicles to avoid interacting with it. This solution is different from the existing SRE,
as it has a one degree of freedom movable surface, with a specific profile and geometry
that allows the impact on the vehicle to be minimised, keeping ride quality acceptable

and without affecting vehicle passengers.

Different surface profiles and dimensions were evaluated through computational
simulations, and the solution that presents the best relation between the energy
harvested from the vehicle and the vertical acceleration induced on the vehicle chassis is
the Ramp surface profile, which is 200 mm wide and a maximum of 25 mm height and
has a maximum displacement of 25 mm. When compared to standard speed bumps, this
solution can extract 81% more energy for the same width, with 87% lower impact on
the vehicle, for the same device height.

Different surface profiles and spring stiffness were evaluated through experimental
tests, and the solution that presents the best results for the energy harvested from the
vehicle is the Crest surface profile, using a 200 kN/m spring stiffness for a 1,000 kg
vehicle and a 400 kN/m spring stiffness for a 2,000 kg vehicle. The energy harvested
from the equipment’s surface is proportional to the energy lost by the vehicle, which is
proportional to its speed reduction. So, the more energy the equipment is able to extract,

the greater the reduction of vehicle speed.

From the analysis of results and the comparison between computational simulations and
experimental results, it was possible to conclude that there is a small difference between
the experimental results and the simulation results. On average, this is lower than 20%
and can be explained due to differences in the pressure of the vehicles’ tyres or in the
stiffness of their suspension systems, when compared to the considered values in the

simulations. So, one can conclude that the difference between the computational
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simulations and the achieved results is acceptable, allowing to validate the software tool

presented in Chapter 3.

The values presented are from half a vehicle, meaning that the total amount of energy
extracted from a vehicle, if two prototypes are used side-by-side, would be twice the
value presented here. Also, the prototype surface has a total width of 0.275 m, meaning
that multiple devices can be implemented consecutively in the pavement, maximizing

the energy extraction in a small amount of space.

For the conditions simulated, where a 50-metre section of pavement has the proposed
SRE applied on its surface, it would be possible to reduce vehicle speed from 50 km/h
to 35.4 km/h, from 60 km/h to 35.9 km/h, or from 40 km/h to 24.9 km/h, without any
breaking action from the vehicle driver, and induce a very low vertical acceleration on
vehicle chassis, keeping the ride quality at an acceptable level (a little uncomfortable).
When compared to a typical speed bump, which induced an extremely uncomfortable
ride quality on the vehicle passengers and has a smaller impact on direct speed
reduction, it can be concluded that the proposed solution presents a better performance
and effectiveness.

The main difference of the proposed solution when compared to existing equipment is
that speed reduction is performed by harvesting energy from the vehicle without any
action by its driver, instead of inducing a great discomfort on the vehicle occupants,

forcing the vehicle driver to break.
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Chapter 5

Road Pavement Energy Harvesting: a
New Electromechanical Device to
Convert Vehicles Mechanical Energy

into Electrical Energy

5.1 Introduction

In Chapter 2 a state-of-the-art with the main technologies used to convert vehicle
mechanical energy into electrical energy, to be implemented on road pavements, and
which can be both micro and macro energy harvesting was presented. In these
technologies, typical systems have the following components: a surface that receives
energy from vehicle tyres and delivers energy to a transmission system; a system that
transmits energy from the surface to an electrical generation unit; and an electrical unit
that converts the mechanical energy into electrical energy, delivering it to an electrical

application.

Piezoelectric systems are the simplest, as usually they receive the mechanical energy
directly from the surface and convert it into electricity. However, these work on a micro

energy harvesting scale and have a very small energy conversion efficiency and output.

149



Chapter 5 Road Pavement Energy Harvesting: a New Electromechanical Device

to Convert Vehicles Mechanical Energy into Electrical Energy

Electromechanical systems transmit the energy received from the surface to
electromagnetic generators, adapting the surface motion, which can be linear or
rotational, into a similar or different motion, depending on the generator characteristics.
These systems can work both on a micro or macro scale, having higher conversion
efficiencies and energy outputs than piezoelectric systems, and are the most developed

group of technologies in this field.

Hydraulic and pneumatic systems use the same principle as electromechanical systems,
transmitting the energy received from the surface to electromagnetic generators.
Typically, these systems work on a macro scale, allowing larger amounts of energy to
be transferred. However, only a very small number of systems have been developed
with this principle and none of them have presented viability, mainly due to the high

costs of development and implementation.

In the last few years a considerable number of systems have been developed and tested
on road pavements to convert vehicle mechanical energy into electrical energy, most of
which have been validated in the laboratory environment, but none of them have
obtained validation in a relevant environment, such as a public road with regular traffic
actuating the system for a considerable amount of time. Also, for most of the existing
technologies, no system modelling or computational simulations have been published
that would allow energy harvesting, transmission and conversion efficiency to be
analyzed, which would make it possible to determine their global efficiency and draw

conclusions about their viability.

In this Chapter, different road pavement energy harvesting devices using
electromechanical systems will be studied, modelled and simulated, to study and come
to conclusions about the efficiency of its different components, meaning the most
efficient solutions can be known. Also, a new electromechanical system will be
proposed, to transmit the energy received by the RPEH device surface into an
electromagnetic generator, which will also be modelled and simulated, to come to a

conclusion about its efficiency.
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The software tool presented in Chapter 3 will be used as the basis for the computational
simulations, and an upgrade will be performed, to include the models of the different
RPEH devices. Based on this, computational simulations will be performed, allowing to
conclude about each system’s efficiency. A prototype of the new proposed system will
be presented and tested and the experimental results will allow to conclude about its

performance as well as the software tool accuracy.

5.2 RPEH Electromechanical System Development

5.2.1 Introduction

To transfer the energy received on the RPEH surface to an electric generator, different
systems can be used. From Chapter 2 it can be concluded that most existing RPEH
devices are electromechanical and have a mechanical system to transfer the surface
motion into an electromagnetic generator. Typical solutions use a rotational

electromagnetic generator for both linear and rotational surface motions.

In this section, the existing solutions will initially be analyzed and modelled. Then, a
new mechanical system for converting the linear motion of a RPEH surface into a
rotational motion of an inertia wheel (IW) is presented and modelled. It is connected to
an electromagnetic rotational generator. Finally, the equations that quantify the
transmitted and delivered energy will be defined, as well as the efficiency of each

process.

5.2.2  Existing systems

In Chapter 2, Table 2.1 summarizes the most relevant electromechanical systems
according to the motion conversion principle, taking patents into account. The most
common RPEH devices convert the linear or rotational motion of a surface into the

rotational motion of an electromagnetic generator. Besides the patents presented in
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Table 2.1, other studies have been performed both by companies and academia (e.g.,
Pirisi et al., 2013; Todaria et al., 2015; Duarte et al., 2016), to harvest vehicle energy on

road pavements and convert it into electrical energy.

To achieve a rotational motion output, two systems are mostly used: the rack and pinion

(RAP) system; and the lever system.

The most basic mechanical system for converting the linear motion of a surface into a
rotational motion of a shaft is the RAP system. To apply this system in a RPEH device,
the rack usually is directly connected to the surface and the pinion is in contact with the
rack and connected to a shaft which, in turn, actuates the electric generator. Commonly,
the generator shaft is connected to an IW, and the pinion is connected to the shaft
through an unidirectional bearing, also defined as a clutch bearing. This system includes
a spring, which returns the surface to its initial position. The spring stiffness should be
kept to a minimum to maximize the amount of force transmitted to the mechanical
system, but strong enough to replace the surface quickly, so that when the rear wheel of
the vehicle passes over the surface it is already on its initial position. The RAP system
typically uses an IW connected to an electric generator, as presented in Figure 5.1. The
forces distribution in the device surface are presented in Figure 5.2a, when the vehicle
wheel interacts with the surface. In Figure 5.2b are presented the forces distribution for
the upward motion of the device surface, after the vehicle wheel leaves the contact with

the surface.

iXh

Figure 5.1- Typical RAP system connected to an IW.
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Figure 5.2- Forces distribution for the RAP system, (a) for the vehicle wheel - device surface

interaction; and (b) for the upward motion of the device surface without vehicle wheel interaction.

Another mechanical system that is commonly used to convert the linear motion of a
surface into a rotational motion of a shaft is the lever system. This system has the
advantage of amplifying the motion of the surface, but the gain in motion represents a

loss in force. So, the lever geometry must be carefully designed.

To apply this system in an energy harvesting device, a bar, directly connected to the
surface, actuates a lever at a specific point, at a distance d; from its rotational centre.
The lever has a rack connected to its extremity, at a distance d, from its rotational
centre. The rack is in contact with a pinion, which is connected to a shaft. Commonly,
the generator shaft is connected to an IW and the pinion it is connected to the shaft
through a clutch bearing. This system includes a spring, which returns the surface to its
initial position, similarly to the spring used in the RAP system. The lever system
typically uses an IW connected to an electric generator, as presented in Figure 5.3. The
forces distribution over this mechanism are presented in Figure 5.4, for the downward

motion of the surface, when the vehicle wheel is interacting with the surface.
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Figure 5.3- Lever system connected to an IW.
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Figure 5.4- Forces distribution for the lever system, (a) for the vehicle wheel - device surface

interaction; and (b) for the upward motion of the device surface without vehicle wheel interaction.

Tables 5.1 and 5.2 summarize all the equations that define both RAP systems and lever
systems, respectively, in terms of kinematic, dynamic and forces analysis and for all
motion scenarios: downward motion of the surface; surface stopped; and upward motion
of the surface. The variable Fsy: is the force transmitted by the surface to the
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mechanical system, while Fgy1s is the oppositional force of the mechanical system on
the surface. The variable Fgy; is the force transmitted by the lever to the pinion, while
Fsmzs 1S the oppositional force of the pinion on the lever.

As a clutch bearing is used, the motion equations are different for the different motion

scenarios, as the IW keeps rotating after the pinion stops acting.

In some systems, gears are used to amplify the rotation of a second shaft. However,
what is gained in rotation is lost in torque. To include these elements in the equations
presented in Tables 5.1 and 5.2, the motion of the secondary shaft must be multiplied by
the ration ry/r,, with ry representing the radius of gear 1 and r, representing the radius of
gear 2, but in the motion equations of the pinion and IW, both Ji, and Jgen must be
multiplied by (ry/r,)%

Table 5.1- RAP system modelling.

Analysis Motion
y Downward Stopped Upward
Xn = Xra
x x Xp =X Xp =X
) A xra:Tpgp@Bp:ﬂ:_h ra ra
Kinematic L Xra  Xp Xrq Xp
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iw 1 rp
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Table 5.2- Lever system modelling.

Analysis Motion
y Downward Stopped Upward
Xp = X1
d, Xn = Xnn Xp = X1
Xz = d_lxll _ d, _ d,
X1z = d_lx“ X1z = d_lx“
, . 1 (%2
X, = d,sin () © 0, =sin R X1z X1
2 0,q =0, =sin™! (d_) 0, =0, =sin™t (d_)
. . 2 2
Kinematic 6, =9,
6,0 =10, o0, = e 6,0 =10, o0, = 2
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[
in~1 (Xn in~1 (*n
1 (% stn (dl) sin (dl)
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5.2.3 New mechanical system

To maximize the rotation of the generator shaft the maximum amount of force should
be transmitted from the surface to the shaft, with the maximum possible displacement.
In the RAP system, the force transmitted is equal to the force received on the surface,
with only the force absorbed by the spring being discounted. The shaft’s angular

displacement is similar to the surface linear displacement, divided only by the pinion
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radius. In the lever system, the surface motion is multiplied, but the force is reduced by

the same proportion, considerably reducing the torque applied on the generator shaft.

A more efficient solution would combine a maximization of both the transmitted force
and shaft rotation, with priority on increasing the transmitted force. To achieve this
goal, a system using a crank connected from the surface to a slider is proposed, as

presented in Figure 5.5. This is called a crank to slider (CTS) mechanical system.

Xhtl | ) Bp

ht Kh hcrI I ecr o1 ‘J
K—
Xer <)(Jsp Xra ) eiw

Figure 5.5- Crank to slider system connected to a RAP system and an IW.

This system has the following working principle: the surface has a linear displacement,
actuating the crank with a rotational motion, which depends on its length and initial
angle; the crank, in turn, will actuate the slider with a translational motion, which is
directly connected to a rack; this will actuate a pinion with a rotational motion which, in
turn, is connected to an IW and the electric generator shaft. The pinion is connected to
the shaft through a clutch bearing. This system includes a spring, which returns the
surface to its initial position and has a similar function to the spring used in the lever or

RAP systems.

Table 5.3 summarizes all the equations that define this system in terms of kinematic,
dynamic and forces analysis and for all motion scenarios: downward motion of the
surface; surface stopped; and upward motion of the surface. Fgyi is the force
transmitted by the surface on the mechanical system, while Fguis is the oppositional
force of the mechanical system on the surface. Fgyy is the force transmitted by the crank

to the slider piston, while Fsuys is the oppositional force of the slider piston on the
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crank. The forces distribution over the mechanism are presented in Figure 5.6a for the

downward motion of the surface and Figure 5.6b for the upward motion of the surface.

Considering the relation between the force received in the device’ surface (Fgyv1) and the
force delivered by the crank to the rack (Fsw2), as well as the vertical displacement of
the surface (xn) and the horizontal displacement of the rack (xsp), during the surface
downward motion the mechanism amplifies the force Fgy, (in relation to Fgyvi) and
decreases the displacement xs, (in relation to x,). The relation between the force increase
and the displacement decrease is not direct and depends on the crank angle, as shown by

the equations presented in Table 5.3.

[ ] j Xh [ ] j Xh
FKT FS“’“iT Fswms FKT FSM1T¢ Fsus
Fsm1 Fsm1
Xh Xk
hczr &« Foms h}i & —> Fswas
. ESM2 < Fsu
K= los Ky N los
Xer Xsp Xer Xsp
0
FSM2 ) P FSM2 ) ep
IM%MI 4—#
Xra ) eiw Xra ) eiw

(a) (b)

Figure 5.6- Forces distribution for the CTS system, (a) for the vehicle wheel - device surface

interaction; and (b) for the upward motion of the device surface without vehicle wheel interaction.
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Table 5.3- CTS system modelling using a RAP and an IW.
Analysis Motion
y Downward Stopped Upward
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5.2.4 Energetic analysis

When the output motion of the mechanical system is linear, as in the CTS system, the

energy transmitted by the piston is defined by Equation (5.1). When the output motion

Is rotational, as in the RAP or the lever system, the energy transmitted by the pinion is
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defined by Equation (5.2). The energy delivered by the IW to the electric generator is
defined by Equation (5.3).

OEr, = Fomz 0xgp (5.1)
1 .

ETr = E]p gpz (52)
1 .

EDe = E]iw eiwz (53)

The efficiency of the energy transmission system is defined by Equation (5.4), relating
the transmitted energy with the energy harvested by the RPEH surface. The efficiency
of the energy delivering system is defined by Equation (5.5), relating the energy
delivered by the IW with the energy transmitted by the mechanical system.

ETr

Nrr = EHa (54)
Epe

Mpe = ETr (55)

5.3 Electrical System

5.3.1 Introduction

To convert the mechanical energy delivered by a mechanical system into electrical
energy, RPEH devices can use both permanent-magnet direct-current (DC) electric
generators or permanent-magnet alternating-current (AC) synchronous generators.
Power electronics are then used to adapt the generated current to the electric load,

depending on whether it consumes DC or AC power.

In order to simplify the physical modelling of the system, the computational simulations
and the experimental tests for an RPEH device under development, a DC generator

connected to a DC load is used.

In this section a permanent magnet DC generator will be presented and modelled, as

well as a DC load. Simple power electronics are used only to adapt the generated
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current to the electric load. An energetic analysis is performed to quantify both the
generated and consumed energy, as well as the energy conversion and consumption

efficiencies.

5.3.2 Electrical generator

The most basic electrical circuit to implement in RPEH devices is a purely DC circuit,
with a DC electric generator, a DC purely resistive electric load and a diode between

both, or a diode bridge in some circuits. Such a circuit is presented in Figure 5.7.
La Ra Dec
Y YN AN S

—> e
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%%{_’ Ea Ua ULo § Rio
ET

Figure 5.7- Purely DC electric circuit with a DC electric generator and a resistive load.

Both permanent-magnet DC generator and resistive load models were developed
according to the main electric machine references, i.e. Chapman (2004), Murthy (2008)
and Lyshevski (2008).

The mechanical system torque (Tsv) actuates the generator shaft, with a rotational
speed, already defined by the IW speed (;,), resulting in the development of an

electromagnetic force (E,), which represents the generator armature induced voltage.

Equation (5.6) allows E, to be determined in relation to the generator shaft rotational
speed, multiplying it by the generator constant (k). Equation (5.7) defines the generated
voltage (U,) in relation to the armature voltage (E;), armature resistance (R,) and the

armature current (1). To determine the current produced in the armature windings,
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Equation (5.8) must be used, where the armature current (l,) is calculated in relation to
the armature inductance (L,), the armature resistance (R,), the circuit resistive load
(RLo), the generator constant (ks), and the rotor angular speed (8;,,). The electric torque
(ET) produced by the generator, which opposes to the mechanical system motion, is

determined by Equation (5.9).

E,=k éiw (5.6)

Ua (5.7)

% _ (R +RLO> ( )9,W_< )[k O — (Rq + Ryo)lg] (5.8)
ET = Lk, (5.9)

5.3.3 Electric load

The diode implemented between the electric generator and the electric load establishes
an electrical separation between both, protecting both elements, guaranteeing a
regulated voltage to the load while avoiding reversible currents to the generator

armature.

The electric load consists of a purely resistive load, using an electric resistance
connected to the diode and to the electric ground. The current delivered to the resistive
load (l.,) is the same as the current produced by the generator (l5), while the voltage
delivered to the resistive load is determined by Equation (5.10), limited by the voltage

produced by the electric generator.

ULo = I1oR1o (510)
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5.3.4 Energetic analysis

The power and energy generated by the DC electric generator are determined by
Equations (5.11) and (5.12), respectively. The power and energy consumed in a DC
purely resistive load are determined by Equations (5.13) and (5.14), respectively.

Poy = U, (5.11)
Ege = f P, dt (5.12)
Py = Uplyy (5.13)
Eyo = f Py dt (5.14)

The efficiency of the energy conversion system (electric generator) is defined by
Equation (5.15), relating the generated electric energy to the mechanical energy
delivered by the IW. The efficiency of the electric circuit is defined by Equation (5.16),

relating the energy consumed by the electric load to the energy generated by the electric

generator.
Ege
Nge = ﬁ (5.15)
E
Nco = i (516)

The total efficiency of the system, from the vehicle lost energy to the electrical energy
consumed by the electric load is defined by Equation (5.17). To determine the total
efficiency of the mechanical system, Equation (5.18) should be applied, relating the
energy received by the mechanical system to the energy delivered to the electrical
circuit. To determine the total efficiency of the electrical system, Equation (5.19) should
be applied, relating the energy received by the electric circuit to the energy consumed
by the electric load. To determine the total efficiency of the RPEH internal device,
Equation (5.20) should be applied, relating the energy received by the mechanical

system to the energy consumed by the electric load.
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roe =2 (5.17)
e = 2 (5.18)
e = 5 (519)

NrpEn = % (5.20)

5.4 Technical Analysis

5.4.1 Introduction

Based on the software tool presented in Chapter 3 to simulate the VRI from an energetic
perspective, the equations of the RPEH devices presented in previous sections were
incorporated for the different mechanical systems and the electrical circuit.

The purpose of the simulation software is to study this interaction in great detail, with
the possibility of fully characterizing the vehicle under study, as well as fully
characterizing the pavement or the RPEH device, including its surface technical
parameters. Additionally, the RPEH device mechanical and electrical properties were
added to the model, depending on the mechanical system selected. The upgraded
software tool will be briefly presented in this section. The upgraded tool calculates all
the forces and displacements for both the vehicle elements and the RPEH surface, as
well as for the mechanical and electrical system components. After that, it calculates the
different energies transferred from each part of the system to the others and the

efficiency of each energy transfer process.

The simulations performed with RoadVISS for the three mechanical systems previously
presented will be presented in this section, using the same RPEH equipment surface
profile, geometry and displacement, the same vehicle and the same electric generator
and load. The goal is to evaluate the different mechanical systems and draw conclusions

about each system’s efficiency in transmitting and delivering mechanical energy.
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One RPEH device connected to one mechanical system is considered, which, in turn, is
connected to one electrical system, as the surface is actuated by one side of the vehicle.
So, the value presented for the energy lost by the vehicle is related to half the vehicle, as
only one front and one rear wheel actuates the RPEH device surface. The parameters
defined for the vehicle, the RPEH device surface, the mechanical and electrical systems,

common in the simulations of the three mechanical systems are presented in Table 5.4.

Table 5.4- Input data for the computational simulations of the three systems.

Variable name Value Unit
Vehicle class Light -

c Vehicle weight 1,500 (kg)

2 Number of axles P1 | wheels per axle 2|2 -

g Sprung-Unsprung % 90%-10% -

o  Drag coefficient 0.32 -

S Inertia moment 1,100 (kg.m?)

X3 Lift coefficients (Front | Rear) 0.190.13 -

> Motion | Direction Free rolling | Forward -
Vehicle speed | acceleration 400 (km/h) | (m/s?)
Suspension type (Front | Rear) Independent | Independent -

< Suspension stiffness (Front | Rear) 20,000 | 15,000 (N/m)

% Suspension damping (Front | Rear) 1,500 1,700 (Ns/m)

o Tyre type (Front | Rear) Radial | Radial -

S  Tyrestiffness (Front | Rear) 150,000 | 150,000 (N/m)

g Tyre pressure (Front | Rear) 200 | 200 (kPa)

2 Tyre external diameter (Front | Rear) 500 | 500 (mm)

@ Tyre width (Front | Rear) 200 | 200 (mm)
Tyre tread width (Front | Rear) 180|180 (mm)
Surface width 250 (mm)
Surface mass 20 (kg)
Surface max. height | max. displacement 20120 (mm)

3 Spring stiffness 40,000 (N/m)

é Pinion mass | friction coefficient 10.002 (kg) | -

E Inertia wheel radius 30 (mm)

& Electric generator constant Ka 0.25 -
Electric generator Ra | La 1.1]0.0048 Q)| (H)
Electric generator friction coef. | Inertia 0.0008 | 0.05 - | (kg.m?)
Electric load Power 50 (W)
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5.4.2 Simulation software tool

Based on the software tool RoadVISS, an upgrade was performed to include the models
of different RPEH devices. Applying the vehicle dynamics, VRI, as well as the
mechanical and electrical system modelling equations, the software calculates all the
displacements, both for the vehicle and the RPEH device components, the applied and
received forces, and the energy transferred by each system component, presenting the

results both graphically and numerically.

Beside the electromechanical systems previously presented, the new software tool was
developed already considering future developments and models, as for hydraulic

systems, mechanical energy storage systems and electrical energy storage units.

5.4.2.1 Software inputs

To select the inputs, a new GUI platform was developed, as presented in Figure 5.8.

File Assumptions Definitions Help -
— Vehicle & Motion — — Suspension & Wheel . Road & Harvester Surface — Transmission System
Vebicl Ciass |Lignt = Sl Road Pavement Mechanical | Mrn;lhc —
Vi T - n - I M 5t No Hyd_Syst v
Vehicie weight 1500 Bl Front Rear Pavemant Type  Flexble Main System |Rack & Pnion | Main y‘ em yd_Sys
- Fud: 0f SA -
PR o 2 Aodeu 2 Susp. Type nde.. ¥ |inde. Road Condtion | Dry Masses gk | 1 | i SAEI0
2 Vinees/Axle 2 # VilAxie P2 Stiffness, K 20000 15000  [Nmj Incinat. Long 0 [y} LengRad [m}: = 0.05 0.025 i Hose/TCP D [mi. Lenght [mi.
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o9 Coet. | 0 o | 1100 Front  Rear 25 = LengRad [} | 0.01 | Hya st it Lenght [
Ui Coef. Fronl | 0.19 | LitCo.Rear | 013 ape |Ramp - |
! ! TreType Racisl v |Radal v - hertiaWheel M{kg]| S | R[m 005 [0.002| | Connectons: o Connection v
st Stffness, K | 150000 | 150000  Pmi Materia | Rutber -
atm 125 83 [mj Damping,C | 800 00 | Mem Mass 20 kgl N modules: N® venicles: Comnectsto: Gen  w  Config: |4
54 ad [mj |
24 | 08 i P 200 00 | (Pl win [ 250 | (om) Mechanical Storage Generator Energy Consumption
Lim| h-CG[m] | 0.541 [bar) Height 20 [m] System o Mec-Stor v Type: 70 Current D¢ Application: LEDN., =
Motion Tire Geometry Motion |Lin.Disp - Mass (kg FriCoef Phases: ya v  Synci ) Current Type: nc
Acton  Free Roling ¥ Front Rear Max Displac. % ] Rad [ Pokes 2 Fux Viosd[V] |12
Directon  Forward Ext Dam | 500 500 [mm] Sprog Sttt K | 30000 | (m) Stroke [mi T_relfs] K-ger 025 Rant| 1.1 Voad[A] 4
: 4 < RCload [Ohm|| 3 |33
Speed | 30 | fkmn] ims) e wicth | 200 T 1S Damping, € | 1000 Msim SO e fEaciate Ll I
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Figure 5.8- GUI to select the inputs of the upgraded software tool.
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This GUI has 10 distinct panels, with eight for parameter selection, one for the preview
of the selected features, regarding the vehicle, the pavement, the RPEH device
(mechanical and electrical parts) and the electric load, and other for the selection of

simulation features.

The first panel allows the user to select the vehicle and motion properties. In terms of
the vehicle, it allows the vehicle class, weight, number of axles, wheels per axle,
percentage of sprung and unsprung mass, drag and lift coefficients, and inertia moment
of the vehicle to be selected. It also allows users to define the vehicle geometry in terms
of distances from each axle to the centre of gravity, as well as the height of the centre of
gravity. In terms of vehicle motion, it allows to the selection of the action, the motion

direction, the vehicle speed and acceleration.

The second panel allows the user to select the suspension and wheel properties. In terms
of suspension, it allows users to select the suspension type and to define the suspension
stiffness and damping values, for both the front and rear suspension. In terms of tyre, it
allows the user to select the tyre type and to define the tyre stiffness, damping and
pressure, for both the front and rear tyre. The tyre geometry in terms of external

diameter, tyre width and tread width can also be defined, for both front and rear tyres.

The third panel allows the road and RPEH device properties to be selected. In terms of
road pavement, the user can select the pavement type, the road condition, the
longitudinal and transversal inclination of the pavement. For the harvester surface, users
can select the shape, the motion type, the material, the width and height, its maximum

displacement, its mass, and also its stiffness and damping can be defined.

Panels four to eight allow to fully characterize the RPEH device: in panel four, its
mechanical (or hydraulic, with future developments) characteristics, including the
system selection and its parameters; in panel five, its mechanical storage characteristics,
with future developments in this field; in panel six, its electrical generator
characteristics; in panel seven, the electric load; and in panel eight, the electrical storage

characteristics, with future developments in this field.
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The ninth panel presents a summary of the selection, showing an image of the selected
vehicle, pavement type, surface shape, RPEH device type (mechanical and electrical
parts) and the electrical energy application. With this information, the user can confirm

selection visually.

The tenth panel allows the user to define the simulation time and each iteration interval,
as well as the vehicle model to be simulated and interaction model, in terms of the
inclusion of the tyre contact patch. In this panel, the user can clean all the fields to

select new values, and can press the Simulate button to start the simulation.

5.4.2.2 Software outputs

To present the software outputs graphically, a new GUI platform was developed, as

presented in Figure 5.9.

This GUI has nine distinct panels, with seven for outputs graphical presentation, one for

outputs numerical presentation and other for the selection of the plots to print.

The seven panels that presents the results graphically are related to each system
component output: vehicle results in the first panel, both for front wheel and rear wheel
forces and energy released; RPEH device surface in the second panel, both for received
force and energy transferred; RPEH mechanical or hydraulic system results in the third
panel, both for transmitted force and energy; RPEH mechanical storage system results
in the fourth panel, both for transmitted force and stored energy; RPEH electrical
generator results in the fifth panel, both for voltage, current, power and energy
generated; RPEH electrical storage system results in the sixth panel, both for voltage,
current, power and energy stored; and RPEH electrical load results in the seventh panel,
both for voltage, current, power and energy consumed. These results are related to each
vehicle side, representing half vehicle.
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Figure 5.9- GUI to select the outputs of the upgraded software tool.

Panel eight presents the results numerically, for each component of the system, for each
vehicle wheel actuation and for the entire vehicle, presenting also the efficiency of the
respective component, as well as the global efficiency of the system, from the
mechanical energy released by the vehicle and the electrical energy consumed by the

electrical load.

Finally, panel nine offers users the possibility to print the plots, allowing them to select
the desired plots to be printed and pressing the Print Plots button. Finally, it contains an

Exit button to close the results GUI and return to the initial GUI.

5.4.2.3 Models

When the simulation starts, the software defines all the "static" variables, i.e., those that
do not depend on the vehicle or RPEH system dynamics, such as the front and rear

unsprung masses, the sprung mass, drag and lift forces, forces per axle, both vertical
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and longitudinal, the contact patch geometry for each wheel, or the initial kinetic energy

of the vehicle.

As considered for the RoadVISS software tool, four vehicle and interaction models
were developed using the SIMULINK® tool:

1) quarter-car model and SFA;
2) bicycle-car model and SFA;
3) quarter-car model and CPA,;

4) bicycle-car model and CPA.

The selected vehicle and interaction model is then connected to the correspondent
energy harvesting mechanical (or hydraulic, with future developments) system model.

Three initial models were developed using SIMULINK® and Simscape® tools:
1) RAP mechanical system;
2) Level mechanical system;

3) CTS mechanical system.

The selected model of the mechanical system is then connected to the electrical system
model, composed by a DC electrical generator and a DC load. In the future, other
models can be added to the software tool, including electrical energy storage and an AC
electrical generator. This model (and future models) was developed using the
SIMULINK® and Simscape® tools.

Depending on the user’ selection, the software connects the vehicle and interaction
selected models with the mechanical system model and with the electrical system
model, defines each system parameters with the data defined in the Input GUI, and runs
the simulation, in order to perform the dynamic analysis. The results are then presented
in the Output GUI, both graphically and numerically.
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5.4.3 Computational simulations

Considering the input data presented in Table 5.4, simulations the different mechanical
systems previously presented were performed, considering two different surfaces (Ramp
and Crest), presented in the Chapter 3. The electric generator and electric load
characteristics were not changed, as the main goal is to study the impact of the

mechanical system and its characteristics in the performance of the RPEH device.

For the RAP system, different pinion radius and IW mass values were considered to
evaluate the impact of these on the global results. For the lever system, besides these

two variables, two different lever geometries were also considered.

To evaluate the system performance, the vehicle released energy (E,), RPEH surface
harvested energy (Ena), mechanical system transmitted energy (Err), mechanical system
delivered energy (Epe), electrical system generated energy (Ege), and electrical system
consumed energy (E.,) were calculated. Also, the efficiencies of the energy transferred

between each part of the system were evaluated.

5.4.3.1 System1- RAP

Table 5.5 presents the simulation results for the energy output of each component of the
RPEH device using the RAP mechanical system, considering the input data presented in
Table 5.4. Table 5.6 presents the simulation results for the efficiency of each component

of the system, as well as the total efficiency of the device.

5.4.3.2 System 2 - Lever

Table 5.7 presents the simulation results for the energy output of each component of the
RPEH device using the lever mechanical system, considering the input data presented in
Table 5.4. Table 5.8 presents the simulation results for the efficiency of each component

of the system, as well as the total efficiency of the device.
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Table 5.5- Simulation results for the energy outputs of the RPEH device components using the RAP
mechanical system.

LI e N N R N M)
5 263.0 83.0 19.0 19.0 17.0 13.8

o 10 263.0 83.0 19.0 19.0 16.0 12.9

S5 20 5 265.0 82.0 37.0 37.0 33.0 27.0
10 265.0 82.0 37.0 36.0 31.0 25.1

5 266.0 81.0 59.0 59.0 53.0 43.5

2 10 266.0 81.0 59.0 58.0 51.0 41.6

5 184.0 87.0 22.0 22.0 19.9 16.1

o 10 184.0 88.0 22.0 22.0 19.0 15.4

5 182.0 84.0 41.0 41.0 37.0 29.9

58 20 10 183.0 85.0 41.0 41.0 35.0 28.2
5 182.0 82.0 65.0 64.0 59.0 47.9

% 10 182.0 83.0 65.0 64.0 57.0 46.2

Table 5.6- Simulation results for the efficiencies of the RPEH device components using the RAP
mechanical system.

Sp o Miw NHa N1r MNpe NGe Nco MNMec NEke NMreEH  MTOT
(mm) (kg) (%) () () (%) (%) (%) (%) (%) (%)

15 5 31.6 22.9 99.7 89.7 80.9 22.8 72.6 16.6 5.2

10 316 22.9 99.7 84.4 80.3 22.8 67.8 155 49
5 30.9 45.1 99.9 89.3 81.8 45.1 73.1 329 10.2

3 20 10 30.9 45.1 97.3 86.1 81.0 43.9 69.7 30.6 9.5
o 5 30.5 72.8 99.9 89.9 82.1 72.8 73.8 53.7 16.4
10 30.5 72.8 98.3 87.9 81.6 71.6 717 514 15.6

15 5 47.3 25.3 99.8 90.7 80.9 25.2 73.3 185 8.8

10 47.8 25.0 99.8 86.6 81.1 24.9 70.2 175 8.4
S8 20 5 46.2 48.8 99.9 90.4 80.8 48.8 73.0 35.6 16.4
10 46.4 48.2 99.9 85.5 80.4 48.2 68.7 33.1 154
’s 5 451 79.3 98.5 92.2 81.2 78.0 74.8 58.4 26.3

10 45.6 78.3 98.5 89.1 81.0 77.1 721 55.6 254
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Table 5.7- Simulation results for the energy outputs of the RPEH device components using the lever
mechanical system.

SP dl'dz I’p Miw Ev EHa ETr EDe EGe ELo
(mm)  (mm)  (kg) ©) ) ©) Q) @) Q)
20 5 262.0 84.0 15.0 15.0 12.9 10.2
10 262.0 84.0 15.0 15.0 12.7 10.0
5 264.0 83.0 36.0 36.0 32.0 26.1
40-60 30
10 264.0 83.0 36.0 35.9 30.9 249
0 5 266.0 82.0 66.0 65.0 59.3 48.1
S5 10 266.0 82.0 66.0 65.0 58.6 47.3
20 5 262.0 84.0 8.0 8.0 6.5 5.1
10 262.0 84.0 8.0 8.0 6.4 4.9
5 263.0 84.0 19.0 19.0 16.3 12.9
40-80 30
10 263.0 84.0 19.0 18.9 16.1 12.7
40 5 264.0 83.0 36.0 35.0 31.2 25.2
10 264.0 83.0 36.0 35.0 31.0 249
20 5 185.0 89.0 17.0 17.0 14.6 11.6
10 185.0 89.0 17.0 17.0 14.4 114
5 184.0 85.0 40.0 40.0 35.6 29.0
40-60 30
10 184.0 85.0 40.0 39.9 34.3 21.7
20 5 182.0 82.0 73.0 72.0 65.7 535
S8 10 182.0 82.0 73.0 72.0 64.9 52.5
20 5 188.0 91.0 9.0 9.0 7.4 5.8
10 188.0 91.0 9.0 9.0 7.3 5.8
5 186.0 88.0 22.0 22.0 18.9 15.0
40-80 30
10 186.0 88.0 22.0 22.0 18.7 14.8
0 5 184.0 85.0 40.0 40.0 35.6 29.0
10 184.0 85.0 40.0 39.9 34.3 21.7
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Table 5.8- Simulation results for the efficiencies of the RPEH device components using the lever

mechanical system.

Sp d;-d, o Miw NHa N1r Mbe Nee Nco NMec Nele NRPEH NroT
(mm)  (mm)  (kg) (%0) (%0) (%0) (%0) (%0) (%0) (%0) (%0) (%0)
20 5 32.1 17.9 99.7 86.3 79.1 17.8 68.3 12.1 3.9
10 32.1 17.9 99.7 84.9 78.8 17.8 66.9 11.9 3.8
5 314 43.4 99.9 89.0 81.6 433 72.6 315 9.9
40-60 30
10 31.4 43.4 99.7 86.0 80.6 433 69.3 30.0 9.4
0 5 30.8 80.5 98.5 91.2 81.1 79.3 74.0 58.6 18.1
S5 10 30.8 80.5 98.5 90.1 80.8 79.3 72.8 57.7 17.8
20 5 32.1 9.5 99.4 81.2 78.8 9.5 64.0 6.1 1.9
10 32.1 9.5 99.4 80.1 7.7 9.5 62.2 5.9 1.9
5 31.9 22.6 99.7 86.1 79.2 22.6 68.2 15.4 4.9
40-80 30
10 31.9 22.6 99.5 85.1 79.0 225 67.2 15.1 4.8
20 5 31.4 43.4 97.2 89.1 80.9 42.2 72.1 30.4 9.6
10 314 434 97.1 88.8 80.2 42.1 71.2 30.0 9.4
20 5 48.1 19.1 99.7 86.1 79.2 19.0 68.2 13.0 6.2
10 48.1 19.1 99.7 85.1 79.0 19.0 67.2 12.8 6.2
5 46.2 47.1 99.9 89.0 81.6 47.0 72.6 34.1 15.8
40-60 30
10 46.2 47.1 99.8 86.0 80.6 46.9 69.3 325 15.0
40 5 45.1 89.0 98.6 91.3 81.4 87.8 74.3 65.3 29.4
sg 10 45.1 89.0 98.6 90.2 80.9 87.8 73.0 64.1 28.9
20 5 48.4 9.9 99.4 82.3 78.8 9.8 64.9 6.4 3.1
10 48.4 9.9 99.4 82.0 78.5 9.8 64.4 6.3 3.1
5 47.3 25.0 99.8 86.1 79.2 24.9 68.2 17.0 8.0
40-80 30
10 47.3 25.0 99.8 85.1 79.0 24.9 67.2 16.8 7.9
20 5 46.2 47.1 99.9 89.0 81.6 47.0 72.6 34.1 15.8
10 46.2 47.1 99.8 86.0 80.6 46.9 69.3 325 15.0

5.4.3.3 System 3 -CTS

Considering the same conditions as for the RAP system and the lever system,
simulations for the CTS mechanical system were also performed and the main results
are presented in Tables 5.9 and 5.10 for the energy output and the efficiency of each

component of the system, respectively. Besides the RPEH surface profile, pinion radius
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(rp) and IW mass (m;,), the crank length (lo) was changed between simulations to
evaluate the impact of this in the system’s performance. The initial vertical distance

between the crank axes (hcr-in) was considered to be equal to 30 mm.

Table 5.9- Simulation results for the energy outputs of the RPEH device components using the CTS
mechanical system.

sp ler rp Miw E, Ena Err Epe Ece Eio
(mm)  (mm) (ko) () ) Q) ) Q) )

5 261.0 85.0 21.0 20.9 18.3 14.7

o 10 261.0 85.0 21.0 20.9 18.1 14.4

5 262.0 85.0 39.0 38.9 347 28.3

% 20 10 262.0 85.0 39.0 38.9 33.6 27.1

5 263.0 85.0 64.0 63.9 57.7 47.2

2 10 263.0 85.0 64.0 63.9 53.1 43.0

5 5 263.0 84.0 36.0 35.9 32.0 26.0

o 10 263.0 84.0 36.0 359 31.0 248

0 20 5 264.0 84.0 67.0 66.9 59.7 48.7

10 264.0 84.0 67.0 66.9 55.0 44.6

5 265.0 83.0 82.0 81.9 75.3 61.7

2 10 265.0 83.0 82.0 81.9 73.8 60.2

5 224.0 91.0 23.0 229 20.0 16.0

o 10 224.0 91.0 23.0 22.9 19.9 15.9

5 222.0 89.0 420 41.9 38.0 31.0

% 20 10 222.0 89.0 42.0 41.9 36.8 29.6

5 221.0 87.0 65.0 64.9 58.6 48.0

2 10 221.0 87.0 65.0 64.9 54.0 43.8

> 15 5 222.0 88.0 38.0 37.9 33.9 27.6

10 222.0 88.0 38.0 37.9 32.8 26.4

0 20 5 219.0 85.0 67.0 66.9 60.5 494

10 219.0 85.0 67.0 66.9 55.8 453

5 218.0 83.0 82.0 81.9 75.3 61.7

2 10 218.0 83.0 82.0 81.9 73.8 60.2
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Table 5.10- Simulation results for the efficiencies of the RPEH device components using the CTS
mechanical system.

Sp ler ) Miw NHa N1r Mbe NGe Nco MNMec Neke NMreen MTOT
(mm) (mm) (kg) (%) (%) (%) (%) (%) (%) (%) (%) (%)
5 32.6 24.7 99.5 87.3 80.3 24.6 70.1 17.3 5.6
o 10 326 24.7 99.5 86.5 79.7 24.6 68.9 17.0 5.5
5 324 459 99.5 89.1 815 458 72.6 333 10.8
= 20 10 324 459 99.5 86.2 80.7 458 69.6 319 10.3
5 323 75.3 99.5 90.2 81.9 75.2 73.9 55.6 18.0
= 10 323 75.3 99.5 83.0 81.1 75.2 67.3 50.6 16.4
5 15 5 319 429 99.5 89.0 81.2 428 72.3 30.9 9.9
10 319 42.9 99.5 86.2 80.1 428 69.0 29.6 9.4
20 2 5 318 79.8 98.5 90.4 81.6 78.6 73.8 58.0 18.4
10 318 79.8 98.5 83.3 81.1 78.6 67.6 53.1 16.9
5 313 98.8 99.5 91.9 81.9 98.7 75.3 74.3 233
% 10 313 98.8 99.5 90.1 815 98.7 73.4 725 22.7
15 5 40.6 25.3 99.5 87.2 80.2 252 69.9 17.6 7.2
10 40.6 25.3 99.5 86.6 79.8 25.2 69.1 174 7.1
5 40.1 47.2 99.5 90.5 81.7 47.1 73.9 34.9 14.0
» 20 10 40.1 47.2 99.5 87.7 80.5 47.1 70.6 333 13.3
- 5 39.4 74.7 99.5 90.3 81.8 4.7 73.9 55.1 21.7
10 39.4 74.7 99.5 83.1 81.2 74.7 67.5 50.4 19.8
58 15 5 39.6 43.2 99.5 89.2 81.4 431 72.6 313 12.4
10 39.6 43.2 99.5 86.3 80.5 43.1 69.5 30.0 11.9
20 2 5 38.8 78.8 99.5 90.4 81.7 78.8 73.9 58.2 22.6
10 38.8 78.8 99.5 83.3 81.2 78.8 67.6 53.3 20.7
- 5 38.1 98.8 99.5 91.9 81.9 98.7 75.3 74.3 28.3

10 38.1 98.8 99.5 90.1 81.5 98.7 73.4 72.5 27.6

5.4.4 Results analysis

Analyzing the results obtained with the computational simulations of the RPEH device,
using the three different mechanical systems presented to transmit the energy received
by the equipment surface and deliver it to an electrical generator, some conclusions may

be drawn.
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Globally, the RPEH surface harvested energy efficiency depends on the surface profile,
varying significantly for each studied profile. Using the Crest profile (S8), the surface
energy harvesting efficiency can be 30% higher than with the Ramp surface profile

(S5), for the same conditions.

The mechanical energy delivery efficiency is close to 100% for all the studied systems
and scenarios, meaning that the IW delivers almost all the energy that the pinion
transmits to it. The only energy loss is due to the clutch bearing, which happens

between each vehicle wheel actuation.

The DC electrical generator efficiency varies in relation to the delivered energy, as it is
associated with its rotational speed. For lower rotational speeds, its efficiency is lower
than 85%, while for higher rotational speeds, it can be higher than 90%. The electric
energy consumption efficiency is usually around 80%, for the considered electrical load

and using a diode between the electrical generator and the load.

Comparing the different mechanical systems for the same conditions, it may be
concluded that:

e The lever system presents the lowest transmission efficiency, for the same
pinion applied on the system; however, increasing the pinion radius and for a
small relation between d; and d,, the transmission efficiency can be increased

and reach very high levels of around 80%;

e The RAP system have similar transmission efficiencies when compared to the
lever system, but for lower pinion radius, meaning that in the same conditions, it

is more efficient;

e The CTS system is the most efficient system regarding the mechanical energy
transmission, as, for the same pinion radius, it can duplicate the efficiency of the
RAP system and, with its optimal characteristics, it can have a transmission
efficiency of around 99%. Although this system has more mechanical parts than
the other two, due to the force increase and motion decrease principle, the

mechanical losses were reduced.
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In all the systems studied, an increase in the pinion radius induces an increase in the
energy transmission efficiency. This is understandable due to the increase in the pinion
acceleration and, consequently, in its rotational speed. However, it also increases the
opposition force from the IW and the electrical generator, which is why the pinion

radius value cannot be higher than certain values.

For the lever system, an increase in the di/d, relation induces an increase in the energy
transmission efficiency, leading to the need to increase the pinion radius. As the
increase in this relation also increases the force transmitted by the lever, an increase in
the pinion radius will also increase the opposition force from the IW and the electrical
system. This makes this system more complex than the RAP, so it needs to be properly

studied and optimized.

For the CTS mechanical system proposed, an increase in the crank length allows the
system efficiency to increase as the crank initial angle decreases, leading to a higher
force being transmitted by the system piston. Excluding the energy lost by the vehicle
and considering the energy harvested by the surface as the system input, the efficiency
of the RPEH device can be higher than 74%, including the electrical energy losses,
which represents an energy conversion much higher than all the RPEH devices studied

and presented in Chapter 2.

In all the performed simulations the vertical acceleration induced by the RPEH device
to the vehicle body was lower than 1 m/s®. Considering the existing levels of
acceptability of the ride quality (ISO, 1997), this indicates that the RPEH device does
not cause discomfort to the vehicle driver and to its occupants.

5.5 Experimental Validation

5.5.1 Introduction

Following the computational simulations, a prototype of the CTS system was built to

evaluate the results experimentally. During the prototype design, some changes were
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added to the system so that it could resist to loads applied by the vehicles and keep the
vertical displacement of the entire surface. These developments are presented in this
section. Besides the electromechanical system, the prototype also includes sensors and
instruments to measure different variables, a Data Logger to collect these data and

software to receive data and generate plots.

The prototype was then implemented in a controlled environment and different
scenarios were tested. A new set of computational simulations was performed, for the
same scenarios as those tested experimentally, so that both results could be directly

compared. The analysis of the results is also presented in this section.

5.5.2 Prototype

The design of the experimental prototype was based on the CTS mechanical system
presented in Figure 5.5, but using two CTS systems, as presented in Figure 5.10, so that
the force transmitted from the surface to the RAP system can be divided between both
systems and to balance the surface so that it has purely downward motion when

actuated. A linear guiding system is also used to help with this action.

Given the use of light weight and low cost materials, especially plastic, as the core
material for the components of the prototype, a multiple crank system was adopted. The
components were designed so that the prototype can support the passage of a heavy
vehicle with 10 tons per axle, with a safety factor of 1.5. Also, a linear guiding system
was used to guarantee a uniform displacement of the system’s surface, with a linear
guide and a linear bearing in each corner of the prototype. The values considered for the
prototype components, especially the crank length (lcr), its initial position (O¢r-in), the
maximum displacement of the surface and the spring stiffness were the same as

presented in previous sections.
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CTS CTS RAP

Figure 5.10- Mechanical system using two CTS systems and one RAP system.

The two sliders were mechanically connected by a vertical axis RAP system, used to
cinematically unite the systems and also to transmit the forces between each other. With
this approach, only one slider was connected to the RAP system that transmits the
energy to the electrical generator. However, due to the lack of space for the generator in
the prototype, a connection was made to an external shaft using a belt and pulley
connection between the pinion shaft and the generator shaft. In the generator shaft, an
IW was used to store a small amount of the mechanical energy delivered to the
generator shaft, to keep it rotating between each wheel passage over the prototype. All
these changes increase inertia and friction in the system but are essential to guarantee

the correct operation of the system.

A DC generator was used, with the characteristics presented in Table 5.4. The electric
generator was directly connected to an electric load (EL), which can be changed to test

different loads - whether resistive or resistive-capacitive, as defined previously.

The prototype design is presented in Figure 5.11, without sensors, instrumentation
components and the surface with a specific profile. Three surface profiles (Crest, Ramp
and S profile) were designed and built for the experimental tests. The external
dimensions of the prototype are 1.1 x 0.3 m, with a total area of 0.33 m? and a total
height of 0.11 m.

Besides the mechanical system, sensors and instrumentation equipment were also
included in the prototype, namely two Tedea-Huntleigh load cells, model 1250 (Vishay,
2017), with a 1,000 kg maximum load each, to measure the force received by the

surface of the prototype and transferred to the mechanical system (Fsui), applied
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between the surface with a specific profile and the mechanical system surface; and two
linear encoders Varionm - IPL Linear Position Sensor, model IPL-0025-103-3%-ST
(Farnell, 2017) to measure the linear displacement of the prototype surface (x,) and the
linear displacement of the mechanical system piston (xsp), applied on a fixed and a

moving part of the system to measure the displacements.

Figure 5.11- Prototype design without sensors and instrumentation components.

To monitor the electric energy that was generated, both the voltage and current were
measured, using simple electric circuits. A resistive divider was used to measure the
generated voltage, dividing the voltage by 10 so that the measured value is directly
proportional to the measured value. To measure the generated current a INA 195 current

sensor was used (Texas Instruments, 2017).

These sensors were connected to a National Instruments Data Logger, model NI USB-
6003 (National Instruments, 2017), with an intermediate instrumentation system to
adapt the sensor signals to the data logger requirements. The Data Logger was
connected to a laptop via USB, transferring the acquired data with a frequency of 100
Hz, and software was developed using LabVIEW® to read the received data and convert
it into plots, as well as to store these data as readable files.
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To convert the measured loads from the load cells into a received force, the values from
both load cells were added and multiplied by 9.81 m/s? and to determine the load
delivered by the slider to the crank, the equation of Fsy, presented in Table 5.3 was
used. In this equation, to define angle O, the equations from the kinematic analysis
presented in the same Table were used, considering the displacements x, and X
measured by the linear encoders. With these values, the energy harvested from the
surface (Ena) Was measured, using Equation (4.18).

Multiplying the generated voltage by the generated current, the generated power (Pge) is
measured, and integrating this value between acquisitions the electric energy generated
(Ece) is calculated. As the electrical energy generated is similar to electrical energy
consumed, to determine the energy conversion efficiency of the device (nrpen),

Equation (5.20) was used.

In Figure 5.12 the prototype assembled with the sensors and with the S Profile surface is
presented.

Figure 5.12- Fully assembled prototype system with sensors.

5.5.3 Test scenarios

The prototype was installed in a road pavement surface of a car parking space by

opening a hole with the external dimensions of the prototype (1.1 x 0.3 x 0.11 m®), in
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such a way that only the prototype surface was above the level of the road surface.
Considering the working principle of the designed system, when the vehicle wheels
starts the contact with the prototype surface, it will be at the pavement level, and when
the wheel leaves the contact with the prototype surface it still continues at the road

pavement level, avoiding the typical bump effect of speed bumps.

To perform multiple tests with the prototype and evaluate its performance under
different conditions, different vehicles weighing 1,000 kg (VE;) and 2,000 kg (VE>),
different prototype surface profiles (Crest, Ramp and S profile), different values for the
EL of 10 Ohm/0 F (EL;) and 10 Ohm/ 40 pF (EL,) and different vehicle speeds, of 20,
30, 40 and 50 km/h were considered. Table 5.11 presents the different scenarios for the

prototype experiments.

Table 5.11- Test scenarios for the system prototype.

Vewg:;;gzsg?nd Surface profile (SP) Eg:;:;tlgige_ (zfstfzgil Vehicle speed (km/h)
EL,=10/0 10]20|30|40
S8=Crest EL21:10/4O 10 : 20 : 30 : 40
VE,=1,000 S5=Ramp EELL:fOO/QOo 18 : 28 : 28 : ig
S6=S profile EELL;::llO%OO 18 : 58 : 28 : 28
S8=Crest I§L|_21=:1100//400 18 : 28 : 28 : 28
VE,=2,000 S5=Ramp EELI_;:=1100//400 18 : 58 : 38 : :118
S6=S profile EELL;:llo%OO 18 : ;8 : 28 : jg

5.5.4 Computational simulations

Using the upgraded version of the RoadVISS software tool to perform the simulations
for the new RPEH system proposed in this work, two vehicles with the characteristics
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presented in Table 5.12 were considered, with VE; representing a 1,000 kg vehicle and

VE, representing a 2,000 kg vehicle. The bicycle-car model and the CPA were used in

this study. Also, different speeds were evaluated, from 20 km/h to 50 km/h, as this is the

speed limit in urban areas.

Table 5.12- Fixed and initial values for the simulation variables.

Variable name Value (VE;) Value (VE,) Unit
Vehicle class Light -
Vehicle weight 1,000 2,000 (kg)

c Number of axles P1 | wheels/axle 2|2 -

2 Distance al | a2 0.914 | 1.557 1.055|1.651 (m)

€ Sprung-Unsprung % 90%-10% -

o  Drag coefficient 0.3 0.34 -

S Inertia moment 750 1,470 (kg.m?)

S Lift coefficients (Front | Rear) 0.17]0.12 0.21]0.15 -

> Motion | Direction Free rolling | Forward -
Vehicle speed 20]30|40]|50 (km/h)
Vehicle acceleration 0 (m/s%)
Suspension type (Front | Rear) Independent | Independent -

<  Suspension stiffness (Front | Rear) 20,000 | 15,000 25,000 18,000  (N/m)

%’ Suspension damping (Front | Rear) 1,500 1,700 1,700 | 1,900 (Ns/m)

o  Tyre type (Front | Rear) Radial | Radial -

§  Tyrestiffness (Front | Rear) 140,000 | 140,000 160,000 | 160,000 (N/m)

% Tyre pressure (Front | Rear) 200 | 200 250 | 250 (kPa)

% Tyre external diameter (Front | Rear) 400 | 400 500 | 500 (mm)

»n  Tyre width (Front | Rear) 1901190 220|220 (mm)
Tyre tread width (Front | Rear) 175|175 200 | 200 (mm)
Surface width | max height | max displac. 275|20| 20 (mm)
Surface mass 20 (kg)

8 " Spring stiffness 40,000 (N/m)

é Pinion mass | Pinion radius | friction coef. 1]0.02]0.002 (kg) | (m) | -

E Inertia wheel radius 30 (mm)

& Electric generator constant Ka 0.25 -
Electric generator Ra | La 1.1|0.0048 (Q) | (H)
Electric generator friction coef. | Inertia 0.0008 | 0.05 - | (kg.m?%)

Considering the proposed electromechanical RPEH system, a set of simulations were

performed for the different surface profiles previously defined, with a surface width of
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0.275 m and a maximum height of 20 mm, the maximum displacement (Xi.max) being
equivalent to the surface maximum height. The total spring stiffness (K;) was 40 kN/m,
and the considered surface material is recycled plastic with a rubber layer on top, with a
total mass of 18 kg. The values for I and O.i, are, respectively, 0.04 m and 0.848 rad
(or 48.6°). The simulation results for VE; and VE; are presented in Tables 5.13 and 5.14,
respectively, considering different vehicle speeds (20, 30, 40 and 50 km/h), and
different ELs, EL; for a resistive load with 10 Ohm (10 W), and EL, for a resistive-
capacitive load with 10 Ohm (10 W) and 40 pF.

Table 5.13- Simulation results of the new RPEH system for VE;.

SP EL Vini (km/h) Fsm1 (N) Ena (J) Ece (J) Nreen (%0)
20 2.512,8 70,1 21,2 30,2%
EL, 30 3.289,5 771 28,7 37,2%
40 3.551,5 75,4 31,5 41,8%
S8 50 3.929,9 70,9 33,1 46,7%
20 24785 69,5 20,3 29,2%
EL, 30 3.390,0 76,4 27,9 36,5%
40 3.652,2 723 30,6 42,3%
50 4.034,8 67,2 32,3 48,0%
20 2.754,2 711 253 35,6%
EL, 30 2.847,7 75,0 35,5 47,3%
40 3.109,0 74,4 37,7 50,7%
S5 50 3.341,0 70,2 38,9 55,4%
20 2.746,6 70,7 22,0 31,1%
EL, 30 2.828,9 79,9 31,1 38,9%
40 3.124,3 77,2 33,4 43,3%
50 3.3215 716 34,8 48,6%
20 3.691,1 77,2 28,9 37,4%
EL, 30 3.902,8 79,5 35,6 44,8%
40 4.033,6 758 39,1 51,6%
S6 50 43423 69,4 41,0 59,1%
20 3.549,8 75,9 27,9 36,8%
EL, 30 4.057,1 78,5 32,1 40,9%
40 4.157,9 75,9 37,5 49,4%
50 43723 69,9 403 57,7%
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Table 5.14- Simulation results of the new RPEH system for VE,.

SP EL Vini (km/h) Fsm1 (N) Era (9) Ece () Nreen (%0)
20 4.109,8 101,2 50,9 50,3%
EL, 30 4.671,2 129,8 65,9 50,8%
40 5.012,8 144,2 715 49,6%
S8 50 5.548,9 135,8 70,3 51,8%
20 4.012,3 100,1 43,1 43,1%
EL, 30 45218 122,9 56,2 45,7%
40 4.982,3 142,2 64,1 45,1%
50 5.421,1 134,4 61,1 45,5%
20 45785 97,2 53,1 54,6%
EL, 30 4.178,5 109,9 62,1 56,5%
40 4.891,7 125,9 70,5 56,0%
S5 50 5.047,5 118,5 64,8 54,7%
20 4.544,1 88,1 41,1 46,7%
EL, 30 4.071,2 107,9 53,9 50,0%
40 4.158,9 122,9 59,9 48,7%
50 49121 116,1 56,4 48,6%
20 4.787,5 110,8 55,9 50,5%
EL, 30 4.688,2 129,9 65,4 50,3%
40 4.917,8 1371 68,8 50,2%
s 50 5.272,3 120,2 65,2 54,2%
20 4.653,8 98,1 42,2 43,0%
EL 30 3.999,4 124,0 60,1 48,5%
40 4.421,2 136,7 66,0 48,3%
50 5.148,2 120,4 60,4 50,2%

Considering Epa and Ege as the most important variables to evaluate the performance of
the system, Figure 5.13 presents the Ey, and Ege for VE;, for the different surfaces and
for different electric loads, while Figure 5.14 presents the results for the same scenarios
but for VE,.
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Figure 5.13- Simulation results for VE,.
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Figure 5.14- Simulation results for VE,.

5.5.5 Experimental results

Both the VE; and VE; used in the experimental tests have the same characteristics as the
vehicles considered in the computational simulations, as presented in Table 5.12, so that

the experimental test results can be compared with the appropriate level of confidence.
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Tables 5.15 and 5.16 present the results of the experimental tests with the prototype, for
VE; and VE,, respectively. In these tables, the different variables presented in Table
5.11 are identified, and the values regarding the force received by the surface and
transmitted to the mechanical system, Fsw1, the energy harvested by both wheels of one
side of the vehicle, Ep,, the total electric energy generated, Ege, and the efficiency of the

energy conversion process, MrpeH, are presented.

Table 5.15- Prototype test results for VE;.

SP EL Vini (km/h) Fsm1 (N) Eha (J) Ece (J) Nreen (%0)
20 2.310,2 53,1 9,2 17,4%
EL, 30 29123 72,7 21,0 28,9%
40 2.824,9 69,6 255 36,7%
S8 50 3.139,6 66,0 31,0 47,0%
20 2.304,1 66,3 15,3 23,0%
EL, 30 2.686,2 63,9 21,0 32,9%
40 2.895,8 63,6 20,6 32,3%
50 2.888,5 65,8 30,8 46,8%
20 2.621,3 73,3 15,5 21,1%
EL, 30 2.668,1 64,7 24,2 37,4%
40 2.704,7 67,7 30,2 44,6%
S5 50 2.851,7 65,9 36,4 55,2%
20 1.859,2 58,3 10,7 18,4%
EL, 30 24717 68,9 14,3 20,8%
40 3.073,8 78,7 15,3 19,4%
50 2.767,1 70,9 28,4 40,1%
20 2.666,6 58,8 9,9 16,9%
EL, 30 2.526,6 61,4 16,6 27,0%
40 2.548,8 718 31,9 44.4%
s6 50 3.157,7 64,7 32,9 50,9%
20 2.863,7 65,3 10,6 16,2%
EL, 30 2.993,5 72,9 12,2 16,8%
40 3.401,9 76,8 20,6 26,9%
50 3.169,3 75,3 36,6 48,6%
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Considering that the Ep, and the Ege as the most important variables for evaluating the
performance of the system, Figure 5.15 presents the energy harvested for VE;, for the
different surfaces and the different electric loads, while Figure 5.16 presents the results

for the same scenarios but for VE,.

Table 5.16- Prototype test results for VE,.

SP EL Vini (km/h) Fsm1 (N) Era (9) Ece (J) Nreen (%0)
20 3.282,8 86,6 30,5 35,2%
EL, 30 4.470,2 124,7 32,0 25,7%
40 3.487,6 98,8 26,4 26,7%
S8 50 3.965,0 104,8 57,0 54,4%
20 3.774,3 106,4 24,6 23,1%
EL, 30 3.979,0 114,6 24,5 21,4%
40 3.650,0 107,9 33,8 31,3%
50 3.949 4 114,0 50,2 44,1%
20 4.478,2 104,8 255 24,3%
EL, 30 3.822,3 106,2 29,3 27,6%
40 41301 126,0 45,1 35,8%
S5 50 41314 122,7 58,2 47 4%
20 3.934,1 71,7 15,1 21,1%
EL, 30 3.773,4 100,3 24,3 24,2%
40 3.873,2 127,7 27,0 21,1%
50 3.939,2 118,3 475 40,1%
20 3.582,1 88,5 20,5 23,2%
EL, 30 4.021,2 117,9 30,6 25,9%
40 3.923,2 106,4 33,0 31,1%
s 50 4.178,1 119,7 72,4 60,5%
20 43127 107,1 14,8 13,8%
EL, 30 3.976,0 115,9 20,6 17,7%
40 3.540,3 119,7 20,4 17,0%
50 3.982,5 137,3 40,9 29,8%
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Figure 5.16- Experimental results for VE,.

Analyzing the experimental results, the following conclusions may be drawn.

For all the tested scenarios, the energy generation has increased with the
increase in vehicle speed, while the energy harvested does not change
considerably with the vehicle speed. This means that the conversion efficiency
increases considerably with the increase in vehicle speed. This increase was not
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so evident in the computational simulations, mainly because the efficiency at
low speeds achieved in the experimental tests was much lower than the

computational simulations results.

With the heavier vehicle, the total amount of energy harvested and generated
increased, but the average energy conversion efficiency of the system was lower,
with an average value of 30.1%, compared to 32.1% for VE;, contrary to the
simulated results. A possible justification for this is the lower efficiencies

achieved for lower vehicle speeds, which was more evident for VE,.

The highest values of energy harvested and generated were achieved using
surface profile S6, which was also verified with the computational simulations,
allowing us to conclude that this is the optimal surface profile for these

variables.

Comparing the results for different electric loads, it is possible to conclude that a
purely resistive load is more efficient and allows more energy to be generated

than a resistive-capacitive load, as seen in the computational simulations.

5.5.6 Discussion

Tables 5.17 and 5.18 present the difference between the simulations and the

experimental results for similar tested scenarios using VE; and VE,, respectively. From

these, some conclusions can be drawn.

The average difference in Fgy1 is 19.1% and 15.7% for VE; and VE,,
respectively, both lower in the experimental results. Both values are lower than
20%, which allows us to accept the computational simulation results as

relatively accurate.

Regarding Ena, the average difference between the computational simulations
and experimental results if 8.6% for VE; and 7.2% for VE,, both lower for the
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experimental results, but under 10%, which allows us to consider the

computational simulation results as very accurate.

e For Ege, the differences between the computational simulations and the
experimental results were much higher, 33.6% for VE; and 44.5% for VE,,
representing very high differences that mean the computational simulations
cannot be considered to be accurate. These differences can be justified by the
changes made to the mechanical system to transform it into a prototype, by
adding an additional CTS system, a RAP connection between both CTS systems,
the inclusion of a generator shaft apart from the pinion shaft and a pulley-belt
mechanical connection between these two shafts. All these connections added
inertia and friction to the mechanical system, which justifies the lower values of
electrical energy generation, which is dependent on the generator shaft rotation.
These differences are higher for lower speeds, as the delivered forces are lower,
leading to lower rotating speeds in the generator shaft and lower energy

generation values.

e Consequently, the conversion efficiency was also lower in the experimental
results when compared to the computational simulations, with average
differences of 27.8% and 39.8% for VE; and VE,, respectively.

However, when considering the total amount of Ege for the best case scenarios, which
were achieved experimentally for the 50 km/h vehicle speed and for a purely resistive
electric load, it is possible to conclude that the system presented an average conversion
efficiency of 52.6% for these scenarios, with a maximum of 60.5% for VE; and S3. This
means that the system has presented a higher energy conversion efficiency than all the
systems described in the literature and presented in Chapter 2 - Table 2.3, as the
maximum efficiency experimentally validated was of 50.0%, a system developed by
Waydip, denominated Waynergy Vehicles (Duarte et al., 2016). This system has an
energy generation of 92.0 J for a 2,000 kg vehicle at 50 km/h, using a surface 0.8 m

wide.
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Table 5.17- Difference between the simulations and experimental results for tested scenarios using

VE,;.
SP EL Vin Fsm1 Ea Ege NRPEH
(km/h)

20 -8,1% -24,3% -56,4% -42,4%
EL, 30 -11,5% -5,8% -26,8% -22,3%
40 -20,5% -1, 7% -19,0% -12,1%

50 -20,1% -6,9% -6,3% 0,7%
58 20 -7,0% -4,6% -24,9% -21,2%
EL, 30 -20,8% -16,4% -24,7% -10,0%
40 -20,7% -12,0% -32,8% -23,6%

50 -28,4% -2,2% -4,8% -2,7%
20 -4,8% 3,1% -38,8% -40,6%
30 -6,3% -13,8% -31,8% -20,9%
s 40 -13,0% -9,1% -20,0% -12,0%

S5 50 -14,6% -6,1% -6,4% -0,4%
20 -32,3% -17,5% -51,2% -40,8%
EL, 30 -12,6% -13,8% -54,0% -46,6%
40 -1,6% 2,0% -54,2% -55,1%
50 -16,7% -1,0% -18,4% -17,5%
20 -27,8% -23,8% -65,6% -54,8%
EL, 30 -35,3% -22,8% -53,4% -39,6%
40 -36,8% -5,3% -18,4% -13,9%
50 -27,3% -6,8% -19,7% -13,9%
36 20 -19,3% -14,0% -62,0% -55,8%
30 -26,2% -7,1% -61,9% -59,0%
EL. 40 -18,2% 1,2% -45,0% -45,6%
50 -27,5% 7,7% -9,3% -15,8%
Average -19,1% -8,6% -33,6% -27,8%
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Table 5.18- Difference between the simulations and experimental results for tested scenarios using

VE,.
SP EL Vin Fsm1 Ea Ege NRPEH
(km/h)

20 -20,1% -14,5% -40,2% -30,1%
EL, 30 -4,3% -3,9% -51,4% -49,4%
40 -30,4% -31,5% -63,1% -46,1%

50 -28,5% -22,8% -18,9% 5,2%
58 20 -5,9% 6,3% -43,0% -46,4%
EL, 30 -12,0% -6,8% -56,4% -53,3%
40 -26,7% -24,1% -47,3% -30,5%

50 -27,1% -15,2% -17,8% -3,1%
20 -2,2% 7,8% -52,0% -55,4%
30 -8,5% -3,4% -52,9% -51,2%
s 40 -15,6% 0,1% -36,0% -36,0%
S5 50 -18,1% 3,5% -10,2% -13,3%
20 -13,4% -18,6% -63,2% -54,8%
EL, 30 -7,3% -7,0% -55,0% -51,5%
40 -6,9% 3,9% -54,9% -56,6%
50 -19,8% 1,9% -15,8% -17,4%
20 -25,2% -20,1% -63,3% -54,1%
EL, 30 -14,2% -9,2% -53,3% -48,5%
40 -20,2% -22,4% -52,0% -38,1%

50 -20,8% -0,4% 11,1% 11,6%
36 20 -7,3% 9,1% -64,9% -67,8%
30 -0,6% -6,6% -65,8% -63,4%
EL. 40 -19,9% -12,5% -69,2% -64,8%
50 -22,6% 14,0% -32,3% -40,7%
Average -15,7% -71,2% -44,5% -39,8%

Since the surface of the proposed system is only 0.275 m wide, it means that for the
same area of Waynergy Vehicles system, three systems could be used, generating 217.2
J, a value more than twice as high. So, relating the energy generation to the area, under
the same conditions, the proposed system is more efficient and generates more electrical

energy.
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5.6 Summary and Conclusions

Some technologies have been developed in recent years to convert vehicles’ mechanical
energy into electrical energy, mostly using mechanical systems to transmit the
mechanical energy received by the equipment’s surface to an electrical generator, which
convert the mechanical energy into electrical energy. The electromechanical systems
developed so far use mainly the RAP system and the lever system to perform the energy
transmission, with an IW connected to the electrical generator shaft to deliver and store
the mechanical energy. However, few studies present these systems modelling and

calculating their efficiencies.

A new mechanical system to transmit and deliver the mechanical energy received by the
RPEH surface to an electrical generator was developed in this research work. The
physical models of the system were defined, as well as the physical models of the two
mostly commonly used mechanical systems, as previously defined. The developed
system, defined as a CTS system, aims to increase the force applied by the vehicle in
the RPEH device surface, maximizing the energy delivered by the mechanical system to
the electrical generator.

Based on the software tool presented in Chapter 3, an upgraded version was developed,
in which the physical models of the three electromechanical systems presented in this
Chapter were added. With this upgraded tool, some computational simulations were
performed, to obtain the values of the energy harvested, transmitted, delivered,
converted and consumed by the RPEH device.

From the analysis of the computational simulations results it can be concluded that the
new mechanical system proposed, under the same conditions as the other two systems,
presents a two times greater efficiency than the RAP and four times greater efficiency
than the lever system for the same simulation scenario. Its main advantage is an increase
in the transmitted force, leading to a higher mechanical energy transmission, meaning

there is a greater acceleration of the pinion and, consequently, of the IW and the
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generator shaft, leading to a higher rotation speed and a higher amount of energy

transmission, delivery and conversion.

The experimental results obtained with a prototype based on the proposed system
allowed most of the computational simulations results to be validated, with the
exception of the electrical energy generated. The differences were understood and
justified due to several parts added to the mechanical system so that it could become
operational in a prototype. These changes added inertia and friction to the system,
leading to lower energy generation values and lower energy conversion efficiencies,

especially for lower vehicle speeds, where the forces were lower.

When comparing the experimental results with other RPEH devices, the achieved
results can be considered positive, since these are better than all the existing systems,
both in terms of conversion efficiency and electrical energy generated per area, with an
average conversion efficiency of 52.6% for a vehicle speed of 50 km/h and a resistive
electric load, and a maximum efficiency of 60.5% for VE; and a S profile surface, and a

maximum energy generation of 72.4 J for the same scenario, using an area of 0.33 m-.

The presented values are all for half a vehicle, meaning that the total amount of energy
extracted from a vehicle, if two prototypes are used side-by-side, is twice the presented
values. Also, the prototype surface has a total width of 0.275 m, meaning than multiple
devices can be implemented consecutively in the pavement, maximizing the energy

extraction in a small amount of space, which is another important goal of the project.
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Chapter 6

Road Pavement Energy Harvesting: a
New Hydraulic Device to Convert
Vehicles Mechanical Energy into

Electrical Energy

6.1 Introduction

A state-of-the-art study with the technologies used to convert vehicle mechanical energy
into electrical energy was presented in Chapter 2. In these technologies, typical systems
have the following components: a surface that receives energy from vehicle tyres and
delivers energy to a transmission system; a system that transmits energy from the
surface to an electrical generation unit; and an electrical unit that converts the

mechanical energy into electrical energy, delivering it to an electrical application.

Piezoelectric systems are the simplest, as usually they receive the mechanical energy
directly from the surface and convert it into electricity. However, these work on a micro

energy harvesting scale and have a very small energy conversion efficiency and output.
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Electromechanical systems transmit the energy received from the surface to
electromagnetic generators, adapting the surface motion, which can be linear or
rotational, into a similar or different motion, depending on the generator characteristics.
These systems can work both on a micro or macro scale, having higher conversion
efficiencies and energy outputs than piezoelectric systems, and are the most developed

group of technologies in this field.

Hydraulic and pneumatic systems use the same principle as electromechanical systems,
transmitting the energy received from the surface to electromagnetic generators.
Typically, these systems work on a macro scale, allowing larger amounts of energy to
be transferred. However, only a very small number of systems have been developed
with this principle and none of them have presented viability, mainly due to the high

costs of development and implementation.

In Chapter 5 a new electromechanical system was proposed, which revealed higher
efficiency than all existing systems described in the literature. However,
electromechanical systems have one limitation - for each EH unit, an energy conversion
system is typically used. Beside other issues, to connect multiple EH units to a single
energy conversion unit more mechanical elements and connections are needed, leading
to a decrease in the system efficiency. To reduce the number of energy conversion units

for multiple EH modules, an hydraulic RPEH device may present higher performance.

Considering this situation, different road pavement energy harvesting devices using
hydraulic systems will be studied in this Chapter, and the most common system will be
modelled and simulated, in order to study and come to conclusions about its theoretical
efficiency. Also, a new hydraulic system with a mechanical actuation will be proposed,
to transmit the energy received by the RPEH device surface (RPEH DS) into an
electromagnetic generator, which will also be modelled and simulated, in order to come
to a conclusion about its efficiency. The evaluation of each system is based on the
developed systematic model and on the computations performed using the software tool

presented in Chapters 3 and 5, upgraded with the hydraulic system’s models.
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6.2 RPEH Hydraulic System Development

6.2.1 Introduction

To transfer the energy received on the RPEH surface to an electric generator, different
systems can be used. From the study presented in Chapter 2, it can be concluded that
some of the existing RPEH devices have a hydraulic system to transmit the energy

received on the equipment’s surface into an electromagnetic rotational generator.

In this section, the hydraulic system most commonly used in RPEH devices will
initially be analyzed and modelled. Then, a new hydraulic system with a mechanical
actuation is presented and modelled as well. The electrical system used in this work is
the same as the system presented in Chapter 5 and the same models are used. Finally,
the equations that quantify the transmitted and delivered energy, as well as the
efficiency of each process, will be defined.

6.2.2 Existing systems

Some companies and individual inventors have registered patents in which they use
hydraulic mechanisms to harvest energy released from vehicles to the road pavement
and convert it into electrical energy. These systems are designed to be implemented on
roads, with the main systems presented in Chapter 2 (Angel and Gomez, 1997; Nakatsu,
1994; Galich, 2002; Kenney, 2004; Valon, 2007; Horianopoulos and Horianopoulos,
2007; Hendrickson, 2010a; Hendrickson, 2010b; Chang and Lee, 2011; Houghton,
2011).

Apart from the published patents, no technical studies are being published with
experimental tests and results using these RPEH devices. From the analysis of the
patents, the common working principle of these devices can be understood: the RPEH
device surface, actuated by the vehicle wheels, actuates a hydraulic circuit underneath it
by directly pressing a tube or a valve, which is connected to a hydraulic cylinder. This

cylinder, typically a double acting cylinder (DAC), actuates a rack and pinion (RAP)
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mechanical system in order to induce a rotational motion on a shaft, which is connected

to an electrical generator.

Figure 6.1 presents a typical hydraulic system with a DAC connected to a RAP system.
The surface of the RPEH device (RPEH DS) compresses a hydraulic fluid inside a
hydraulic tube (TUB), through a contact area between both, and the fluid moves inside
the DAC. If the fluid pressure is higher than the acceptable pressure, a pressure relief
valve (PRV) directs the fluid back to the hydraulic reservoir (RES); if not, the fluid goes
into the DAC, controlled by a hydraulic control valve (CV). The fluid exerts force onto
the DAC piston, creating an oppositional force from the fluid between the DAC piston
opposite side and the RES. The DAC piston is connected, by a rod, to an external RAP
mechanical system which converts its linear motion into a rotational motion. The RAP
system is connected to an inertia wheel (IW) which, in turn, is directly connected to an
electrical generator. A spring is used under the RPEH DS to return it to its original

position after the vehicle wheel leaves the contact.

ep Ojiw
Xep I N N

RPEH DS PRY Y >
Xn 4 ' i
% K DAC >
h f Xra
O

RAP W

TUB
RES

Figure 6.1- Hydraulic system with a DAC connected to a RAP mechanical system.

Table 6.1 presents the force diagrams for the different motion scenarios, both for the
RPEH DS and the hydraulic installation directly connected to it and for the DAC piston
of the hydraulic circuit, which is directly connected to the RAP system. The surface can
have two motion scenarios, by moving downwards or upwards, while the DAC piston
can have two different motion scenarios, by moving forwards or backwards. The

indexes SH are related to the hydraulic circuit forces, while indexes SHs are related to
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the hydraulic circuit reaction forces. The same happens for the forces in the mechanical

system, using SM and SMs.

Table 6.1- Force diagrams for the RPEH DS, hydraulic circuit and DAC piston.

Downward motion Upward motion

Ij Xh | |j Xh
T LA | H T Ay | N
Fi Fsh1' | Fshis Fi FsHis

RPEH DS [

FSH1
4F3H1
rKh —_!th Xep

Hydraulic circuit T‘—F_‘ - r>____I
Fshis SH2 = 4@25:

e
1

Forward motion

DAC piston

The working principles of hydraulic circuits and their components, as well as the main
equations to model these systems are well understood and described in the literature
(Rabie, 2009; Parr, 2011; and Durfee et al., 2015).

Tables 6.2 and 6.3 summarize all the equations that define the RPEH hydraulic device.
Table 6.2 defines the equations for the surface motion when it moves downwards,
upwards, or when it is stopped, with a dynamic and forces analysis. Table 6.3 defines
the equations for the DAC piston, the RAP system, and the IW, which is connected to

an electrical generator, with a kinematic, dynamic, and forces analysis.
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Table 6.2- RPEH DS physical modelling.

Analysis

Surface motion

Downward Stopped Upward

, 1 ] ) 1
Dynamic Xp = m_h [Fsu1s + Knxp — F Xp =0 Xp = m—h [Kpxn]
Forces Fsyy = F; — KnXp Fgyp =0 Feur = —Kpx

Table 6.3- RPEH hydraulic circuit with a DAC connected to a RAP system physical modelling.
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In terms of the RPEH DS working principles, when the vehicle wheel force is higher
than the spring force and the reacting force of the hydraulic circuit, the surface moves
downwards, but when the vehicle wheel force is lower, it starts to decelerate, until
motion is stopped. The motion of the surface is also stopped when the maximum
allowable displacement is reached, with a mechanical limitation used to define the limit
of the motion. When no vehicle load is applied on the surface and this is below its initial

position, it will move upwards, through the spring force.

In terms of the hydraulic circuit, when it receives a force from the RPEH DS, it will
increase or decrease such force depending on the relationship between the surface
contact area (An) and the DAC piston contact area (Acp), as presented in Table 6.3. The
force delivered to the DAC piston is reduced by the hydraulic losses (Fy;), determined in
relation to the pressure losses in the hydraulic circuit, which are determined through
Equation (6.1), including both localized and head losses, considering laminar flow
(Douglas et al., 2005; Husain et al., 2008).

32 p lpyp P, P
Ap = | ——==+ KH= + = | &} 6.1
g <f dhy 2263 ¢4

Then, this force induces a displacement in the DAC piston in relation to the force
balance between the force induced by the hydraulic circuit (Fsy2) and the opposition
forces from the RAP mechanical system (Fsus) and from a secondary hydraulic circuit
between the DAC piston and the RES. A hydraulic CV controls the direction of the
cylinder piston motion, allowing its direction to be inverted when it reaches its

maximum displacement, by switching the fluid entrance and exit ports.

When the DAC piston moves forwards, it induces a motion with the same displacement
on the rack, actuating a pinion and, by way of a shaft, actuating an IW directly
connected to an electric generator. When the cylinder piston motion is stopped, the RAP
motion is also stopped, but as a clutch bearing is used, the IW and the generator
continue their motion while decelerating. When the DAC piston is moving backwards,

for a standard RAP system with a clutch bearing, the rack will actuate the pinion in the
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opposite direction, and this will not actuate the IW or, consequently, the electric

generator.

6.2.3 New hydraulic system with mechanical actuation

In the hydraulic system previously presented, the force is directly transferred from the
RPEH DS to the hydraulic fluid through a contact area, with the displacement of this
interface being equal to the surface displacement. Analyzing the physical modulation of
the system, it can be seen that the DAC piston motion is mostly determined by the
hydraulic force exerted on it and the RAP motion is directly proportional to the DAC

piston motion.

To maximize the force delivered to the hydraulic circuit, a new approach is proposed:
the introduction of a mechanical system between the RPEH DS and the hydraulic circuit
that multiplies the force received from the RPEH DS. The mechanical system is based
in the crank to slider system presented in Chapter 5, and consists of a crank connected
from the surface to a slider, converting the vertical motion of the surface into a
longitudinal motion of the slider, decreasing the displacement and increasing the force
from the surface to the slider. The slider is then connected to a single acting cylinder
(SAC), through a piston with a specific area (Acp). This compresses a fluid, which in
turn is connected through a hydraulic circuit to a DAC. Then, a double acting RAP
system is applied, which has two racks and two pinions moving in opposite directions,
connected to the same shaft through clutch bearings, allowing the shaft rotation to keep
going in the same direction and, consequently, delivering torque to the IW
independently of the direction of the DAC piston motion. The complete system is

presented in Figure 6.2.
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|_> Xep r» Xra

Figure 6.2- Hydraulic system with a mechanical actuation, connected to a double cylinder and a

rack and pinion mechanical system.

Table 6.4- Force diagrams for the RPEH DS, mechanical system, hydraulic circuit and DAC piston.
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Table 6.4 presents the force diagrams for the different motion scenarios, both for the
RPEH DS, the mechanical system, and the hydraulic installation connected to it and for
the DAC piston of the hydraulic circuit, which is directly connected to the double acting
RAP system. The surface can have two motion scenarios, by moving downwards or
upwards, while the DAC piston can have two different motion scenarios, by moving

forwards or backwards.

Tables 6.5 and 6.6 summarize all the equations that define the RPEH hydraulic device
with a mechanical actuation in terms of kinematic, dynamic, and forces analysis. Table
6.5 defines the equations for the RPEH DS motion when it moves downwards, upwards,
or when it is stopped, as well as for the mechanical system directly connected to it.
Table 6.6 defines the equations for the DAC piston, the RAP system, and the IW, which

Is connected to an electrical generator.

Table 6.5- RPEH DS and mechanical system physical modelling.
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Table 6.6- RPEH mechanically actuated hydraulic circuit with a DAC connected to a RAP system
physical modelling.

Cylinder piston motion
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6.2.4 Electrical system

To convert the mechanical energy delivered by the mechanical system into electrical

energy, RPEH devices can use either DC or AC electric generators. Power electronics

are then used to adapt the generated current to the electric load, depending on whether it

consumes DC or AC power.
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To simplify the physical modelling of the system and the computational simulations for
the RPEH device under development, a DC generator connected to a DC load is used, as
previously defined in Chapter 5. The considered circuit was presented in Figure 5.7, and
the equations that fully characterize the electrical system are defined by Equations (5.6-
5.10).

6.2.5 Energetic analysis

The energy lost by the vehicle during the interaction with the RPEH DS was already
defined by Equation (3.18), while the energy harvested by the RPEH DS was also
defined by Equation (3.21).

The energy transmitted to the cylinder piston is determined using Equation (6.2),

relating the force applied in the piston to its displacement.

0Er, = Foyp 0x¢p (6.2)

The energy delivered by the IW to the electric generator was already defined by
Equation (5.3). The equations used to perform the energetic analysis of the electrical

system were presented in Chapter 5, through Equations (5.11-5.14).

To evaluate the efficiency of the different components of the system, Equations (4.19),
(5.4-5.5) and (5.15-5.16) can be used. The total efficiency of the system, from the
vehicle lost energy to the electrical energy consumed by the electric load is defined by
Equation (5.17). To determine the total efficiency of the mechanical and hydraulic
systems, Equation (5.18) should be applied, relating the energy received by the
mechanical-hydraulic system to the energy delivered to the electrical circuit. To
determine the total efficiency of the electrical system, Equation (5.19) should be
applied, and to determine the total efficiency of the RPEH internal device, Equation
(5.20) should be applied, relating the energy received by the mechanical-hydraulic
system to the energy consumed by the electric load.
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6.3 Technical Analysis

6.3.1 Introduction

Based on the software tools presented in Chapters 3 and 5, the equations of the RPEH
devices presented in the previous section were incorporated for the different hydraulic

and mechanical-hydraulic systems.

The purpose of the simulation software is to study the complete interaction of all
elements in great detail, with the possibility of fully characterizing the vehicle under
study, the RPEH device surface, as well as the hydraulic, mechanical and electrical

properties of the RPEH device, depending on the system selected.

The software tool calculates all the forces and displacements for both the vehicle
components and the RPEH device surface, as well as for the hydraulic, mechanical, and
electrical system components. After that, it calculates the different energies transferred
from each part of the system to the others and the efficiency of each energy transfer

process.

The simulations performed with the software tool for the two hydraulic systems
presented in the previous section will be presented in this section, using the same RPEH
equipment surface profile, geometry and displacement, the same vehicle, and the same
electric generator and load. The goal is to evaluate the different hydraulic systems and
to draw conclusions about each system’s efficiency in transmitting and delivering

mechanical energy.

One RPEH device connected to one hydraulic or mechanical system is considered,
which, in turn, is connected to one electrical system, as the surface is actuated by one
side of the vehicle. So, the value presented for the energy lost by the vehicle is in
relation to half the vehicle, as only one front and one rear wheel actuates the RPEH

device surface.

The parameters defined for the vehicle, the RPEH device surface, and the hydraulic,
mechanical, and electrical systems, common in the simulations of both systems, are

presented in Table 6.7.
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Table 6.7- Input data for the computational simulations of the hydraulic systems.

Variable name Value Unit
Vehicle class Light -

c Vehicle weight 1,500 (kg)

2 Number of axles P1 | wheels per axle 2|2 -

g Sprung-Unsprung % 90%-10% -

] Drag coefficient 0.32 -

S Inertia moment 1,100 (kg.m?)

S Lift coefficients (Front | Rear) 0.19]0.13 -

> Motion | Direction Free rolling | Forward -

Vehicle speed | acceleration 400 (km/h) | (m/s?)
Suspension type (Front | Rear) Independent | Independent -

< Suspension stiffness (Front | Rear) 20,000 | 15,000 (N/m)

% Suspension damping (Front | Rear) 1,500 1,700 (Ns/m)

oy  Tyretype (Front | Rear) Radial | Radial -

S  Tyrestiffness (Front | Rear) 150,000 | 150,000 (N/m)

% Tyre pressure (Front | Rear) 200 | 200 (kPa)

& Tyre external diameter (Front | Rear) 500 | 500 (mm)

@ Tyre width (Front | Rear) 200 | 200 (mm)

Tyre tread width (Front | Rear) 180 | 180 (mm)

Surface width 250 (mm)

Surface mass 20 (kg)

Surface max. height | max. displacement 20|20 (mm)

Spring stiffness 30,000 (N/m)
Hydraulic fluid Oil SAE 30 -

H.ydrayllc fluid density | kinematic 865 | 105 (kg.m®) | (cSt)
viscosity

3 Hydraulic circuit CV discharge coef. | KH 2.48|10.50 -]-

.g,>J Hydraulic tube length 3 (m)

E Hydraulic reservoir pressure 101,325 (Pa)

& Hydraulic cylinder stroke 250 (mm)
Pinion mass | radius | friction coefficient 1|20|0.002 (kg) | (mm) | -
Inertia wheel mass | radius 10130 (kg) | (mm)
Electric generator constant Ka 0.25 -

Electric generator Ra | La 1.1]0.0048 Q| H)
Elect.rlc generator friction coefficient | 0.0008 | 0.05 | (kg.m?)
Inertia

Electric load Power 50 (W)
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6.3.2 Typical hydraulic system

Considering the input data presented in Table 6.7, simulations for the standard hydraulic
system were performed on two different surface profiles (Ramp and Crest), presented in
Chapter 3. The RAP mechanical system, electric generator, and electric load
characteristics were not changed; one of the goals is to study the impact of the hydraulic
system and its characteristics in the performance of the RPEH device. For the hydraulic
system, different values for the contact area between the surface and the hydraulic
circuit (An), which defines the interaction area between the received force and the
hydraulic fluid, were considered. Also, different values for the hydraulic tube area (Awp)
and the hydraulic cylinder area (Acp) were considered. The goal is to evaluate the impact
of these variables in the energy transmitted.

Table 6.8- Simulation results for the energy outputs of the RPEH device components using a
standard hydraulic system.

sp An , Atubz Acp , E, Ena Err Epe Ece Eio
(mm%)  (mm3)  (mm7)  (J) ) ) Q) Q) Q)

12 257.0 920 73.0 9.0 7.2 58

2,5 25 2600 92.0 70.0 39.0 33.8 27.3

50 265.0 920 65.0 495 44.6 36.2

20 12 2570 920 67.0 5.0 4.0 3.2

5 25 257.0  96.0 71.0 27.0 229 184

50 2620  92.0 65.0 46.5 41.8 33.8

> 12 256.0 97.0 59.0 55 4.4 3.4
25 25 2540 970 67.0 16.0 134 10.8

0 50 256.0 96.0 64.0 28.0 23.7 19.0

12 245.0 100.0 60.0 6.0 4.8 3.8

5 25 2540 96.0 60.0 8.0 6.6 53

50 255.0 970 63.0 16.0 134 10.8

12 183.0 102.0 77.0 9.0 7.2 58

2.5 25 1780 97.0 71.0 41.0 354 28.6

S8 20 50 176.0 93.0 67.0 49.0 441 35.8
12 186.0 105.0 77.0 4.0 3.2 2.5

5 25 180.0 100.0 72.0 26.0 220 17.7

50 175.0 105.0 90.0 32.0 27.2 21.8
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To evaluate the system’s performance, the vehicle released energy (E,), RPEH surface
harvested energy (Ena), mechanical system transmitted energy (Err), mechanical system
delivered energy (Epe), electrical system generated energy (Ege), and electrical system
consumed energy (E.,) were calculated. Also, the efficiencies of the energy transferred
between each part of the system were evaluated.

Table 6.8 presents the simulation results for the energy output of each component of the
RPEH device using the standard hydraulic system, considering the input data presented
in Table 6.7. Table 6.9 presents the simulation results for the efficiency of each
component of the system, as well as the total efficiency of the device.

Table 6.9- Simulation results for the efficiencies of the RPEH device components using a standard
hydraulic system.

Sp A , Atubz Acp , MNHa Nrr MNpe NGe MNco MMec NEle NMrreH  MTOT
(mm?)  (mm3)  (mm7) (%) (%) (%) (%) (%) (%) (%) (%) (%)

12 35.8 79.3 12.3 80.1 79.9 9.8 64.0 6.3 2.2

25 25 354 76.1 55.7 86.6 80.8 42.4 70.0 29.7 10.5

50 347 70.7 76.2 90.1 81.1 53.8 73.1 39.3 13.6

20 12 35.8 72.8 7.5 79.8 79.7 54 63.6 3.5 1.2

5 25 374 74.0 38.0 84.7 80.3 28.1 68.0 19.1 7.1

50 35.1 70.7 715 89.9 80.8 50.5 72.6 36.7 12.9

> 12 379 60.8 9.3 79.5 78.9 5.7 62.7 3.6 1.3
2.5 25 38.2 69.1 23.9 83.9 80.5 16.5 67.5 111 4.3

20 50 375 66.7 43.8 84.7 80.3 29.2 68.0 19.8 7.4

12 40.8 60.0 10.0 79.5 78.9 6.0 62.7 3.8 15

5 25 37.8 62.5 13.3 82.9 79.9 8.3 66.2 55 2.1

50 38.0 64.9 254 83.9 80.5 16.5 67.5 111 4.2

12 55.7 75.5 11.7 80.1 79.9 8.8 64.0 5.6 3.1

25 25 54.5 73.2 57.7 86.4 80.7 42.3 69.7 29.5 16.1

50 52.8 72.0 73.1 90.1 81.1 52.7 73.1 385 20.3

58 20 12 56.5 73.3 5.2 79.6 79.5 3.8 63.3 24 14
5 25 55.6 72.0 36.1 84.7 80.3 26.0 68.0 17.7 9.8

50 60.0 85.7 35.6 84.9 80.4 30.5 68.3 20.8 125
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6.3.3 Hydraulic system with mechanical actuation

Considering the same conditions as for the standard hydraulic system, simulations for
the hydraulic system with mechanical actuation were also performed and the main
results are presented in Tables 6.10 and 6.11 for the energy output and the efficiency of
each component of the system, respectively. The same variables were changed between
simulations in order to make a direct comparison between both systems. The
mechanical system parameters defined for the simulations are as follows: crank length
(Icr) equal to 0.04m and crank initial height between the two axes (hcrin) equal to 0.03

m.

Table 6.10- Simulation results for the energy outputs of the RPEH device components using a
hydraulic system with mechanical actuation.

o A Aw_ Ay B Ew En  En  E.  Es
mm) mm) M) @ O O O OO

12 261.0 910 81.0 63.0 57.0 46.3

2,5 25 2670  85.0 75.0 69.5 63.1 515

50 271.0 81.0 72.0 713 64.8 53.0

20 12 2610 910 82.0 63.0 57.0 46.3

5 25 268.0 85.0 76.0 70.0 63.6 51.9

50 271.0  80.0 72.0 713 64.8 53.0

> 12 2590 920 83.0 28.0 23.7 19.0

2.5 25 263.0 88.0 79.0 59.5 53.7 43.6

50 2700 81.0 73.0 66.0 60.1 49.2

“0 12 259.0 920 83.0 28.0 23.7 19.0

5 25 2640  88.0 79.0 59.5 53.7 43.6

50 268.0 83.0 74.0 66.5 60.6 49.6

12 200.0 94.0 83.0 72.0 65.6 53.7

2.5 25 1920  95.0 84.5 78.0 71.2 58.3

S8 20 50 1840 101.0 945 93.5 85.6 70.2

12 1920  86.0 77.0 75.0 68.4 56.0

5 25 188.0 87.0 80.0 78.0 714 58.5

50 181.0 89.0 88.0 87.5 79.9 65.4
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Table 6.11- Simulation results for the efficiencies of the RPEH device components using a hydraulic
system with mechanical actuation.

sp Asp Awb Acp NHa Nrr Npe NGe Nco NMec NEele TRPEH NtoTt
(mm’)  (mm?%)  (mm?) (%) (%) (%) (%) (%) (%) (%) (%) (%)

12 34.9 89.0 77.8 90.4 81.3 69.2 735 50.9 17.7

2,5 25 318 88.2 92.7 90.8 81.6 81.8 74.1 60.6 19.3

50 29.9 88.9 99.0 91.0 81.7 88.0 74.3 65.4 195

20 12 34.9 90.1 76.8 90.4 81.3 69.2 735 50.9 17.7

5 25 317 89.4 921 90.9 81.6 82.4 74.2 61.1 19.4

50 29.5 90.0 99.0 91.0 81.7 89.1 74.3 66.2 19.5

5 12 355 90.2 33.7 84.7 80.3 304 68.0 20.7 7.4
2.5 25 335 89.8 75.3 90.3 81.2 67.6 73.3 49.6 16.6

0 50 30.0 90.1 90.4 91.1 81.8 81.5 745 60.7 18.2

12 355 90.2 33.7 84.7 80.3 304 68.0 20.7 7.4

5 25 33.3 89.8 75.3 90.3 81.2 67.6 73.3 49.6 16.5

50 31.0 89.2 89.9 91.1 81.8 80.1 74.5 59.7 18.5

12 47.0 88.3 86.7 91.1 81.8 76.6 745 57.1 26.8

2.5 25 495 88.9 92.3 91.3 81.9 82.1 74.8 61.4 304

S8 20 50 54.9 93.6 98.9 915 82.0 92.6 75.0 69.5 38.1
12 448 89.5 97.4 91.2 81.8 87.2 74.6 65.1 29.1

5 25 46.3 92.0 97.5 915 82.0 89.7 75.0 67.3 311

50 49.2 98.9 99.4 91.3 81.9 98.3 74.8 73.5 36.1

6.3.4 Results analysis

Analyzing the results obtained with the computational simulations of the RPEH device,

for both the standard hydraulic system with a double acting cylinder directly actuated by

the RPEH device surface and the same hydraulic system actuated by a mechanical

system connected to the equipment’s surface, some conclusions may be drawn.

Globally, the RPEH surface harvested energy efficiency depends on the surface profile,

varying significantly for each studied profile. Using the Crest surface profile, the

surface energy harvesting efficiency can be 60% higher than with the Ramp surface

profile, under the same conditions.
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For the standard hydraulic system, the average energy transmission efficiency is around
71%, which is a high value, but the average energy delivery efficiency is around 33%,
which is a low value. For the hydraulic system with mechanical actuation, the average
energy transmission efficiency is around 90% and the average energy delivery
efficiency is around 84%, both of which are very high values, especially when

compared to the standard hydraulic system.

These higher transmission and delivery efficiency values are achieved due to the
inclusion of the mechanical system acting as the hydraulic system, as the force
delivered to the hydraulic circuit increases, allowing the force applied in the cylinder
piston to be maximized and, consequently, to have a higher acceleration of this element
and a higher energy transmitted by it. With a higher force applied in the cylinder piston,
a higher force is transmitted to the rack and pinion system, leading to a higher
acceleration induced in the generator and inertia wheel shaft and to a higher rotational

speed, leading to more mechanical energy being delivered to the electrical generator.

The DC electrical generator efficiency varies in relation to the energy delivered, as it is
associated with its rotational speed. For lower rotational speeds, its efficiency is lower
than 85%, while for higher rotational speeds, it is higher than 90%. The electric energy
consumption efficiency is usually around 80% for the considered electrical load and

using a diode between the electrical generator and the load.

Considering the variables that were changed between simulations, it may be concluded
that:

e Increasing the contact area between the RPEH device surface and the hydraulic
circuit, A, for standard hydraulic systems, or the SAC area, A, for the new
proposed system, leads to a decrease in the energy transmission efficiency (Exy)
due to a decrease in the force transmitted to the DAC piston. So, An and Agp
should be as small as possible to maximize the force delivered to the cylinder

piston and, consequently, the energy transmitted.

e Increasing the area of the hydraulic circuit tubes (Awb) decreases the efficiency

of the system, as it decreases the fluid velocity and, consequently, the fluid flow
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rate transmitted to the cylinder piston. So, Awp should be as small as possible to
maximize the fluid velocity and, consequently, the energy transmitted to the
DAC piston. However, attention should be paid to the fact that with the increase

in the fluid velocity its losses will also increase.

¢ Increasing the area of the DAC (A,) leads to an increase in the efficiency of the
system, as the force transmitted by the hydraulic circuit is amplified and the
cylinder piston has a higher acceleration, leading to greater energy transmission

efficiency.

Excluding the energy lost by the vehicle and considering the energy harvested by the
surface as the input of the system, the global efficiency of the RPEH device using a
standard hydraulic system can reach 40% for the considered and simulated values and,
using a similar hydraulic system actuated by the proposed mechanical system, it can
reach 74%, already including the electrical energy losses. This value represents a much
higher energy conversion rate than that of all the RPEH devices presented in the
literature and presented in Chapter 2, and is similar to the maximum efficiency
registered in the computational simulations of the crank to slider electromechanical

system presented in Chapter 5.

In all the performed simulations the vertical acceleration induced by the RPEH device
to the vehicle body was lower than 1 m/s?. Considering the existing levels of
acceptability of the ride quality (ISO, 1997), this indicates that the proposed RPEH

device does not cause discomfort to the vehicle driver and to its occupants.

6.4 Summary and Conclusions

Different technologies have been developed in recent years to convert vehicles’
mechanical energy into electrical energy, in places where vehicles need to release
energy to the pavement to reduce their speed, some of them using hydraulic systems to

transmit the mechanical energy received by the equipment’s surface to an electrical
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generator, which convert the mechanical energy into electrical energy. Most RPEH
devices using hydraulic systems developed so far induce pressure from the equipment’s
surface to the fluid inside a hydraulic tube, transmitting it to a double acting cylinder.
This is controlled by a hydraulic control valve and transmits the mechanical energy to a
mechanical rack and pinion system, connected to an electric generator shaft with an
inertia wheel. The electric generator converts the mechanical energy into electrical
energy, delivering it to an electrical application. However, few studies model and

calculate the efficiency of these systems.

A means of assessing the efficiency of a new hydraulic system with a mechanical
actuation to transmit the mechanical energy received by the RPEH surface to the
hydraulic circuit was developed in this Chapter. The physical models of the system
were defined, as well as the physical models of a standard hydraulic system. The new
system aims to increase the force received by the RPEH device surface and delivered to
the hydraulic circuit, maximizing the energy transmitted by the hydraulic system and

delivered to the electrical generator.

With both hydraulic systems modelled, as well as the rest of the RPEH device, and
using a software previously developed and presented in Chapters 3 and 5, upgraded
with the models developed in this Chapter, some computational simulations were
performed in order to obtain the values of the energy harvested, transmitted, delivered,

converted, and consumed by the RPEH device, as well as the efficiency of each process.

From the analysis of the results, it can be concluded that the proposed new system,
under the same conditions as a standard hydraulic system, presents greater efficiency for
the same simulation scenarios. The new system reaches mechanical energy transmission
and delivery efficiency of more than 95% and global efficiency from the mechanical
energy harvested by the surface to the electrical energy consumed by the electric load of
74%, almost two times higher than the best scenario for a standard hydraulic system.

Its main advantage is in the greater force transmitted from the surface to the hydraulic
circuit, leading to a higher mechanical energy transmission. This particular

characteristic means that higher accelerations can be induced on the cylinder piston and,
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consequently, higher acceleration and rotational speed can be achieved in the inertia
wheel and the generator shaft, leading to higher delivery and conversion efficiency.

The systematic model developed in this Chapter and the computations performed with
this model have allowed to draw important conclusions regarding the most efficient
characteristics for the proposed solution.

The proposed system should be tested experimentally, to validate the results from
computational simulations and allow us to conclude about the technical viability of the

system.
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Chapter 7

Integration of a Mechanical Energy
Storage System in a Road Pavement

Energy Harvesting Hydraulic Device

7.1  Introduction

In Chapter 2, a state-of-the-art study of the technologies used to convert vehicle
mechanical energy into electrical energy which can be implemented on road pavements
was presented. In these technologies, most part of the systems have the following
components: a surface that receives energy from vehicle tyres and delivers energy to a
transmission system; a system that transmits energy from the surface to an electrical
generation unit; and an electrical unit that converts the mechanical energy into electrical
energy, delivering it to an electrical application. Some systems include electrical energy

storage units, but almost no system includes mechanical energy storage (MES).

Analyzing some published results from RPEH device experimental tests performed in
laboratory environment (Pirisi et al., 2013; Todaria et al., 2015; Duarte et al., 2016a), it
may be concluded that electric generators are actuated only when there is a vehicle
passage, leading to a lower efficiency of these components when compared to their
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optimal performance, as energy is spent to accelerate them, then they convert
mechanical energy into electrical energy with acceptable levels of efficiency but, then,
they slow down again if a vehicle actuates the RPEH device. Electrical generators of
typical RPEH devices work in pulsed mode, decreasing the global efficiency of the

device.

In other renewable energy source studies (Ibrahim et al., 2008; Chen et al., 2009;
Barnes and Levine, 2011; Steinke et al., 2013) the inclusion of MES devices was
evaluated, so that the mechanical energy received by the energy harvesting and energy
transmission elements could be stored and when mechanical energy is delivered to the
electrical generator, this occurs in a continuous mode, instead of the typical intermittent
mode, increasing the global efficiency of the energy conversion device. Storing water in
dams for a continuous discharge over electrical generators is a classic example of this
method (Huggins, 2010; Ter-Gazarian, 2011; Wood and Wollenberg, 2012). A similar
process can be implemented in RPEH devices by storing the mechanical energy
harvested from vehicle wheels and transmitted by a mechanical or a hydraulic system,
delivering it in a continuous mode to the electrical generator of the device, increasing its

efficiency.

Following the development of a RPEH device in Chapter 6, using mechanical and
hydraulic systems, and using the same methodology, the application of mechanical
energy storage devices will be studied, as will their integration both with typical RPEH
devices based on hydraulic systems and the new RPEH device based on a hydraulic
system with mechanical actuation presented in Chapter 6. Four complete systems will
be modelled and simulated, in order to come to a conclusion about the variation of the

device efficiencies.
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7.2 Mechanical Energy Storage System for Hydraulic

Devices
7.2.1  Introduction

For an RPEH device, vehicles provide the source of energy, as they induce a
displacement on the device’s surface, which will be transmitted to an electric generator
through a mechanical or hydraulic system. Vehicle tyres interact between the vehicle
and the RPEH device, inducing a force on its surface. In Chapter 3, complete models of
the VRI were presented, including models that quantify the energy delivered from
vehicle’ tyres to a RPEH DS.

In Chapter 6, a typical RPEH device based on a hydraulic system was presented, as well
its physical models. Also, a new system that combines the most common hydraulic
system used in RPEH devices with a mechanical system to actuate it was presented,
including the electrical system of the device. The equations that quantify the transmitted
and delivered energy were defined, as well as the converted and consumed electrical

energy. The efficiency of each process was also defined.

The equations regarding the energy lost by the vehicle (E,), the energy harvested by the
RPEH DS (Ena), the mechanical energy transmitted and delivered (Etr and Epe) and the
electrical energy generated and consumed (Ege and E.,) were defined in Chapters 3, 5
and 6. In this section, different MES systems will be studied and modelled, and then
incorporated into different RPEH device’s models. The equations that quantify both the

stored mechanical energy and the energy conversion efficiency will be defined.

7.2.2  Hydraulic pressure storage

A hydraulic accumulator is a device that stores the potential energy of an
incompressible fluid held under pressure by an external source against some dynamic

force, which can come from three different sources: gravity (using a weight);
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mechanical spring; or a compressed gas. The potential energy stored in the accumulator
becomes a quick secondary source of fluid power, capable of realizing useful work
when required by the system (Mobley, 1999; Rabie, 2009; Parr, 2011; Durfee et al.,
2015). There are three basic types of hydraulic accumulators used in hydraulic systems:

weight-loaded type; spring-loaded type; and gas-loaded type.

In the weight-loaded type, the force of gravity acting on a weight above the cylinder
ram pressurizes the fluid inside the cylinder. As the force is constant and the area of the
cylinder piston is also constant, the pressure inside the cylinder is kept constant during
the process. This is the least commonly used type of accumulator and will not be

explored in this work.

The spring-loaded type is similar to the weight loaded system, except that piston is
preloaded with a spring, which is the source of energy that acts against the piston
forcing the fluid into the hydraulic system. The pressure generated by this type of
accumulator depends on the size and preloading of the spring. Also, the pressure exerted

on the fluid is not constant.

A representation of a spring-loaded hydraulic accumulator is presented in Figure 7.1. It
has a spring with stiffness Kg,, compressed by the accumulator piston, which moves

with a displacement Xg. The fluid input and output is controlled by a hydraulic

j Xsto

input output

accumulator control valve (ACV).

Figure 7.1- Representation of a spring-loaded hydraulic accumulator.
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When the fluid enters the hydraulic accumulator with a force Fsy, the opposition force
of the MES system is given by Fg,, determined by Equation (7.1). When the fluid exits
the accumulator, it has a pressure defined by Equation (7.2), with As, representing the
accumulator piston area. While the valve is closed, the fluid will keep the pressure psto
through the energy stored by the spring, which pressurizes the fluid under the

accumulator piston.

Fsto = Kstoxsto (71)
Fsto
Dsto = E (72)

Gas-loaded accumulators operate according to Boyle’s law of gases which states that,
for a constant temperature process, the pressure of a gas varies inversely to its volume.
This means that, for example, the gas volume of the accumulator would be reduced to
half if the pressure were doubled. Gas-loaded accumulators can have three different
sub-types, according to the separation between the circuit fluid and the gas: piston type;
diaphragm-type; and bladder-type. In this work, a piston separated system was used.

Figure 7.2 shows a representation of a gas-loaded accumulator, piston type, which has a
chamber filled with gas above the piston, with a volume Vg, and a pressure pgas,
compressed by the accumulator piston, which moves with a displacement Xs,. The fluid
input and output is controlled by a hydraulic ACV.

AN
pgas ’ Vgas
A4 j Xsto
psto ) Vsto
input ﬁ_ﬁ output
—> | I ] ] ——»
ACV

Figure 7.2- Representation of a gas-loaded hydraulic accumulator.
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When the fluid enters to the hydraulic accumulator with a force Fsy, it will induce a
displacement in the accumulator piston, compressing the gas above it and decreasing its
volume (Vgas). Equation (7.3) defines the pressure variation of the gas depending on the
variation of its volume, with the stored pressure to be equal to the gas pressure. The
force exerted by the accumulator piston in the fluid is defined by Equation (7.4), which
represents the force delivered to the hydraulic system when the fluid exits the

accumulator.

pGas_i = Vipcasi_l (73)
Gasj_q
Fsto = DstoAsto (74)

7.2.3 Standard RPEH device with hydraulic system with

integrated mechanical energy storage

Considering a RPEH device with a typical hydraulic system transmitting the mechanical
energy from the equipment’s surface to a mechanical system and to an electromagnetic
generator, based on standard hydraulic systems as presented in Chapter 6, two MES
systems based on hydraulic pressure storage devices are presented. Figure 7.3 presents
the RPEH device with a spring-loaded hydraulic accumulator working as a MES system
and Figure 7.4 presents the RPEH device with a gas-loaded hydraulic accumulator,

piston type, working as a MES system.

The working principle of both systems is the same, each having two storage stages:
receiving energy and releasing energy. In the receiving energy stage, when the RPEH
DS is moving downwards, it transmits a force onto the fluid inside the hydraulic circuit,
which is transmitted to the hydraulic accumulator through the fluid pressure. The ACV
lets the fluid in if the pressure is higher than the pressure inside the accumulator,
inducing a displacement of the accumulator piston. If the fluid pressure is lower than the

accumulator pressure, the valve remains closed.
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X, A ___RPEHDS

TUB
RES

Figure 7.3- Representation of a RPEH device with a hydraulic transmission system, using a MES
unit based on a hydraulic accumulator, spring-loaded type.

xo A ___RPEHDS

TUB

RES

Figure 7.4- Representation of a RPEH device with a hydraulic transmission system, using a MES
unit based on a hydraulic accumulator, gas-loaded type.

In the releasing energy stage, the ACV opens the circuit between the accumulator and
the DAC, so that the accumulated and pressurized fluid can be released, actuating the
DAC piston and, consequently, the RAP mechanical system and the electromagnetic

generator.

Table 7.1 presents the force diagrams for the different motion scenarios, both for the
receiving energy stage, with the RPEH DS and the hydraulic installation directly
connected to the accumulator being presented, and for the releasing energy stage, with
the hydraulic circuit between the accumulator and the DAC as well as the DAC piston

being presented. The surface can have two motion scenarios, moving downwards or
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upwards, as presented in Table 6.1, while the DAC piston can have two different motion

scenarios, moving forwards or backwards.

Table 7.1- Force diagrams for the RPEH DS, MES system and DAC piston.

Downward motion of the surface Upward motion of the surface
4F8H1 __ | Feo L ——
Hydraulic F= | t | e ' '
. Xn A A Xsto Xn A A Xsto
circuit A Aco T Ahf Asto
with MES
Fshis Fshz FsHo
Forward motion Backward motion
MES i FStO i Fsto
r= ' _l r— —
. Axsto XCP ‘jxsto Xep
discharge A > A -
and DAC T [ A [—Fsns ! % T ] Ferao «—Fgy3 |
ist FSHZOS FSH20 ||::h| | F5H205 —> Fhl |
piston < Eswmss | Au-A - SM3s |
L L= Famg | oorod] > Fopa.

Tables 7.2 and 7.3 summarize all the equations that define the RPEH hydraulic device
with the spring-loaded hydraulic accumulator, with a kinematic, dynamic and force
analysis. Table 7.2 defines the equations for the energy charging stage when the surface
moves downwards, upwards, or when it is stopped. Table 7.3 defines the equations for
the energy release stage, when the accumulator piston moves downwards inducing
motion on the DAC piston and, consequently, to the RAP system and the IW, which is

connected to an electrical generator.

230



Chapter 7 Integration of a Mechanical Energy Storage System in a Road

Pavement Energy Harvesting Hydraulic Device

Table 7.2- System modelling for the RPEH DS charging the MES device (spring loaded).

Surface motion

Analysis

Downward Stopped Upward
Ap
Kinematic Xsto = 73— *n -
sto
X ! [F. + K, E]
Xp =— Xp —
h m, SH1s h*h z
X, = — [Kpxp]
Dynamic Xy = A Xp Xp = Epp = Hspo =0 tomy
y Atub . .
Xnf = Xsto =0
P :FSHZ_Fsto_Fhl
sto msto
Fspy = B, — Kpxy,
AStO
Fgyo, = —F.
sHz Ap St Fspr = —Kpxp
Fopy = Fopp =0
Fry = ApAgup Fspp =0
Force Fsta = KstoxSTO
Fstu = KstoXsTO Fsto = stoxSTO
Fsp1s = Fspas = 0
Fsnzs = Fspo Fspys = Fpas = 0

Ap
Foyis = A_ Fotias
sto

To model the system using a gas-loaded accumulator, the equations defined in Tables
7.2 and 7.3 can be used, except the Fy, equation. For a gas-loaded accumulator, Fy is
determined using Equation (7.4), with ps, to be determined using Equations (7.5-7.10),

in relation to the surface displacement.

A
Axgp = A—hAxh (7.5)
sto
AVspo = AxXgoAsto (76)
Vgas_i = Vgas_i—l — AV (77)
Vstoi = Vstoi-1 T AVso (78)
Vgas_i-1
Pgas_i = ‘[q/aS_L. Pgas_i-1 (79)
gas_i
DPsto = Pgas_i (710)

231



Chapter 7

Integration of a Mechanical Energy Storage System in a Road

Pavement Energy Harvesting Hydraulic Device

Table 7.3- System modelling for the MES device (spring loaded) releasing stored energy to the
hydraulic and mechanical system.

DAC piston motion

Analysis
y Forward Stopped Backward
o= (22)x
= t
cp Acp sto . ~ < Asm )x
eco —\x _ 4 |*sto
Xrq = xcp Acp Arod
Kinematic Xep - Xrq = Xcp
o =Tl S0 =—
T'p xcp
Xep = Tpbp © 6, = -
9. =0 = Xep P
iw P 7,
Xsto = — [_Fsto + FSHZOS]
sto
¥st0 = ——[~Fsto * Fsnzos] Ageo
Msto th = ( )xsto
Ay
n Astu I
Xnf = A Xsto . . 1
tub Xsro = Xpp = Kep = 6, =0 Xep = m_cp [Fstizo — Fru — Fsus
Dynamic Xep = o [Fstizo — Fri — Fsns — Fsus] ~(bey + byen )i — ET = Fous]
cp = .
. . v Jiw +jge" g = FSMrp — (bcb + bgen)ep —ET
Gp = giw r ]p +]sh
G5 = P — (bey + bgen)8p — ET
v ]p +]sh+]iw +]gen .
i ~(bep + bgen)bi — ET
v ]iw +]gen
Fto = XsT0
st S0 Fsto = KstoxSTO
A
Fspao = (_Cp) Fto Acp — Aroa
Asto FSHZO == T Fsto
sto
Fom = Fspao — Fru — Fous
Fom = Fyao + Fy + Fops
Foyz =
Fsnzo = Fsuz = 0 Fsys = DatmAcp — Friz
= (patm - Apz)(Acp - Arad) — Fp amtep
Fstos = Fopaos = 0 Foi = Ap App
Force Fp = ApAeup
Fni = Frz =0 Friz = Ap2 Ay
Fp, = Ap2 Ay
Foy = Fsys =0 A

A L
Foos = (As 0> Fstzos
p

Fstiaos = Fonz + Fry + Fsus
_ (]p +]sh +]iw +]gen)ép +ET

FSMS - T
P

sto

Fstos = <m) Fstia0s

Fstiaos = Fsuz + Fu + Foys

F. — (]P +]sh)él7
SMs — T
p
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7.2.4 New RPEH device with hydraulic system with integrated

mechanical energy storage

Considering the RPEH device with a mechanically actuated hydraulic system
transmitting the mechanical energy from the equipment’s surface to a mechanical
system and to an electromagnetic generator, presented in Chapter 6, two MES systems
based on hydraulic pressure storage are presented. Figure 7.5 presents the RPEH device
with a spring-loaded hydraulic accumulator working as a MES system and Figure 7.6
presents the RPEH device with a gas-loaded hydraulic accumulator, piston type,

working as a MES system.

Figure 7.5- Representation of a RPEH device with a mechanically actuated hydraulic transmission
system, using a MES unit based on a hydraulic accumulator, spring-loaded type.

Figure 7.6- Representation of a RPEH device with a mechanically actuated hydraulic transmission
system, using a MES unit based on a hydraulic accumulator, gas-loaded type.
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The working principle of both systems is the same, each having two storage stages:
receiving energy and releasing energy. In the receiving energy stage, when the RPEH
DS is moving downwards, it transmits a force onto the fluid inside the SAC through the
mechanical system, which is transmitted to the hydraulic accumulator through the fluid
pressure. The ACV lets the fluid in if the pressure is higher than the pressure inside the
accumulator, inducing a displacement of the accumulator piston. If the fluid pressure is

lower than the accumulator pressure, the valve remains closed.

In the releasing energy stage, the ACV opens the circuit between the accumulator and
the DAC, so that the accumulated and pressurized fluid can be released, actuating the
DAC piston and, consequently, the RAP mechanical system and the electromagnetic

generator.

Table 7.4 presents the force diagrams for the different motion scenarios, both for the
receiving energy stage, with the hydraulic installation directly connected to the
accumulator being presented, and for the releasing energy stage, with the hydraulic
circuit between the accumulator and the DAC as well as the DAC piston being
presented. The RPEH DS and mechanical system diagrams are not presented, once
these are similar to the diagrams presented in Table 6.4. Both the SAC and the DAC

pistons can have two different motion scenarios, moving forwards or backwards.

Tables 7.5 and 7.6 summarize all the equations that define the RPEH hydraulic device
with a mechanical actuation using a spring-loaded hydraulic accumulator, with a
kinematic, dynamic and force analysis. Table 7.5 defines the equations for the energy
charging stage when the surface moves downwards, upwards, or when it is stopped.
Table 7.6 defines the equations for the energy release stage, when the accumulator
piston moves downwards inducing motion on the DAC piston and, consequently, to the

RAP system and the IW, which is connected to an electrical generator.
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Table 7.4- Force diagrams for the RPEH DS, mechanical system, MES system and DAC piston.

Forward motion Backward motion
#Fsto Fsto
Hydraulic L 2 W)
circuit with Xsp A Yo Xsp e
the SAC and e T Asto E o > Asto
the MES FSM2 r Aspl— SM2 ASPI—
— FSHZ - FSHQ
- — I -
Hydraulic B ‘l‘F—StO 4 Feto
circuit with . ‘j X L e X
X cp X cp
the MES A st > - Axsto <
discharge and e Acp| |[@— Fgps | R Fero | Fstia |
DAC piston Fam™| *—Fn | —> |l«——F, |
actuation : —— Fgpa | 1 Acp-Awd [<4—Fsus |

To model the system using a gas-loaded accumulator, the equations defined in Tables
7.5 and 7.6 can be used, except the Fg, equation. For a gas-loaded accumulator, Fyy is
determined using Equation (7.4), with ps, to be determined using Equations (7.6-7.10),
in relation to the surface displacement. Equation (7.11) is used to determine AXsp, IN

substitution of Equation (7.5).

=2 Axg, (7.11)

7.2.5 Energetic analysis

The equations regarding the energy lost by the vehicle (E,), the energy harvested by the
RPEH DS (Ena), the mechanical energy transmitted and delivered (Et, and Epe) and the
electrical energy generated and consumed (Ege and E,,) were defined in Chapters 3, 5
and 6.
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Table 7.5- System modelling for the RPEH hydraulic circuit with a mechanical actuation charging
the MES device (spring-loaded).

Surface motion

Analysis
y Downward Stopped Upward
hcr = hcr—in +xp
hcr hcr = hcrfin + Xp
0. = sin™?! (—)
ler . hcr
0, = sin™! (l_)
Kinematic ~ *er = lerc0ster - -
xsp = xsp—in + Xer Xer = lcrcosecr
Asp Xsp = Xsp-in T Xcr
Xsto = (E) Xsp
Xp = ooy [Fsms + Knxp — F]
h
1
Xp = . [Knxn — Fmus]
Xy = —[Fsyp — F - F " " h
sp msp[ SM2 SM2s las] iy = xsp =0 )
Dynamlc ) Asp ) th = ¥, =0 jésp = m [—Fsmz + Fsmzs + Fiosl
() :
tub . .
th = Xsto =0
¥ :FSHI_Fsto_Fhl
sto Mgro
Foun = F; = Kpxy
Fonr = Foyp = Lo _ 1 Fsma = Ky
tanf,
Fomn
B L ==
Agp Feyy = Fepp = 0
St Stz FSHO = pathsp
Force Fn=8p Acup Fsto = Ksto Xsto

Fsmas = Fsno

Foro = KstoXsto F. =F =0
sH1s = U'sH2s =

’ ’ Fsurs = (Fsuzs + Fu)tant,,

Fopas = Fyto Fomis = Fspas =0

Agp
Fopas = Fspas = (Ast) Fspas Fsyrs = Fspas =0

Fsto = KstoXsto

Fouis = (Fsyzs + Fpy)tanf,,

The energy and power stored by a spring loaded hydraulic accumulator are determined
by Equations (7.12) and (7.13), respectively. The energy stored by a gas loaded
hydraulic accumulator is determined by Equation (7.14), while the stored power is

determined by Equation (7.13).

0Esto = Fito0%sto (7.12)

236



Chapter 7 Integration of a Mechanical Energy Storage System in a Road

Pavement Energy Harvesting Hydraulic Device

0Eg:o
Psto = dtt (713)
Esto = pstoVsto (714)

Table 7.6- System modelling for the MES device (spring-loaded) releasing the stored energy for the
hydraulic and mechanical system.

DAC piston motion

Analysis
y Forward Stopped Backward
o= (). .
cp Acp sto cp Acp _Arod sto
Xra = Xcp Xra = Xcp
Kinematic Xep - Xep
w =Ty & 0, =" Xep = Tplbp S 0p =
[ P
Xcp Xep
6, =6,=— 0, =—0,=——
iw 1 rp iw 1 rp
i 1
Xsto = [_Fsto + FSHZOS]
. msto
Xsto = — [_Fstu + FSHZOS]
Misto Asto
by = (220)
. Asto . d Atub st
Xnf = A_b Xsto . 1
tu Xsto = Xpr = Xop = 6, =0 .
1 st M ° P Xep = m_ [FSHZO - Fhl - FSH3 - FSMS]
. . . cp
Dynamic Xep = o [Fsuz0 — Fri — Fsus — Fsus] .. —(bcb + bgen)eiw —ET
c o= R
4 iw Jiw +]gen b = FSM3rp - (bcb + bgen)ep —ET
Hp = 0iw P ]p +]sh +]iw +]gen
5= Fsusy — (bep + bgen)0p — ET by = =0, =
v ]p+]sh+]iw+]gen __FSM3 rp_(bcb'l'bgen)ep_ET
]p +]sh +]iw +]gen
Fsto = KsroXst
st sremsto Fsto = KstoXsto
FSHZO = (Acp_) Fsto Acp - Arod
Asto Fspoo = — (7‘4 )Fsto
sto
Fsms = Fspzo — Fru — Fsus
Fsmz = =Fspzo + Fr + Fsus
Fopz =
Fonao = Fsuz = 0 Fsys = DatmAcp — Friz
= (patm - Apz)(Acp - Arod) — Fup amzep
Fsos = Fspzos = 0 Foi = Ap App
Force Fry = Ap Arup
Fni = Frz =0 Friz = Ap2 Ay
Friz = Ap2 Agyp
4 Fomz = Foyzs =0 F _ Ago F
Fsto.s = (%) FSHZOS seos Acp - Arod SH20s
cp
F. = Fsyz + Fyy + F
Ferrzos = Fes + Fut + Fppas 'SH20s 'SH3 hl 'SM3s
. T, +Jsn )8
_ (]p +]sh +]iw +]gen)0p+ET FSM3s =M
Fomzs = r "
P
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The efficiency of the MES system is defined by Equation (7.15), relating the stored
mechanical energy to the mechanical energy transmitted by the hydraulic system. When
a MES system is applied in the hydraulic system, the equation that defines the energy
delivered is defined by Equation (7.16), relating the energy delivered by the mechanical

system to the electric generator with the energy stored in the MES system.

Esto

Nsto = E—’I‘r (715)
EDe
Toe = 72 (7.16)

7.3 Technical Analysis

7.3.1  Introduction

In Chapter 3, a software tool that allows quantifying the energy transferred from
vehicles to an energy harvesting device was presented. In Chapter 5, an upgraded
version of the software tool was presented, to include different RPEH models, so that a
complete simulation from the energy released by the vehicle to the electrical energy
generated and consumed could be performed. In Chapter 6, the models for RPEH
devices based on typical hydraulic systems and a new proposed hydraulic system with a
mechanical actuation were presented, and both models were added to the software tool.
The models presented in this Chapter for the hydraulic systems with MES were also
incorporated in the software tool. This upgraded tool allows users to perform a complete
analysis, from the energy release from the vehicle to the device surface to the electrical

energy generated and delivered to an electrical load.

The software tool calculates all the forces and displacements for both the vehicle
components and the RPEH device surface, as well as for the hydraulic, mechanical and
electrical system components, including storage. After that, it calculates the different
energies transferred from each part of the system to the others and the efficiency of each

energy transfer process.
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The simulations performed with the software tool for the RPEH hydraulic systems
without storage, both typical and mechanically actuated, and for the same systems with
two different MES systems, will be presented in this section. The same RPEH
equipment surface profile, geometry and displacement, as well as the same vehicle and
the same electric generator and load will be used. The goal is to evaluate the different
MES systems and reach conclusions about their mechanical energy storage efficiency,
and to compare the efficiency of the RPEH systems with and without mechanical

energy storage.

As the goal is to evaluate the system’s performance with and without MES and as the
effectiveness of the MES can only be evaluated with multiple vehicle actuations due to
the increase of the energy stored and, consequently, a higher amount of energy being
delivered to the electrical generator, the simulations will be performed for 10 vehicles
actuating the system. So, the results presented for all systems are related to 10 vehicle

actuations.

However, one RPEH device connected to one hydraulic system is used, which, in turn,
is connected to one MES system, one mechanical system and one electrical system, as
the surface is actuated by one side of the vehicle. So, the value presented for the energy
lost by the vehicles is for only half of each vehicle, as only one front and one rear wheel
of a vehicle will actuate the RPEH device surface.

The parameters defined for the vehicle, the RPEH device surface, the hydraulic,
mechanical and electrical systems, as well as the hydraulic accumulator, common to the

simulations of all systems, are presented in Table 7.7.

7.3.2 Standard hydraulic system

Considering the input data presented in Table 7.7, simulations for the standard hydraulic
system were performed using the Crest surface profile, without any MES device. The
RAP mechanical system, the electric generator and the electric load parameters were not

changed between simulations.
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Table 7.7- Input data for the computational simulations of the three systems.

Variable name Value Unit
Vehicle class Light -

c Vehicle weight 1,500 (kg)

2 Number of axles P1 | wheels per axle 2|2 -

g Sprung-Unsprung % 90%-10% -

o  Drag coefficient 0.32 -

S Inertia moment 1,100 (kg.m?)

X Lift coefficients (Front | Rear) 0.19]0.13 -

> Motion | Direction Free rolling | Forward -
Vehicle speed | acceleration 40|0 (km/h) | (m/s®)
Suspension type (Front | Rear) Independent | Independent -

=  Suspension stiffness (Front | Rear) 20,000 | 15,000 (N/m)

% Suspension damping (Front | Rear) 1,500 1,700 (Ns/m)

o Tyre type (Front | Rear) Radial | Radial -

s Tyre stiffness (Front | Rear) 150,000 | 150,000 (N/m)

;éj Tyre pressure (Front | Rear) 200 | 200 (kPa)

% Tyre external diameter (Front | Rear) 500 | 500 (mm)

o Tyre width (Front | Rear) 2001200 (mm)
Tyre tread width (Front | Rear) 180 | 180 (mm)
Surface width | mass 25020 (mm) | (kg)
Surface max. height | max. displacement 20|20 (mm)
Mech. system crank length | initial height 40|30 (mm) | (mm)
Spring stiffness 30,000 (N/m)
Hydraulic fluid Oil SAE 30 -
Hydraulic fluid density | kinematic viscosity 865 | 105 (kg.m®) | (cSt)

3 Hydraulic circuit CV discharge coef. | KH 2.48]10.50 -|-

%>’ Hydraulic tube length 3 (m)

E Hydraulic reservoir pressure 101,325 (Pa)

& Hydraulic cylinder stroke 250 (mm)
Pinion mass | radius | friction coefficient 1]20]0.002 (kg) | (mm) | -
Inertia wheel mass | radius 10130 (kg) | (mm)
Electric generator constant Ka 0.25 -
Electric generator Ra | La 1.1]0.0048 Q)| (H)
Electric generator friction coef. | Inertia 0.0008 | 0.05 - | (kg.m?)
Electric load Power 50 (W)

” Accumulator height | external diameter 1]0.25 (m) | (m)

W Accumulator piston mass 2 (kg)

= Accumulator stroke 0.8 (m)
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For the hydraulic system, different values of the contact area between the surface and
the hydraulic circuit (Ay), which defines the interaction area between the received force
and the hydraulic fluid, were simulated. Also, different values for the hydraulic cylinder
area (Acp) were used. The goal is to evaluate the impact of these variables on the energy

transmitted.

To evaluate the system’s performance, the vehicle released energy (E,), RPEH surface
harvested energy (Ena), mechanical system transmitted energy (Err), mechanical system
delivered energy (Epe), electrical system generated energy (Ege) and electrical system
consumed energy (EL,) were calculated. Also, the efficiencies of the energy transferred

between each part of the system were evaluated.

Table 7.8 presents the simulation results for the energy output of each component of the
RPEH device using the standard hydraulic system without energy storage, considering
the input data presented in Table 7.7. Table 7.9 presents the simulation results for the

efficiency of each component of the system, as well as the total efficiency of the device.

Table 7.8- Simulation results for the energy outputs of the RPEH device components using a
standard hydraulic system, without MES.

Ah Acp Ev EHa ETr EDe EGe ELo
(mm’)  (mm’) ) () () () () ()
12 1,780.0 11,1700 1,080.0 100.0 80.1 64.0
20 25 1,780.0 970.0 690.0 460.0 397.4 320.7
50 1,740.0 980.0 770.0 490.0 4415 358.0
12 1,970.0 1,040.0 580.0 70.0 55.7 43.9
40 25 1,850.0 1,030.0 680.0 180.0 149.2 119.2
50 1,800.0 990.0 630.0 270.0 226.5 182.4
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Table 7.9- Simulation results for the efficiencies of the RPEH device components using a standard
hydraulic system, without MES.

Ap Acp NHa Nrr Moe MNGe Nco NMvee  Meke MrRPEH Mot
(mm?)  (mm’) (%) (%) (%) (%) (%) (%) (%) (%) (%)
12 65.7 923 9.3 80.1 799 85 64.00 5.5 3.6
20 25 545 711 667 864 807 474 69.72 331 180
50 56.3 786 636 901 811 50.0 73.07 365 206
12 528 558 121 795 789 6.7 62.73 4.2 2.2
40 25 557 66.0 265 829 799 175 6624 116 6.4
50 550 636 429 839 805 273 6754 184 101

Considering the same conditions as for the standard hydraulic system, simulations for
the hydraulic system with a MES system, based on a spring-loaded hydraulic
accumulator, were also performed. Beside A, and Ag, the spring stiffness of the
hydraulic accumulator (Kg,) and the hydraulic cylinder piston area (As,) were also

changed between simulations to evaluate the impact of these variables.

Table 7.10 presents the simulation results for the energy output of each component of
the system, while Table 7.11 presents the simulation results for the efficiency of each

component of the system, as well as the total efficiency of the device.

Using the same conditions as for the standard hydraulic system, simulations for the
hydraulic system with a MES system, based on a gas-loaded hydraulic accumulator,
were performed. Beside A, and Agp, the initial pressure of the hydraulic accumulator gas
(pgas) and the hydraulic cylinder piston area (Aso) Were also changed between

simulations to evaluate the impact of these variables.

Table 7.12 presents the simulation results for the energy output of each component of
the system, and Table 7.13 presents the simulation results for the efficiency of each

component of the system, as well as the total efficiency of the device.
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Table 7.10- Simulation results for the energy outputs of the RPEH device components using a
spring-loaded hydraulic accumulator connected to a standard hydraulic system.

Ksto An Asto A E, Ena Evrr Esto Epe Ege ELo
(kN/m)  (mm?)  (mm?) (mm?) () () (J) () (J) (J) ()
25 2,150.0 1,020.0 890.0 170.0 118.8 108.3 89.0
100 50 2,150.0 1,020.0 890.0 170.0 119.9 109.2 89.7
20 25 2,240.0 1,010.0 878.0 85.0 49.6 42.3 33.8
200 50 2,240.0 1,010.0 878.0 85.0 50.0 42.7 34.1
= 25 2,060.0 1,020.0 790.0 190.0 137.0 125.5 103.4
100 50 2,060.0 1,020.0 790.0 190.0 138.5 126.9 104.5
40 25 2,220.0 985.0 860.0 130.0 89.8 78.6 62.9
200 50 2,220.0 985.0 860.0 130.0 90.9 79.8 63.9
25 2,060.0 960.0 840.0 220.0 164.3 151.4 125.3
100 50 2,060.0 960.0 840.0 220.0 165.2 152.2 126.0
20 25 2,160.0 990.0 850.0 140.0 98.3 86.6 69.4
200 50 2,160.0 990.0 850.0 140.0 99.3 87.5 70.1
20 25 2,070.0 1,050.0 810.0 290.0 219.0 204.1 172.0
40 100 50 2,070.0 1,050.0 810.0 290.0 220.7 205.9 173.8
200 25 2,180.0 940.0 800.0 240.0 179.3 165.1 137.0
50 2,180.0 940.0 800.0 240.0 180.2 166.0 137.8
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Table 7.11- Simulation results for the efficiencies of the RPEH device components using a spring-
loaded hydraulic accumulator connected to a standard hydraulic system.

Ksto A Asto Agp MHa  Mr Mo Toe Mee  Mco  Mmee  Mele  Mreen Mot
(kN/m)  (mm?%)  (mm?)  (mm?) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
100 25 474 873 191 699 911 822 117 749 87 41

20 50 474 873 191 705 911 822 118 749 88 42

25 451 869 9.7 583 854 798 49 68.1 3.3 1.5

200 50 451 869 9.7 588 855 798 4.9 682 3.4 1.5

= 25 495 775 241 721 916 824 134 755 101 5.0
10 100 50 495 775 241 729 916 824 136 755 102 51

200 25 444 873 151 691 875 800 9.1 700 64 28

50 444 873 151 699 878 801 9.2 703 65 2.9

100 25 46.6 875 262 747 921 828 171 763 131 6.1

50 466 875 262 751 921 828 172 763 131 6.1

20 25 458 859 165 702 881 801 9.9 706 7.0 3.2

20 200 50 458 859 165 709 882 801 100 706 7.1 3.2
100 25 507 771 358 755 932 843 209 786 164 83

10 50 507 771 358 761 933 844 210 787 166 8.4

200 25 431 851 300 747 921 830 191 764 146 6.3

50 431 851 300 751 921 830 192 764 147 6.3

244



Chapter 7 Integration of a Mechanical Energy Storage System in a Road

Pavement Energy Harvesting Hydraulic Device

Table 7.12- Simulation results for the energy outputs of the RPEH device components using a gas-
loaded hydraulic accumulator connected to a standard hydraulic system.

Pgas An Asto Acp Ev Era Err Esto Epe Ece =
(bar)  (mm?) (mm?) (mm?’) Q) () () () () () ()

25 2,160.0 1,020.0 870.0 505.0 439.9 415.7 355.4

100 50 2,160.0 1,020.0 870.0 505.0 4454 420.9 359.9

20 25 2,220.0 1,020.0 870.0 505.0 439.9 415.7 355.4

200 50 2,220.0 1,020.0 870.0 505.0 4454 420.9 359.9

2 25 2,390.0 940.0 770.0 245.0 176.6 162.3 132.1

10 100 50 2,390.0 940.0 770.0 245.0 179.3 165.0 1345

30 200 25 2,150.0 1,020.0 850.0 570.0 502.7 475.1 407.2

50 2,150.0 1,020.0 850.0 570.0 503.9 476.2 408.1

25 2,180.0 1,030.0 860.0 545.0 470.3 4445 380.5

100 50 2,180.0 1,030.0 860.0 560.0 483.8 457.2 3914

20 25 2,170.0 1,040.0 880.0 560.0 483.8 457.2 391.4

A 200 50 2,170.0 1,040.0 880.0 560.0 485.0 458.3 392.3

10 100 25 2,200.0 990.0 820.0 285.0 208.6 193.6 159.1

50 2,200.0 990.0 820.0 285.0 209.5 194.4 159.8

30 200 25 2,070.0 1,060.0 900.0 620.0 557.4 528.4 453.4

50 2,070.0 1,060.0 900.0 620.0 560.5 531.3 455.9
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loaded hydraulic accumulator connected to a standard hydraulic system.

Pgas Ap Ao A MHa Nrr Msto Mpe Nce Nco MMec  MEke Mreen Mot
(bar) (Mm% (mm%)  (mm) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

25 472 853 580 871 945 855 431 808 348 165

100 50 472 853 580 882 945 855 437 808 353 167

20 25 459 853 580 871 945 855 431 808 348 16.0

200 50 459 853 580 882 945 855 437 808 353 162

2 25 393 819 318 721 919 814 188 748 141 55
10 100 50 393 819 318 732 920 815 191 750 143 56

25 474 833 671 882 945 857 493 810 399 189

%0 200 50 474 833 671 884 945 857 494 810 400 190

25 472 835 634 863 945 856 457 809 369 175

100 50 472 835 651 864 945 856 470 809 380 180

20 25 479 846 636 8.4 945 856 465 809 376 180

200 50 479 846 636 866 945 856 466 809 377 181

‘ 25 450 828 348 732 928 822 211 763 161 7.2
10 100 50 450 828 348 735 928 822 212 763 161 73

30 200 25 512 849 689 899 948 858 526 813 428 219

50 512 849 689 904 948 88 529 813 430 220
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7.3.3 Hydraulic system with mechanical actuation

Considering the input data presented in Table 7.7, simulations for the RPEH device with
a mechanically actuated hydraulic system were performed using the Crest surface
profile and without any MES device. The rack and pinion mechanical system, the
electric generator and the electric load parameters were not changed between

simulations.

For the mechanically actuated hydraulic system, different values of the contact area
between the slider and the hydraulic circuit (Asp), which defines the interaction area
between the received force and the hydraulic fluid, were simulated. Also, different
values for the hydraulic cylinder area (Acp) were used. The goal is to evaluate the impact
of these variables on the energy transmitted.

To evaluate the system’s performance, the vehicle released energy (E,), RPEH surface
harvested energy (Ena), mechanical system transmitted energy (Ety), mechanical system
delivered energy (Epe), electrical system generated energy (Ege) and electrical system
consumed energy (Eo) were calculated. Also, the efficiencies of the energy transferred

between each part of the system were evaluated.

Table 7.14 presents the simulation results for the energy output of each component of
the RPEH device using the mechanically actuated hydraulic system without storage,
considering the input data presented in Table 7.7. Table 7.15 presents the simulation
results for the efficiency of each component of the system, as well as the total efficiency

of the device.

Considering the same conditions as for the RPEH mechanically actuated hydraulic
system, simulations for the same system with a MES system, based on a spring-loaded
hydraulic accumulator, were also performed. Beside Ag, and Acp, the spring stiffness of
the hydraulic accumulator (Ks,) and the hydraulic cylinder piston area (Asw) Were also

changed between simulations to evaluate the impact of these variables.
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Table 7.14- Simulation results for the energy output of the RPEH device using a mechanically
actuated hydraulic system without MES.

Asp Acp Ey Eta Evr Epe Ece =
(mm?)  (mm) ) () Q) Q) () ()
12 20100 9800 9000 2515 2153 1696
10 25 20100 9100 8200 7710 7032 5717
50 1,9900 8600 7800 7680 7004  569.4
12 21000 1,0100 9400 1115 917 71.2
20 25 20400 9800  890.0 2905 2501 1978
50 20100 9300 8400 8175 7496  613.2

Table 7.15- Simulation results for the efficiencies of the RPEH device using a mechanically actuated
hydraulic system without MES.

Agp Acp NHa Nr MNpe Nee Nco MNMec NEeke NRPEH NTot
(mm?)  (mm?%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
12 48.8 91.8 27.9 85.6 78.8 25.7 67.45 17.3 8.4
10 25 453 90.1 94.0 91.2 81.3 84.7 74.15 62.8 28.4
50 43.2 90.7 98.5 91.2 81.3 89.3 74.15 66.2 28.6
12 48.1 93.1 11.9 82.2 1.7 11.0 63.87 7.1 34
20 25 48.0 90.8 32.6 86.1 79.1 29.6 68.11 20.2 9.7
50 46.3 90.3 97.3 91.7 81.8 87.9 75.01 65.9 305

Table 7.16 presents the simulation results for the energy output of each component of
the system, while Table 7.17 presents the simulation results for the efficiency of each
component of the system, as well as the total efficiency of the device.

Using the same conditions as for the RPEH mechanically actuated hydraulic system,
simulations for the same system with a MES system, based on a gas-loaded hydraulic
accumulator, were performed. Beside As, and A, the initial pressure of the hydraulic
accumulator gas (pgas) and the hydraulic cylinder piston area (As,) were also changed
between simulations to evaluate the impact of these variables.
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component of the system, as well as the total efficiency of the device.
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Table 7.16- Simulation results for the energy output s of the RPEH device components using a
spring-loaded hydraulic accumulator connected to a mechanically actuated hydraulic system.

Ksto Agp Asto A E, Ena Err Esto Epe Ege ELo
(kN/m)  (mm?)  (mm?)  (mm?) () ) Q) ) Q) ) Q)

25 2,340.0 1,010.0 990.0 3300 2769  255.0 2119

10 100 50 2,340.0 1,010.0 990.0 3300 2798 2589 2151

25 2,400.0 990.0 970.0 3115 2595 2382 197.7

100 200 50 2,400.0 990.0 970.0 3115 2635 2427 201.4

25 2,330.0 1,030.0 11,0100 4500 3794  356.6 3027

100 50 2,330.0 11,0300 11,0100 4500 3830 3611  306.6

20 200 25 2,310.0 11,0050 955.0 4325 3637 3401 288.1

50 2,310.0 11,0050 955.0 4325 3672 3448 2924

100 25 2,340.0 11,0300 11,0000 4100 3448 3210 2713

50 2,340.0 1,030.0 1,000.0 410.0 3477 3258 2753

10 25 2,400.0 1,000.0 970.0 3800 3184  296.1 248.5

200 50 2,400.0 1,000.0 970.0 380.0 3207  299.2 251.1

200 25 2,380.0 11,0400 11,0200 490.0 4038 3816  323.6

20 100 50 2,380.0 11,0400 11,0200 490.0 4077 3857 3270

25 2,360.0 1,010.0 990.0 4700 3863 3647 3078

200 50 2,360.0 1,010.0 990.0 470.0 390.6 368.7 311.2
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Table 7.17- Simulation results for the efficiencies of the RPEH device components using a spring-
loaded hydraulic accumulator connected to a mechanically actuated hydraulic system.

Ksto Agp Asto A MHa Nrr Msto Mpe Nce Nco Mwec Mele  Meeen Mot
(kN/m) — (mm%)  (mm?) (mm%) (%) (%) (%) (%) () (%) (%) (%) (%) (%)
25 432 980 333 839 921 831 274 765 210 9.1

100 50 432 980 333 848 925 831 277 769 213 9.2

10 25 413 980 321 833 918 830 262 762 200 8.2

200 50 413 980 321 846 921 830 266 764 203 8.4

100 25 442 981 446 843 940 849 368 798 294 130
100 50 442 981 446 8.1 943 849 372 801 298 132

20 25 435 950 453 841 935 847 362 792 287 125

200 50 435 950 453 849 939 848 365 796 291 127

25 440 971 410 841 931 845 335 787 263 116

100 50 440 971 410 848 937 845 338 79.2 267 1138

10 25 417 970 392 838 930 839 318 780 248 104

200 50 417 970 392 844 933 839 321 783 251 105

200 25 437 981 480 824 945 848 388 801 311 136
100 50 437 981 480 832 946 848 392 802 314 137

20 200 25 428 980 475 822 944 844 383 797 305 130

50 428 980 475 831 944 844 387 797 308 132
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Table 7.18- Simulation results for the energy outputs of the RPEH device components using a gas-
loaded hydraulic accumulator connected to a mechanically actuated hydraulic system.

Pyas An Asto Agp Ev Era Evr Esto Epe Ece ELo
(bar)  (mm)  (mm)  (mm?) () ) ©) ) Q) Q) Q)

25 2,440.0 11,0400 1,000.0 3400 2995 2768 2308

100 50 2,440.0 11,0400 11,0000 3400 3019 279.0 2327

20 25 2,260.0 1,080.0 1,040.0 340.0 299.5 276.8 230.8

200 50 2,260.0 1,080.0 1,040.0 3400 3019 279.0 2327

2 25 2,380.0 11,0400 920.0 460.0 4145 390.0 3319

100 50 2,380.0 1,040.0 920.0 4600 4195 3948 3359

0 25 2,420.0 11,0400 920.0 460.0 4158 3921 3345

200 50 2,420.0 11,0400 920.0 460.0 4195 3956 3375

25 2,380.0 1,080.0 1,040.0 4400 3920 3622 3021

20 100 50 2,380.0 11,0800 1,040.0 4400 3956 3655 3048

25 2,380.0 1,080.0 1,040.0 4400 3920 3622 3021

200 50 2,380.0 11,0800 1,040.0 4400 3956 3655 3048

‘ 25 2,360.0 940.0 920.0 5200 4748 4467  380.2

100 50 2,360.0 940.0 920.0 5200 4805 4521 3848

0 200 25 2,460.0 920.0 860.0 540.0 490.3 4624 3944

50 2,460.0 920.0 860.0 540.0 490.3 462.4 394.4
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Table 7.19- Simulation results for the efficiencies of the RPEH device components using a gas-
loaded hydraulic accumulator connected to a mechanically actuated hydraulic system.

Pgas An Asto A MNHa N1r MNsto MNoe MNae MNco MMec  MEke Nreen Mot
(bar)  (mm%) (mm’) (mm?) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
25 42.6 96.2 340 88.1 924 834 288 771 222 9.5
100 50 42.6 96.2 340 888 924 834 290 771 224 95

20 25 47.8 96.3 32.7 88.1 92.4 83.4 27.7 77.1 21.4 10.2

200 50 47.8 96.3 32.7 888 924 834 280 771 215 10.3

2 25 43.7 885 500 90.1 94.1 851 399 801 319 13.9

100 50 43.7 885 500 912 94.1 85.1 403 801 323 141

40 25 430 885 500 904 943 853 400 804 322 13.8

200 50 430 885 500 912 943 853 403 804 324 13.9

25 454 963 423 89.1 924 834 363 771 280 12.7

100 50 454 96.3 42.3 89.9 92.4 83.4 36.6 77.1 28.2 12.8

20 25 454 963 423 89.1 924 834 363 771 280 12.7

200 50 454 96.3 42.3 89.9 92.4 83.4 36.6 77.1 28.2 12.8

4 25 39.8 97.9 565 913 941 85.1 505 801 404 16.1

100 50 39.8 97.9 565 924 941 85.1 511 801 409 16.3

40 200 25 374 935 628 908 943 853 533 804 429 16.0

50 37.4 935 62.8 90.8 94.3 85.3 53.3 80.4 429 16.0
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7.3.4 Results analysis

7.3.4.1 Standard hydraulic system

Analyzing the results obtained with the computational simulations of the RPEH device,
for both the standard hydraulic system without MES and with a MES system
incorporated, based on a spring-loaded or a gas-loaded hydraulic accumulator, some

conclusions may be drawn.

Taking the efficiency of the internal device of the RPEH to be the most important
parameter to evaluate and comparing the effectiveness of the MES system, one can
conclude that, for the same simulation parameters, compared to a hydraulic system the
spring-loaded hydraulic accumulator does not increase the efficiency of the RPEH
device, but rather decreases its efficiency, whereas the gas-loaded hydraulic

accumulator improves the RPEH device efficiency.

Both MES systems were implemented between the hydraulic circuit entrance and the
DAC, and are directly actuated by the fluid pressurized by the RPEH DS. The
difference in the results between both systems leads us to conclude that the gas-loaded
accumulator is three times more efficient than the spring-loaded accumulator, for the
same conditions, which has a direct impact on the efficiency of the RPEH internal

system.

As expected, the efficiency of the electrical system increases with both accumulators, as
the electrical generator is actuated in a continuous mode. However, as the storage
efficiency of the spring-loaded accumulator is too small, less than 36%, this does not
lead to an increase in the total efficiency of the system. For the gas-loaded accumulator,
as the storage efficiency is higher, reaching almost 70%, the accumulated energy means
the electrical generator is actuated with its nominal speed and, consequently, works with

a very high efficiency rate of almost 95%.

Analyzing individual variables, for the hydraulic system without a MES accumulator,
increasing the contact area between the RPEH DS and the hydraulic circuit (An) reduces
the harvested energy efficiency and the transmitted energy efficiency, leading to a lower
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efficiency of the entire system. This is explained by the smaller displacement induced
on the DAC piston. On the other hand, increasing the DAC piston area (Acp) leads to an
increase in the delivered energy efficiency as well as the electrical generator efficiency,
as it means the force delivered on the mechanical system that actuates the electrical

generator is increased.

For the hydraulic system with a spring-loaded accumulator, the increase in the spring
stiffness allows the stored energy to be increased, as expected. However, the spring
stiffness value cannot be increased without limit, as it works as an opposition force to
the force transmitted by the hydraulic circuit and, above a certain value, the hydraulic
fluid will not be able to move the accumulator piston as the opposition force is higher
than the force transmitted by hydraulic fluid.

For this system, increasing the contact area between the RPEH DS and the hydraulic
circuit (Ap) has a small impact on the transmitted energy efficiency, but decreases the
storage energy efficiency, as the amplification of the force from the hydraulic circuit to
the hydraulic accumulator is lower, leading to a smaller displacement of the
accumulator piston and, consequently, a lower amount of energy is stored. Also,
increasing the accumulator piston area (Asy) decreases the stored energy efficiency, as
its displacement is lower and, consequently, the spring force and the stored energy are

lower.

For the hydraulic system with a gas-loaded accumulator, the increase in the gas pressure
allows the stored energy to increase, as the stored energy is directly related to the fluid
pressure, which depends on the gas pressure. However, the gas pressure value cannot be
increased without limit, as it works as an opposition force to the force transmitted by the
hydraulic circuit and, above a certain value, the hydraulic fluid will not be able to move
the accumulator piston as the opposition force is higher than the force transmitted by
hydraulic fluid, similar to the spring stiffness in the spring-loaded hydraulic

accumulator.

For this system, increasing the contact area between the RPEH DS and the hydraulic

circuit (Ap) has little impact on the transmitted energy efficiency, but increases the
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storage energy efficiency, as the displacement induced in the hydraulic accumulator
piston increases, although the amplification of the force from the hydraulic circuit on
the hydraulic accumulator is decreased. By increasing the accumulator piston area (Asto),

there is little variation in both the transmitted energy and stored energy efficiencies.

In all the performed simulations the vertical acceleration induced by the RPEH device
to the vehicle body was lower than 1 m/s?. Considering the existing levels of
acceptability of the ride quality (1SO, 1997), this indicates that the RPEH device does

not cause discomfort to the vehicle driver and to its occupants.

7.3.4.2 Hydraulic system with mechanical actuation

Analyzing the results obtained with the computational simulations of the RPEH device,
both for the mechanically actuated hydraulic system with and without an incorporated
MES system, based on a spring-loaded or a gas-loaded hydraulic accumulator, some

conclusions may be drawn.

Taking the efficiency of the internal device of the RPEH to be the most important
parameter for evaluation, and comparing the effectiveness of the MES system, one can
conclude that, for the same simulation parameters, and compared to a hydraulic system
with mechanical actuation, both the spring-loaded and the gas-loaded hydraulic
accumulators do not increase the efficiency of the RPEH device. On the contrary, the

global efficiency decreases with these accumulators.

Both MES systems were implemented between the hydraulic circuit entrance and the
DAC, and are directly actuated by the fluid pressurized by the mechanical system.
However, due to each system’s working principles, their efficiencies are different. The
storage efficiency of the gas-loaded accumulator is higher than the spring-loaded
accumulator, with an average value of 46.2% for the simulated scenarios and a
maximum value of 62.8%, while the spring-loaded accumulator registered an average
storage efficiency value of 42.2% for the simulated scenarios and a maximum value of

48.0%. Also, the global efficiency of the entire system is higher for the gas-loaded
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accumulator, compared to the spring-loaded accumulator. The best case scenario of the
gas-loaded accumulator is 42.9% efficiency of the energy received in the RPEH DS and
the electric energy consumed, compared to 31.4% efficiency for the spring-loaded

accumulator’s best case scenario.

When comparing the simulation results of the systems with and without MES, as
expected, the efficiency of the electrical system increases when using both MES
accumulators, as the electrical generator is actuated in a continuous mode. However, as
the storage efficiency of both accumulators is not very high it represents a mechanical

loss in the system, so the global efficiency of the system decreases slightly.

Analyzing individual variables for the RPEH device without a MES accumulator,
increasing the contact area of the SAC piston (Asp) has a small impact on the harvested
energy efficiency and the transmitted energy efficiency, and both increase slightly. By
increasing the DAC piston area (Acp), the delivered energy efficiency increases as does
the electrical generator efficiency, as there is an increase in the force delivered on the
mechanical system that actuates the electrical generator.

For the hydraulic system with a spring-loaded accumulator, the increase in the spring
stiffness allows the stored energy to increase, as expected. However, there is a limit to
the extent the spring stiffness value can be increased, as it works as an opposition force
to the force transmitted by the hydraulic circuit and, above a certain value, the hydraulic
fluid will not be able to move the accumulator piston as the opposition force will be

higher than the force transmitted by the hydraulic fluid.

For this system, increasing the SAC piston area (Asp) has a small impact on the
transmitted energy efficiency, slightly increasing the storage energy efficiency, as the
amplification of the displacement from the hydraulic circuit to the hydraulic
accumulator is greater, leading to a higher displacement of the accumulator piston and,
consequently, more energy being stored. On the other hand, increasing the accumulator
piston area (Aso) decreases the stored energy efficiency, as its displacement is lower

and, consequently, the spring force and the stored energy are lower.
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For the RPEH device with a gas-loaded accumulator, the increase in the initial gas
pressure allows the stored energy to increase, as the stored energy is directly related to
the fluid pressure, which depends on the gas pressure. However, there is a limit to the
extent the gas pressure value can be increased, as it works as an opposition force to the
force transmitted by the hydraulic circuit and, above a certain value, the hydraulic fluid
will not be able to move the accumulator piston as the opposition force will be higher
than the force transmitted by the hydraulic fluid, similar to the spring stiffness in the

spring-loaded hydraulic accumulator.

For this system, increasing the SAC piston area (Asp) has very little impact either on the
transmitted energy efficiency or on the storage energy efficiency. Also, by increasing
the accumulator piston area (Asto) there is a very small variation in both the transmitted
energy and stored energy efficiency. By increasing the DAC piston area (Acp) there is an

increase in the delivered energy efficiency.

In all the performed simulations the vertical acceleration induced by the RPEH device
to the vehicle body was lower than 1 m/s?, a value that indicates that the RPEH device
does not cause discomfort to the vehicle driver and to its occupants, according to the

existing levels of acceptability of the ride quality (ISO, 1997).

7.4 Summary and Conclusions

Several technologies have been developed to convert vehicles’ mechanical energy into
electrical energy, some of them using hydraulic systems to transmit the mechanical
energy received by the surface of the equipment to an electrical generator, which
converts the mechanical energy into electrical energy. Most RPEH devices using
hydraulic systems developed so far induce pressure from the equipment’s surface to a
fluid inside a hydraulic tube, transmitting it to a double acting cylinder. This is
controlled by a hydraulic control valve and transmits the mechanical energy to a
mechanical RAP system, connected to an electric generator shaft with an inertia wheel.

The electric generator converts the mechanical energy into electrical energy, delivering
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it to an electrical application. Most part of the systems described in the literature does
not include a MES unit, which can have a significant impact in the system performance,
considering that other renewable energy generation systems make use of such units with

successful results.

In this Chapter, different MES systems were studied and two accumulators were
incorporated in RPEH devices based on hydraulic systems, both a typical system and a
mechanically actuated hydraulic system, in order to study their impact on the total
efficiency of the device. The goal was to increase the energy delivered to the electric
generator in order to actuate this element in a continuous mode and, so, increase both

the individual efficiency and the global efficiency of the device.

With the hydraulic system modelled here, as well as the rest of the RPEH device, and
using a software which had been previously developed and presented in Chapters 3 and
5, computational simulations were performed in order to obtain the values of the energy

harvested, transmitted, stored, delivered, converted and consumed by the RPEH device.

From the analysis of the results it can be concluded that, for the same simulation
conditions of a standard hydraulic system, the spring-loaded accumulator does not
increase the total system efficiency, as it has a low storage efficiency, with average
values of around 18%, while the gas-loaded hydraulic accumulator has a high storage
efficiency, with average values of around 60%, allowing the total system efficiency to
increase by delivering a higher amount of energy to the electric generator in a

continuous mode and, so, increasing its efficiency to average values of around 94%.

When MES systems are applied to the RPEH device based on a hydraulic system with
mechanical actuation, presented in the previous Chapter, it can be concluded that, for
the same simulation conditions as the same system without a MES unit, neither the
spring-loaded nor the gas-loaded hydraulic accumulators increase the total efficiency of
the device, as the storage efficiency is not very high, reaching maximum values of
around 48.0% and 62.8%, respectively, and inducing losses in the mechanical system.

However, both hydraulic accumulators allow mechanical energy to be stored and
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delivered in a continuous mode to the electrical generator, considerably increasing its

working efficiency and potential applications.

The inclusion of a MES system allows several energy harvesting and transmission
devices to be connected to the same MES system, which can be connected to a single
mechanical energy delivering system and to an electric system, reducing the total costs
of the system and allowing electrical energy to be generated only when necessary, and
not when the energy source (vehicles) is available. Harvesting and storing vehicle
mechanical energy during the day to be consumed at night for road illumination or grid
injection purposes, the solutions studied here become viable options, especially using

the gas-loaded accumulator.
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Chapter 8

A Methodology for Technical and
Economic Evaluation of Road

Pavement Energy Harvesting Devices

8.1 Introduction

In 2014, more than 80% of energy production came from fossil fuels (IEA, 2016),
proving that, in the present energetic paradigm, most electrical energy production still
makes use of fossil fuel combustion. This leads to irreversible environmental damage
and means economies have a great dependency on the fuels costs (IEA, 2015). Urgent
action is required to change the paradigm of electrical energy generation, which must be
based on renewable resources, decentralized, located near to the point of consumption

and, preferably, available when it is needed.

In the energy generation field, not only the technical aspects are critical for a new
technology to be accepted and used, but to be implemented in a considerable scale the
most important aspect is economic viability, and this represents the most significant

challenge with renewable energy sources, when compared with non-renewable sources.

261



Chapter 8 A Methodology for Technical and Economic Evaluation

of Road Pavement Energy Harvesting Devices

Several technologies have been developed and validated, but they are not yet
economically viable to promote an adoption en masse. In the last decade, renewable
energy sources such as solar and wind have been adopted increasingly, mainly through
governmental incentives in an initial phase, which has lead to an industrial development
that allowed providers reduce production costs, so making these technologies more
viable from an economic perspective, even with progressively reduced governmental
incentives (Lewis and Wiser, 2007; Carley, 2009; KPMG, 2015). This proved that with
the appropriate strategies and governmental incentives, other technologies can also

become economically attractive.

Besides solar and wind energy, other technologies such as wave energy or biomass
based systems have been studied intensively as renewable energy sources with a great
potential. In some literature (Priya and Inman, 2009; Khaligh and Onar, 2010), these are
called macro energy harvesting technologies. Energy Harvesting is typically described
as the conversion of ambient energy present in the environment into other useful means
of energy, such as electrical energy (Kazmierski and Beeby, 2009). Energy harvesting
technologies can be divided in two main groups, as presented in Chapter 2: macro
energy harvesting sources, which are associated mainly with solar, wind, hydro and
ocean energy; and micro energy harvesting, which is mostly associated with
electromagnetic, electrostatic, heat, thermal variations, mechanical vibrations, acoustic
and human body motion (Yidliz, 2009; Khaligh and Onar, 2010; Harb, 2010).

As studied in Chapter 2, road surfaces are continuously exposed to vehicle loads, from
which it is possible to extract energy which, using specific technologies, can be
transformed into electrical energy. These are called RPEH devices. As vehicles abound
in most cities of developed countries, it means that a considerable amount of energy is
transferred to road pavements without being used. In places where vehicles have to
reduce their speed, as for example on road type transitions, crosswalk or roundabout
entrances, road crossings, among others, the amount of energy released is maximized,

being these places the preferable spots to harvest energy. Road pavements can make use
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of that unused energy through RPEH devices that can harvest and convert vehicle

mechanical energy into electrical energy.

Although technical details of these technologies have been published, no economic
analysis has been presented so far to demonstrate the economic viability of these
systems. In this regard, the development of models not only for a technical but, most
importantly, for an economic evaluation of such technologies should be considered.
Such models would allow us to determine the most critical parameters of these
technologies, the importance and critical values of each parameter, so that researchers,
investors and decision makers can conclude on the feasibility of such applications. This
Is a topic that requires attention since only economically viable technologies are usually

adopted in the energy production market.

Typically, an energy production unit is evaluated based on three key parameters,
namely: the capacity factor (CF), the levelized cost of electricity (LCOE) and the price
per installed watt (PPW). Renewable energy production units are no exception and these
are the key parameters to evaluate all technologies technically and economically, with
LCOE being the most important factor in classifying the economic potential of an
energy production unit (Mathew, 2006; Bradford, 2008; Sorensen, 2011; Adaramola,
2014; Narbel et al., 2014).

The CF of an electric energy power plant is the ratio of its actual output over a period of
time to its potential output if it were possible for it to operate at full capacity
continuously over the same period of time. The LCOE is an economic assessment of the
average total cost to build and operate an electric energy power plant over its lifetime
divided by the total energy output of the unit over the considered lifetime. The PPW
relates the amount of money one would have to spend to implement a power plant
capable of producing one watt of electricity, and is calculated by dividing the total cost
of the electric energy generation unit by the amount of peak power it can produce
(Sorensen, 2011; Adaramola, 2014; Narbel et al., 2014).

The typical CF values of other energy generation technologies are already quantified:
solar energy has CF values of around 20-30% (Adaramola, 2014; Joskow, 2011) and
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wind energy has CF values of around 30-40% (Mathew, 2006; Boccard, 2009). The
PPW of solar PV has values of around 2 to 5 €/W (Adaramola, 2014), depending on the
country and on the sector (residential, industrial, big scale), while wind energy has
values of around 2 €/W (Mathew, 2006; Boccard, 2009). The LCOE for solar PV is
between 107 (EU) and 125 (USA) € MWh (Bradford, 2008; Adaramola, 2014), while
for wind energy it is around 73 (USA) and 142 (EU) € MWh (Mathew, 2006; Boccard,
2009). These values are not as interesting as for non-renewable sources, as nuclear
power, coal or gas powered energy generation stations, among others, mainly due to the
intermittency of the energy sources. To give an example, nuclear power has a CF of
around 90% and a LCOE of around 50 to 60 €/MWh, making it the energy source with
the lowest costs (Narbel et al., 2014; Khatib, 2010).

For more detailed economic evaluations, a cost benefit analysis (CBA) is also
performed, in order to study the impact of the project and its importance in economic
terms, and to perform a monetary valuation of the solution. This type of analysis is
based on the evaluation of the return of capital (ROC), or payback time, for a specific
investment; the net present value (NPV) of such investment, and the internal rate return
(IRR) that the investment produces (Bradford, 2008; Sorensen, 2011; Diakoulaki and
Karangelis, 2007). NPV is an indicator of how much value an investment or project
adds to an investor. If the NPV is positive, the investment is considered to add
(financial) value to the investor, as it has the status of positive cash inflow in the
considered period. On the other hand, if the NPV has a negative value, the investment
would subtract value from the investor, and the project has the status of discounted cash
outflow in the considered period. The IRR on an investment is the rate of return that
makes the NPV of all cash flows, both positive and negative, from a particular
investment equal to zero. It is also defined as the discount rate at which the present
value of all future cash flow is equal to the initial investment or the rate at which an
investment breaks even. This is used to measure and compare the profitability of
investments. The higher a project’s IRR, the most desirable it is to invest (Bradford,
2008; Sorensen, 2011; Diakoulaki and Karangelis, 2007).
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The first novel point of this Chapter is the development of a complete model to evaluate
the performance of a road pavement energy harvesting system technically and
economically for different energy applications that will allow researchers, investors and

decision makers to decide on the feasibility of such applications.

Some software does exist for performing technical and economic evaluation of different
energy production technologies, for both renewable and non-renewable energy, which
calculates all the previously presented parameters in relation to the inputs defined by the
user (Sinha and Chandel, 2014). Solar energy is the technology with the software tools
developed in recent years for this purpose (INSEL, 2017; TRNSYS, 2017; PV*SOL,
2017; Solergo, 2017; Solterm, 2017; Polysun, 2017), while specific software for wind
energy is not so common (WindSim, 2017). There are several software solutions which
allow a user to simulating different energy generation technologies (HOMER, 2017;
HYBRID2, 2017; HOGA, 2017; RETScreen, 2017; GRHYSO, 2017), which means a
direct comparison can be made between different energy sources and technologies with

the same application.

For all of these software solutions, the inputs are related with: the energy source, which
in the case of solar energy is the solar availability for the considered place throughout
the year, while for wind energy, this is the wind availability; for both of these there is
easily accessible information in most countries and the software tools already include
this information for each available location; the technical characteristics of the
technology and the application; the economic aspects of both the technology and the
energy application. With this information, the tool is able to determine all the technical
and economic parameters and allow users to come to conclusions about the viability of

the application.

Despite the existence of several software tools to evaluate the performance of different
energy production technologies technically and economically, there is no tool to
perform this evaluation for a RPEH technology, leaving a gap that prevents investors

and decision makers from rigorously evaluating this type of solution, as well as
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meaning that each researcher use their own method to evaluate the technology under

development.

The second novel point of this Chapter is the development of a software tool to evaluate
the performance of a road pavement energy harvesting system technically and
economically for different energy applications that will allow researchers, investors and

decision makers to decide on the feasibility of such applications.

All the important variables, both technical and economic, are considered and the
evaluation is based on the potential energy generation of the system, the monetary
valuation of that energy depending on the considered energy application, which allows
different stakeholders to fully classify the system performance and make decisions

about the viability of an investment.

A sensitivity analysis is performed to understand about the impact of each key variable
in the technical and economic performance of the system and on the investment return
and profitability. These key variables are both technical (traffic data and energy

conversion efficiency of the device) and economic (system cost, energy price).

These developments allow to overcome an existing gap, by providing an entire model to
evaluate RPEH systems and information about the impact of each variable in the
performance of the system and its viability, allowing researchers to direct their attention
to optimizing critical variables, and investors and decision makers to seek the most

appropriate conditions to invest in this type of solution.

8.2 Evaluation Model Description
8.2.1 Introduction

To perform the technical and economic analysis of an electric energy generation unit, a
quantitative research with performance analysis is typically used, by quantifying the

electrical energy that the unit is able to produce, per year of operation and for the entire
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period of the study, relating it to the investment made both to implement the energy
generation unit and to maintain it over time. For this purpose, the CF, LCOE and PPW

are the three key parameters for quantification.

The usage of a multi-criteria decision analysis is also considered, with the usage of
scenarios and case studies to identify the optimal characteristics of the electric energy
generation unit. To implement these methodologies, the values of each key variable are
changed between simulations and the previously mentioned parameters are evaluated. A
non-monetary evaluation can also be performed considering the impact of the solution

in terms of the environmental benefits it provides.

Another important methodology used to evaluate an electrical energy generation unit is
the CBA, to study the impact of the project and its economic importance, and to
perform a monetary valuation of the solution. This type of analysis is based on the
evaluation of the ROC, or payback time, for a specific investment; the NPV of such
investment, and the IRR that the investment produces.

To evaluate these parameters, different technical and economical variables are
considered, taking in consideration the specificities of each technology. In this section,
the equations to perform a technical and economic analysis to a RPEH system

application are presented.

8.2.2 Technical and economic analysis

The energy source of a RPEH device is the mechanical energy from moving vehicles.
The first and most significant input for a technical analysis of a RPEH unit performance
is the traffic data. AADT quantifies the annual average daily traffic, measured for all the
road lanes. To determine the lane under study’s daily traffic (LDT) using a simple
method, Equation (8.1) can be used dividing AADT by the number of road lanes.
Proportionally, the lane annual traffic is determined through Equation (8.2).

267



Chapter 8 A Methodology for Technical and Economic Evaluation

of Road Pavement Energy Harvesting Devices

However, there are different types of vehicles, which release different amounts of
energy to the pavement, so it is important to quantify the energy each vehicle releases
according to its category. Four different categories were defined: TD; for vehicles under
1 ton; TD, for vehicles between 1 and 2 tons; TD3 for vehicles between 2 and 3.5 tons;
and TD, for vehicles weighing more than 3.5 tons. The daily traffic (DT) can then be

quantified for each vehicle category, using Equation (8.3).

- 8.1

LDT = — (8.1)

LAT = LDT x 365 (8.2)
DT, = LDT X (TD,,;/100) (8.3)

These equations are correct for the first year of the analysis only. Considering the
traffic’s annual evolution (ATE), the AADT changes every year and, consequently, the
LDT, LAT and DT, also change. So, for a multiple year analysis, from the second year
forward, Equations (8.4-8.7) should be used to quantify the updated traffic.

AADT, = AADT, x (1 + ATE)” (8.4)
LDT, = LDTy x (1 + ATE)? (8.5)
LAT, = LAT, x (1 + ATE)” (8.6)

DT,at (yy = DTeqro X (1 + ATE)? (8.7)

For each vehicle category, a certain amount of energy is released to the RPEH device,
depending both on the vehicle and on the RPEH characteristics. These values can be
determined using the software tool presented in Chapter 3, which allows performing an
energetic analysis on the interaction between a vehicle and a RPEH device. For each
traffic average speed (TAS), the average amount of energy released by each vehicle
category (ERV¢y) can be defined, as presented by Equation (8.8). Considering the
conversion efficiency of the RPEH device (1), the energy generated by each vehicle
category (EGV.4) can be determined by Equation (8.9).

ERV,4 = fen(TAS) (8.8)
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EGV, =0 X ERV,q, (8.9)

A RPEH unit can be defined by its installed power or by the number of meters of
equipment applied on the road pavement. This study considers as inputs the number of
meters of RPEH devices installed on the pavement (NMP), the installed power per
RPEH unit (IPM) and each device surface’ width (EHW). With these, the total number
of RPEH installed units (NMI) and the total installed power (TIP) are calculated, using
Equations (8.10) and (8.11), respectively.

Knowing the traffic distribution, the daily traffic for each category (DT¢s), and the
energy generated by each category (EGV.ar), and the number of modules installed (NMI)
in a RPEH application, the total energy generated per day can be determined using
Equation (8.12), for each year, while the total energy generated per year can be
determined using Equation (8.13). The total amount of energy generated during the
period studied (TEge) is determined through Equation (8.14), where YRS represent the
number of years considered for the study.

= 8.10
NMI = (8.10)
TIP = NMI x IPM (8.11)
4
NMI X DT o4,y X EGqt
= 12
DTEG, Z 3,600,000 812
cat=1
AEG, = DTEG, X 365 (8.13)
YRS
TEg, = Z ATEG, (8.14)
y=1

Associated to renewable or alternative electric energy production, the amount of CO,
emissions avoided by not using fossil fuels in the energy production can be considered.
To do such an analysis, a conversion factor (CCF) from kWh to CO, grams can be used,
allowing us to determine the CO, emissions avoided per year (COY) and the total
emissions of CO, avoided during the period under study (COP), using Equations (8.15)
and (8.16), respectively. Considering the CO, economic value per ton (CVT), the
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economic value of the avoided emissions can be quantified, per year (VCY) and for the
entire period under study (VCP), using Equations (8.17) and (8.18), respectively.

_AEG X CCF

coy = 71’000,000 (8.15)
TEG X CCF

VCY = COY x CVT (8.17)

VCP = COP X CVT (8.18)

To evaluate the CF of the RPEH application, the total amount of energy generated
during the studied period (TEg.) should be compared to the maximum possible energy
generated by the RPEH unit, which can be determined considering the total installed
power, producing energy during the entire period of the study. The CF is determined
using Equation (8.19), where the previous parameters are considered.

TE¢.

CF = (TIP X 24 X 365 X YRS) (8.19)
1000

To perform an economical analysis, some important parameters should be defined. The
price per RPEH module (PPM) is the first and most important, as well as the installation
price per RPEH module (ICPM), the extra equipment price (EEP), other costs involved
(OCI) and yearly maintenance price per module (YMP). Annual inflation (INF) should
also be considered.

The price per module defines the price that the customer pays for each RPEH module
installed, excluding taxes. The ICPM is the total installation price divided by the
number of RPEH devices installed on the road pavement. The EEP is the sum of all the
equipment external to the road pavement, such as the energy converter, the electronic
and storage units, and the inverter. The item OCI represents all the additional costs
involved, such as the installation design, insurance and taxes. The YMP are the costs of
maintenance of the RPEH devices, per year, and these costs are updated each year,
considering the annual inflation (INF), as defined by Equation (8.20).
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YMP, = YMP,_y) X INF (8.20)

With these parameters, it is possible to determine the initial investment on the RPEH
application (CAPEX), the annual maintenance costs (OPEX), and the total investment

for all the years considered for the project lifetime (TINV), using Equations (8.21-8.23).

Knowing the CAPEX, OPEX and TINV, it is possible to determine the PPW and the
LCOE, the two most important parameters in evaluating a renewable energy application.
These are determined using Equations (8.24) and (8.25), respectively.

CAPEX = NMI x (PPM + ICPM) + EEP + OCI (8.21)
OPEX, = NMI X YMP, (8.22)
YRS
TINV = CAPEX + Z OPEX, (8.23)
y=2
CAPEX
= 8.24
PPW =~ (8.24)
TINV
= 8.25
LCOE TEC (8.25)

8.2.3 Cost benefit analysis

To perform a CBA for a renewable energy production system, two different energy
applications (EA) are usually considered: the injection of the produced energy into the
grid (Gl), receiving a defined amount of money for each kWh injected into the grid; or
the self-consumption (SC) of the generated energy, avoiding buying electricity from the

grid. Both EA were considered in the present study.

In the GI application, only two variables are needed to perform the CBA: the initial
price at which the electricity operator buys the produced electrical energy (GIEP) and
the energy price yearly evolution (GIYE). Then, the price at which the electricity

operator buys the produced electrical energy for each year (GIAEP) can be determined,
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as expressed by Equation (8.26). Knowing this value, to determine the annual income
(GIAI) and the total income for the studied period (GIPI), Equations (8.27) and (8.28)
can be used, respectively. The total profits can be determined by subtracting the TINV
from the GIPI.

GIAEP, = GIAEP,_;, X GIYE (8.26)

GIAL, = GIAEP, x AEG, (8.27)
YRS

GIPI = Z GIAL (8.28)

To determine the ROC, or payback time, Equation (8.29) can be used, relating the TINV
to the average value of the GIAI. The annual cash flow (CFLO) is determined through
Equation (8.30), relating the CAPEX to the yearly GIAlI and OPEX, and the updated
cash flow (CFLOU) is determined by Equation (8.31), considering the annual inflation
(INF). These two variables are important to determine the NPV and the IRR of the
investment, calculated through Equations (8.32) and (8.33), respectively.

roc — TNV
R GIAL, (8.29)
YRS
y =1 CFLO, = —CAPEX + GIAIL 8 30
{y >1: CFLO, = CFLO(,_;, + GIAL, — OPEXy} (8.30)
y=1:  CFLOU, = CFLO,
CFLO,
y>1: CFLOU, =—— 2o (8.31)
4 INF)
100
YRS
NPV = Z CFLOU, (8.32)
y=1
<~ CFLO,
NPV = Z .
(1+IRR)? (8.33)

In the SC application, more variables are needed besides the initial energy price (SCEP)
and the energy price annual inflation (SCEI). First, it is necessary to determine the

annual energy consumption (SCYCE) of the electrical application and, for that, the
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installed power (SCIP) and the average consumption hours per day (SCAH) are needed.
With these variables, SCYCE is determined through Equation (8.34). The total energy
consumed during the considered period (SCPCE) can be determined through Equation
(8.35), without considering any energy consumption variation during the period.
Knowing the total energy generated by the RPEH application (TEge), it is possible to
determine the percentage of energy contribution (SCPC) to supply the electrical
application, through Equation (8.36). Ideally, this value should be close to 100%, as for
lower values the energy generated will not be enough to fully supply the electrical
application, and for higher values there is more energy being generated than required -
in this case, the exceeding energy could be injected into the grid.

SCIP x SCAH % 365

= 8.34

SCYCE 1000 (8.34)

SCPCE = SCYCE X YRS (8.35)
TEGe

=% 8.36

SCPC SCPCE < 100 (8.36)

As for the GI application, the energy price (SCEPY) should also be updated for each
year, through Equation (8.37). Then, the annual savings (SCAS) and the total savings for
the period considered (SCECP) can be determined by Equations (8.38) and (8.39),
respectively. The total savings can be quantified by subtracting the TINV from the
SCECP.

{y =1: SCEPY, = SCEP } ©.37)
y>1: SCEPY, = SCEPY,,_, X SCEI
{SCPC <100:  SCAS, = SCEPY, x TEG } (6.38)
SCPC > 100: SCAS, = SCEPY, x SCPCE
YRS
SCECP = Z SCAS, (8.39)

y=1

To determine the ROC for this EA, the GIAI should be substituted by the SCAS in
Equation (8.29). Similarly, to determine the CFLO, the GIAly should be substituted by
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the SCAS, in Equation (8.30). Then, the CFLOU, NPV and IRR are determined through
Equations (8.31-8.33).

8.3 Software Tool for Technical and Economical

Evaluation of RPEH Applications
8.3.1 Introduction

Based on the study presented in the previous section, a simulation software tool was
developed, using MATLAB® software, in order to study the technical and economic
performance of an RPEH system, as well as to perform the cost benefit analysis of these
systems for different energy applications. The software was named RETEES - Road

Energy Technical and Economic Evaluation Software.

The purpose of the simulation software is to perform this analysis in great detail, with
the possibility of fully characterizing the traffic of the road where the system is
implemented, the technical features of the RPEH devices, as well as their economical
features, and the energy applications where the electrical energy generated by the RPEH
unit is used. With all these data, the software determines all the technical and economic
data defined in the previous section, typically used for other renewable and non-
renewable energy sources, allowing the viability of the technology application for each
scenario to be determined. The results are presented both numerically and graphically.
Also, the software allows a sensitivity analysis to be performed, by defining a key
variable and indicating its values, recalculating the outputs for the different scenarios.

In this section, the simulation software is briefly presented in terms of the input and
output graphical user interfaces and the flowcharts that illustrate its working principles.

In Figure 8.1 a schematic representation of RETEES is presented.
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Figure 8.1- Schematic representation of RETEES.

8.3.2 Inputs and calculations

To select the model inputs, a GUI platform was developed, as presented in Figure 8.2.

This GUI has 3 distinct panels for parameter selection and four buttons.

The first panel allows the user to define the traffic data, by defining the total AADT of
the road under study and the number of lanes of that road; the average traffic speed,
important to determine the average energy released by each vehicle type; the traffic
distribution by vehicle type, as mentioned in previous section; and the duration of the

analysis, in terms of years, as well as the annual traffic evolution.

The second panel allows the user to define the RPEH system and application’s technical
data, with the number of meters installed in the pavement, each RPEH module’s width,
the power installed by module and the conversion efficiency of each module - from
which it is possible to determine the energy generated by the RPEH module for each
vehicle type. It also allows users to define the grams of CO, saved for each kWh of
electrical energy produced and the evaluation of each ton of CO,. The user can accept
the determined values of energy generation per vehicle type per module, or can

introduce these values manually.
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Figure 8.2- RETEES GUI to select the inputs for the computational model.

The third panel allows the user to define both the RPEH system economic data, by
introducing the price of each RPEH module, the installation price per RPEH module,
the extra equipment price (e.g., the inverter costs), other costs involved (e.g., the
application design costs), the yearly maintenance price per module (YMP) and the
annual costs inflation. This panel also allows users to define the energy application data,
for cost benefit analysis, by defining the energy application - grid injection or self
consumption - and the specific data of each application: the energy price per kwh and
the annual evolution of this price, for the grid injection energy application; and the
installed power, average consumption hours per day, energy cost per KWh and energy

price inflation, for the self consumption energy application.
Figure 8.3 presents the flowcharts for each action in the input GUI.

While the user inserts data in this GUI, the corresponding initial outputs of each section
are automatically calculated and presented in the GUI (Figure 8.3a). For example, with
AADT and NL defined, LDT, LMT and LAT are automatically determined and presented,
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and with TD;-TD, defined, DT;-DT, are also automatically determined and presented in

the GUI.

Determine
basic output
data

Basic results
presented on screen

Fill input data
boxes

Press “Clear all”
button

(a)

»{ Input boxes clear

Ul

(c)
Get data
from Input GUI
Validate data
from Input GUI
All input
data OK?

Yes
Calculate all technical
and economic results

Press “Technical &
Economic Analysis”
button

Error
message

Define
standard
input data

Press “Default

values” button

Input boxes filled

(b)

Press “Cost Benefit
Analysis” button

Get data
from Input GUI
Validate data
from Input GUI
All input
data OK?

Yes
Calculate all cost
benefit analysis results

Error
message

Fill CBA Output GUI with
numerical and graphical
results

Fill TEA Output GUI with
numerical and graphical
results

Open TEA Outputs GUI Open CBA Outputs GUI

(d) (e)

Figure 8.3- RETEES flowcharts from Inputs GUI actions and buttons: (a) fill input data action; (b)
press "'Default values' button; (c) press ""Clear all'* button; (d) press ""Technical & Economic

Analysis" button; (e) press ""Cost Benefit Analysis' button.

When the user presses the button Default values, all the input boxes are automatically
presented with standard scenario values (Figure 8.3b), and if the user presses the button

Clear all, all the input boxes values are automatically cleared (Figure 8.3c).

After all the data is defined by the user in the Inputs GUI and the Technical &
Economic Analysis button is pressed, all the data is collected and a validation is done to
confirm if the data is correctly defined. If it is not, an error message is presented. If it is
correct, all the variables are defined and the computational model computes all the
technical and economic results for the selected period, based on the equations presented
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in the previous section for the TEA. After the simulation is completed, the results are
obtained and validated. A TEA Output GUI is opened and the results are presented,
both graphically and numerically (Figure 8.3d). If the Cost Benefit Analysis button is
pressed, the validation and computation processes are similar, but the CBA data is
determined instead of the TEA, based on the equations presented in the previous section
for the CBA, and a CBA Output GUI is opened where the results are presented, both
graphically and numerically (Figure 8.3¢).

8.3.3 Outputs and results presentation

Two different Output GUI’s were developed, one for each type of analysis: one for the
TEA outputs (Figure 8.4) and another for the CBA outputs (Figure 8.5). The layout of
both GUI’s is identical, with four distinct panels - one to present the numerical results
and another to present the graphical results of the TEA/CBA; one to define the
sensitivity analysis data and another to present the sensitivity analysis graphical results -

and four buttons.

In the TEA Output GUI several numerical results are presented in the left panel, as
shown in Figure 8.4, with special emphasis on the Cost per installed Watt, Levelized
Cost of Electricity and the Capacity Factor, the most important parameters of the TEA.
Also, three graphical intermediate results are presented in the upper panel: the annual
variation of the LDT (in vehicles per day), the quantity of the annual energy generation
(in kwh) and the annual OPEX (in Euros).
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Figure 8.4- RETEES GUI to present the outputs for the TEA.

The Sensitivity Analysis panel allows the user to select the key variable to optimize and
its values, with a more detailed explanation presented in Section 3.4. The Sensitivity
Analysis Results panel shows the results for each scenario graphically, for the three
main outputs (PPW, LCOE and CF).

In the CBA Output GUI (Figure 8.5) the numerical results presented are focused on
each energy application and on the main evaluation parameters - the ROC, NPV and
IRR, while the graphical results present the annual cash-flow (in Euros), the value of the
annual energy sold/saved (in Euros) and the global financial performance (in Euros),

where the total investment, total income/savings and total profits are presented.

The four buttons are similar for both GUI’s and these are related to: the Sensitivity
Analysis, Print TEA/CBA Graphics, Print Sensitivity Analysis Results and Close the
GUI. Each button action flowchart is presented in Figure 8.6.
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Figure 8.5- RETEES graphical user interface to present the outputs for the cost benefit analysis.

If the Sensitivity Analysis button is pressed, the model checks if any key variable is
selected in the SA panel - if not, an error message is displayed. If a variable is selected,
SA panel values are validated - if an error is detected, an error message is displayed, if
not, the model proceeds with the SA, computing the previously model with the
respective equations presented in the previous section, for the different key variable
values, registering the outputs of each scenario. In the end, the results are presented
graphically in the bottom panel of the GUI, with three graphics, each presenting an

output result for the different key variable scenarios (Figure 8.6a).

If the Print Sens Analysis Graphics button is pressed, the model checks if any key
variable is selected in the SA panel - if not, an error message is displayed. If a variable is
selected, the model checks if the SA Results graphics are filled in - if not, an error
message is displayed, if yes, the model proceeds by saving all the results in an Excel
file, and then printing the graphical results in jpeg files (Figure 8.6b).
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Figure 8.6- RETEES flowcharts from output GUI buttons: (a) press *Sensitivity Analysis™ button;

Yes

Press “Close” Close Outputs GUI Save all numeric data
button in Excel

(c) (d)

(b) press ""Print Sens Analysis Results' button; (c) press ""Close' button; (d) press ""Print

Graphics' button.

If the Print Graphics button is pressed, the model checks if the TEA/CBA Graphics are
filled in - if not, an error message is displayed, if yes, the model proceeds by saving all
the results in an Excel file, and then printing the graphical results in jpeg files (Figure
8.6c).

Finally, if the Close button is pressed, the GUI is automatically closed (Figure 8.6d).

8.3.4 Sensitivity analysis

The Sensitivity Analysis panel of the TEA Output GUI allows the user to select the key
variables to optimize, with five key variables available - AADT, IPM, PPM, YMP and .
With the key variable selected, the user can define its minimum and maximum values,
as well as the number of samples to be evaluated (only a number between 2 and 10 is
accepted). The intermediate values of the key variable are determined in direct

proportion between the minimum and maximum values, distributed by the number of
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samples. For example, if the selected key variable is AADT, the minimum value is
10,000, the maximum value is 50,000 and the number of samples is 5, the model will
evaluate five scenarios: 10 ,000; 20,000; 30,000; 40,000 and 50,000 vehicles/day
(Figure 8.7).
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Figure 8.7- RETEES output GUI filled with TEA numerical and graphical results and with the SA

graphical results.

The software uses all the data inserted in the Input GUI to perform the SA, changing
only the key variable value in each scenario, registering the outputs. After computing all
the key variable values, the results are presented graphically, in the Sensibility Analysis

Results panel, with one graphic for each output: PPW, LCOE and CF (Figure 8.7).

For the previously mentioned case with five different AADT values, Figure 8.7 presents
the simulation results for the SA, with each graph having 5 bars, one for each scenario,
making it possible to conclude that the PPW does not change with AADT, the LCOE

decreases with the AADT increase, and the CF increases with the AADT increase.
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Similarly, the Sensitivity Analysis panel of the CBA Output GUI allows the user to
select the key variable to optimize, with six key variables available - AADT, IPM, PPM,
YMP, GIEP/SCEP (depending on the energy application) and 1. With the key variable
selected, the user can define its minimum and maximum values, as well as the number
of samples to be evaluated (only a number between 2 and 10 is accepted). The
intermediate values of the key variable are determined in direct proportion between the

minimum and maximum values, distributed by the number of samples.

The evaluation process of the cost benefit SA is similar to the technical and economical
SA, with the results presented graphically in the Sensibility Analysis Results panel, with
one graph for each output: ROC, NPV and IRR (Figure 8.8).

Considering a case with 10 different AADT values, from 10,000 to 50,000 vehicles/day,
Figure 8.8 presents the simulation results for the SA, with each graph having 10 bars,
one for each scenario, making it possible to conclude that the ROC decreases with the
increase in AADT, while the NPV and the IRR increase with the increase in AADT.
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Figure 8.8- RETEES output GUI filled with CBA numerical and graphical results and with the SA

graphical results.
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8.4 Case Studies and Results
8.4.1 Introduction

The models being developed are used to evaluate a RPEH system application both
technically and economically, as well as to perform a cost benefit analysis for an energy
application of the RPEH system, and the results obtained from the case studies are

discussed in this section.
First, the model inputs are presented and justified.

1. The road type considered for implementing the RPEH devices is a main distributor
in an urban environment, where the traffic speed is 50 km/h, traffic volume is high
enough to provide reasonable values of harvested energy and traffic speed
reduction is required at its entrance, exit and in specific spots. The number of
lanes of this road type can be two or four (AASHTO, 2001; Elvik et al., 2009). In
the present work, for simplification purposes, two lanes are considered, with the

total AADT distributed equally over the two lanes.

2. To define the traffic data, typical values for urban mobility are considered, based
on high density population cities (TRB, 2000). So, the initial value considered, for
a two lane road, is 20,000 vehicles per day, which is changed in the sensitivity

analysis.

3. The traffic distribution by vehicle category changes in relation to the country and
the type of road. Considering a typical scenario of a main distribution road in an
urban environment (TRB, 2000; AASHTO, 2001; Elvik et al., 2009), the selected
traffic profile is: TD; equal to 25%; TD, equal to 50%; TD3 equal to 23%; and
TD,4 equal to 2%.

4. To determine the energy released by each vehicle type (ERV1.) in relation to each
traffic average speed (TAS), the software RoadVISS, presented in Chapter 3, was
used. The results are presented in Table 8.1, for an EHW equal to 0.5 m.
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Table 8.1- Average energy released by vehicle category in relation to the vehicle speed (EHW = 0.25
m).

TAS (km/h)  ERV; (J) ERV, (J) ERV; (J) ERV, (J)

30 100 150 200 300
40 150 200 300 500
50 200 266 400 666
60 180 230 350 600
70 150 200 300 500

5. To define the energy conversion efficiency of a RPEH device, as well as its typical
dimensions and installed power, the state-of-the-art study presented in Chapter 2
Is used. From the different technologies under development, those which make
use of electromechanical systems are the most efficient, reaching a maximum
efficiency of 50% (currently). For this particular system (Duarte et al., 2016), the
module width is 0.7 m and the installed power per module is about 450 W.
Despite the fact the module width is slightly more than 0.5 m, considered to
determine the energy lost by the vehicle, the values of Table 8.1 are accepted for a

module width of 0.7 m.

6. The considered values of CO, grams avoided for each kWh produced changes
from country to country, depending on their energy production profile. An
average value for OECD countries is 500 CO,g/kWh (EEA, 2017), and this value
is used in the present study. For USA, for example, this value is 480 CO,g/kWh,
while for Europe the average value is 290 CO,g/kWh.

7. Valuation of CO,, also known as carbon price, has been decreasing yearly.
Currently, and as defined by the World Bank (Luckow et al., 2015; The World

Bank, 2017), a price of 10 €/ton can be considered a reference value.

8. The price per module is not defined in the existing studies regarding RPEH
systems, as these are based on the technical performance of the systems under
development. So, in this study, values are set in relation to the costs of the

components used to produce the selected system (Duarte et al., 2016). The
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considered price of each module is 1,000 € and its installation cost is equal to 100
€. The extra equipment cost considered for a grid injection or self consumption
application is 1,000 €, for a power inverter solution. Extra costs with certification
and insurance are considered, giving a total cost of 500 €. The annual

maintenance costs used are 50 € per RPEH unit.

9. To define the grid injection energy price, a subsidized regime is considered.
Taking into consideration what has been done for other technologies in several
countries (Haas et al., 2004; Reiche and Bechberger, 2004; Alvarez et al., 2009;
Frondel et al., 2009; Boomsma et al., 2012; Schmalensee, 2012; Campoccia et al.,
2014), especially for solar PV, with several countries in Europe using feed-in
tariff’s higher than 0.50 €/kWh, a feed-in tariff of 0.65 €/kWh is considered in the
present study, similarly to what was done to set up the solar energy program in
Portugal, in 2007. This value is valid for a 10 year period (Portal Energia, 2017).
This value was set initially to support the market’s adoption of the technology and
was then progressively reduced in order to follow the falling price of the

technology.

The simulations input values are presented in Table 8.2.

8.4.2 Technical and economic analysis

Using the values presented in Table 8.2 to perform a TEA, the obtained results are
presented in Table 8.3. One can conclude that the PPW is close to that of other
renewable energy sources (Adaramola, 2014; Narbel et al., 2014), but the LCOE is
higher than current energy generation solutions, while the CF is too low. So, a
sensitivity analysis was performed for different key variables to understand the impact

of each variable in the technical and economic performance of the RPEH application.
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Table 8.2- Initial values for the simulation variables.

Variable name Value Unit
AADT 20,000 (vehicles/day)
Number of road lanes 2 -

'é & Average speed 50 (km/h)

E S Traffic distribution TD14 2350|252 (%)
Analysis: number of years 10 (Years)
Annual traffic evolution 2 (%)
Number of installed meters 28 (m)

'S Module width 0.7 (m)

% . Power per RPEH module 450 (W)

8 wm Conversion efficiency 50 (%)

T = "CO, gkwh 500 (g/kWh)

& CO, valuation 10 (€/ton)
Energy generation p/ vehicle type (EGMy.,) Determined )

o Price per module 1,000 ©

g Installation price per module 100 €

§ ©  Extraequipment price 1,000 (€)

; S " Other costs involved 500 €)

N Yearly maintenance price per module 50 )

ad Annual inflation 2 (%)

- g  Energy Application Gl -

g § GI: Energy price | price evolution 0.65|0 (€/kWh) | (%)

5 S SC: Energy cost | Energy inflation 0|0 (€/kWh) | (%)

& SC: Installed power | Av. Hours/day 0|0 (W) | (h)

The SA for different AADT values considers 5 values from 10,000 to 50,000 vehicles
per day on the two road lanes and its results are presented in Figure 8.9a for the three
key indicators. The SA for different values of n considers 5 values from 40 to 80% and
the results are presented in Figure 8.9b. The SA for different PPM values considers 5
values from 500 to 1,500 € and its results are presented in Figure 8.9c. The SA for
different YMP values considers 4 values from 20 to 100 € and its results are presented in

Figure 8.9d.
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Table 8.3- Results for a TEA to a RPEH application.

Variable Value Unit

Average lane daily traffic 10,000 (vehicles/day)
Average lane yearly traffic (Y1) 3,650,000 (vehicles /year)
Installed modules 40 -

Installed power 18,000 (W)

Daily energy generation 16.2 (kwh)
Annual energy generation (Y1) 5,926.6 (kWh)

Total (period) energy generation 64,905.6 (kwh)

Initial investment 45,500.0 €

Annual maintenance costs (Y2) 2,000.0 ©

Total investment (period) 65,399.4 ©

Total CO, emissions avoided 32.4 (ton)

Value of CO, emissions avoided 324.5 €

PPW 2.53 ©

LCOE 1.01 (€/kWh)

CF 4.12 (%)

From the analysis of the SA results, one can conclude that the AADT variation does not
have an impact on the PPW. However, this variable has a great impact on the LCOE and
on the CF. When the AADT increases, there is a considerable reduction of the LCOE
and a directly proportional increase of the CF. The same impact is obtained with the
variation of the conversion efficiency of the RPEH system, leading us to conclude that
these two variables have a great impact on the technical and economic performance of

the system.

Also, from the analysis of the SA results one can conclude that neither the PPM nor the
YMP affect the CF, but both have a direct impact on the LCOE, as this parameter rises
with the increase of both variables. The PPW increases as the PPM increases, but it is
not affected by the change to the YMP.
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Figure 8.9- Sensitivity analysis results for the variation of the (a) AADT; (b) n; (c) PPM; (d) YMP.
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So, to optimize the technical and economic evaluation of the RPEH system application,
the critical variables for consideration are the AADT and the 1. With an SA performed
on both variables simultaneously, the achieved results are presented in Table 8.4 and
Figure 8.10 for the LCOE and the CF (PPW is not considered as this parameter does not
change with these variables).

Table 8.4- Results of a multi-variable SA for a TEA to a RPEH application.

AADT 1 LCOE CF
(v/d) (%) (€/kWh) (%)
40 2.78 151
50 2.22 1.92
10,000 60 1.85 2.25
70 1.61 2.66
80 1.42 3.05
40 1.38 3.00
50 1.10 3.76
20,000 60 0.92 451
70 0.79 5.26
80 0.69 6.01
40 0.92 4.61
50 0.74 5.64
30,000 60 0.61 6.77
70 0.52 7.90
80 0.46 7.92
40 0.69 6.01
50 0.55 7.52
40,000 60 0.46 9.02
70 0.39 10.53
80 0.35 12.03
40 0.55 7.52
50 0.44 9.40
50,000 60 0.37 11.28
70 0.31 13.16
80 0.28 15.04
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Figure 8.10- SA results for the simultaneous variation of the AADT and 1 to determine the: (a)
LCOE and the (b) CF.
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Analyzing the results, one can conclude that, as expected, the LCOE values decrease
with the simultaneous increase of AADT and m, reaching for the tested values a
minimum of 0.28 €/kWh, which might be considered enough for a technology launch,
but still needs to be optimized to compete with other renewable energy sources. This
can be achieved through the optimization of the PPM and YMP, through an industrial
optimization process and a considerable market penetration that would lead to a
decrease in production costs. Regarding the CF, it was also expected that this value
would increase with the simultaneous increase of AADT and m, reaching for the tested
values a maximum of 15%, which is considered competitive with other renewable
energy sources. To increase this parameter, the best scenario would be the increase of
the AADT, applying the RPEH system in places with higher AADT values.

8.4.3 Cost benefit analysis

The first energy application studied to perform a CBA on the RPEH system consists of
a grid injection application and the values presented in Table 8.2 are used, with three
changes resulting from the TEA: the AADT is increased to 30,000 vehicles per day, the
n is increased to 60% and the YMP is reduced to 50 € per module. The obtained results
are presented in Table 8.5 for two scenarios, with different periods: a 10-year study and
a 15-year study. From these results one can conclude that, for the considered input data
and for a 10-year study, the return of the investment is not positive, as although the
return of capital is achieved after eight years, the NPV and the IRR are negative at the
end of the period. However, when the study is extended to a 15 year period, the return
of the investment becomes positive, but with a reduced IRR. In this study, one of the
goals is to obtain positive viability for a 10 year period, so an SA is performed.
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Table 8.5- Simulation results for a CBA on a Gl application.

Period 10 years 15 years Unit

Variable Value Value

Average annual income 7,593 7,995 €
Total income (period) 75,939 119,934 €
Total investment (period) 63,305 75,264 ©
Total profits (period) 12,634 44,671 ©
ROC 8.3 9.4 (Years)
NPV -125,592 3,750 ©
IRR -27.9 1.8 (%)

For a 10-year study period, the SA for different AADT values considers 5 values from
10,000 to 50,000 vehicles per day on the two road lanes and its results are presented in
Figure 8.11a for the three key indicators. The SA for different values of n considers 5

values from 40 to 80% and the results are presented in Figure 8.11b.

The SA for different PPM values considers 5 values from 500 to 1,500 € and its results
are presented in Figure 8.11c. The SA for different YMP values considers 5 values from
20 to 100 € and its results are presented in Figure 8.11d. The SA for different GIEP
values considers 5 values from 0.50 to 0.90 €/kWh and its results are presented in

Figure 8.11e.

From the analysis of the SA results one can conclude that: the ROC decreases with the
increase of the AADT, the n and the GIEP or with the decrease of the PPM and the
YMP; the NPV and the IRR increase with the increase of the AADT, the n and the GIEP
or with the decrease of the PPM and the YMP.

The two variables that present the greatest impact on the results are the AADT and the
GIEP. So, an SA is performed for both variables simultaneously and the results
obtained for the ROC, the IRR and the NPV are presented numerically in Table 8.6 and
graphically in Figure 8.12.
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Figure 8.11- SA results of a CBA for a Gl application, for the variation of the (a) AADT; (b) n1; (¢)
PPM; (d) YMP; (e) GIEP.
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AADT GIEP ROC NPV IRR
(v/d) (€/kWh) (years) © (%)
0.5 325 -392,600 -200.1
0.6 16.3 -298,970 -193.9
10,000 0.7 10.8 -205,330 -172.5
0.8 8.1 -111,700 -22.6
0.9 6.5 -18,070 -1.5
0.5 27.1 -375,090 -199.2
0.6 135 -262,730 -189.8
20,000 0.7 9.0 -150,360 -39.6
0.8 6.8 -38,000 -5.0
0.9 5.4 74,360 12.6
0.5 23.2 -357,590 -198.2
0.6 11.6 -226,500 -182.8
30,000 0.7 7.7 -95,410 -17.9
0.8 5.8 35,680 7.1
0.9 4.6 166,790 24.7
0.5 20.3 -340,110 -197.1
0.6 10.2 -190,300 -109.6
40,000 0.7 6.8 -40,480 -5.5
0.8 5.1 109,340 17.3
0.9 4.0 259,150 36.1
0.5 18.0 -322,650 -195.9
0.6 9.0 -154,110 -42.2
50,000 0.7 6.0 14,430 3.9
0.8 45 182,980 26.7
0.9 3.6 351,520 47.6
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Figure 8.12- Results of a multi-variable SA for a CBA to a RPEH system with a Gl application, for
the (a) ROC; (b) NPV; (c) IRR.
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Analyzing the results, one can conclude that, as expected, the ROC values decrease with
the simultaneous increase of AADT and GIEP, reaching a minimum of 3.6 years for the
tested values, which is considered very good for a technology launch and extremely
competitive with other renewable energy sources. Additional optimizations can be
performed, to the PPM, which will allow the ROC to be reduced. Regarding the NPV
and the IRR, it was also expected that these indicators would increase with the
simultaneous increase of AADT and GIEP, reaching a maximum of 351,520 € and
47.6%, respectively, for the tested values, which are very positive values for a 63,305 €
investment. There are several scenarios where these indicators are considered positive,

and others could become so by optimizing, for example, the PPM.

The second energy application studied to perform a CBA consists of a self-consumption
application and the values presented in Table 8.2 are used, with an exception for the
energy application values. Also, the AADT is increased to 30,000 vehicles per day and
the 1 to 60%. Regarding the energy application, a SCIP of 3,500 W with a SCAG of 10
hours per day is considered. The considered SCEP is equal to the average EU energy
price for the domestic sector, 0.22 €/kWh (Eurostat, 2017), with a SCEI of 2%.

The results for an SC energy application are presented in Table 8.7 for a 10-year period.
From these results one can conclude that no indicator is positive, mainly due to the low
value of the energy when compared with the investment made. Even after performing
an SA and keeping the SCEP constant, no positive scenarios are verified. So, at the
current energy prices, the application of RPEH systems for SC is not economically
viable if these CBA parameters are considered.
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Table 8.7- Simulation results for a CBA on a SC application.

Variable Value Unit
Annual energy consumption 12,775 (kwh)
Annual energy generation 11,682 (kwh)
RPEH system contribution 91.45 (%)
Average annual savings 2,814 ®©
Total period (period) 28,143 €
Total investment (period) 63,305 ®©
Total "profits” (period) -35,162 (€)
ROC 22.5 (Years)
NPV -355,430 ©
IRR -198 (%)

8.5 Summary and Conclusions

In this Chapter, a complete model for evaluating an RPEH system technically and
economically was provided. Both the technical and economic analyses of renewable
energy generation systems as well as their cost benefit analysis models are established
and proven (Mathew, 2006; Bradford, 2008; Sorensen, 2011; Adaramola, 2014; Narbel
et al.,, 2014), with the values of the key parameters duly quantified and with the
thresholds for positive viability defined. However, for new technologies under
development, these models are not completely defined. Energy harvesting is a field
which has recently gained the attention of both academia and companies and a set of
new technologies are under development. RPEH is a field with some of these
technologies under development and a model that allows proper technical and economic

evaluation is needed.

The novelty of this Chapter lies in the definition of the complete model to evaluate an
RPEH technically and economically, with all the technical and economic variables
being presented, as well as the equations that allow all the key evaluation parameters to
be determined, not only to perform a TEA, but also to perform a CBA for different
energy applications. This model is applicable to different technologies that make use of

the energy harvested from vehicles moving through the RPEH devices, allowing the
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traffic and the RPEH system to be fully classified, considering piezoelectric,
electromechanical, hydraulic and pneumatic technologies to be used in the presented

model.

Then, a simulation software tool to evaluate RPEH applications both technically and
economically, as well as for performing cost benefit analysis of the application of
RPEH units on different energy applications was developed and presented.

The evaluation methodology proposed in this Chapter is based on existing
methodologies for other renewable energy sources, with special emphasis on solar
energy applications, being then adapted to RPEH systems. The simulation software tool
also follows the analysis provided by other software that evaluates other energy sources,
especially solar energy, allowing also sensitivity analyses to be performed to evaluate

different values for user defined key variables.

From the case studies presented in this work one can conclude that there are specific
conditions required for these technologies to achieve positive economic viability, and
there is also a great dependency on the traffic affluence of the application spot. The
AADT represents the most important variable to define the technical and economic
viability of the RPEH system, as this parameter is directly related to the energy input
into the system and from it results the total amount of generated energy and,
consequently, the resulting economic value provided by the system. Other important
variables with great influence on the viability of an RPEH system are the conversion
efficiency of the technology, the price of each unit of the system and its maintenance
costs. From the case studies one can also conclude that, for a grid injection scenario
with a feed-in tariff being considered, an RPEH system can achieve positive economic
viability with specific conditions, but for a self-consumption energy application, for the
current average energy price in the European Union, no economic viability was

achieved for the tested conditions.
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Chapter 9

Summary, Conclusions and Future
Work

9.1 Summary and Conclusions

Over the last two centuries, our planet has witnessed three industrial revolutions that
completely changed the way we live. The first industrial revolution used water and
steam power to mechanize production. The second used electric power to promote mass
production. The third used electronics and information technology to automate
production. Now, a fourth industrial revolution is building on the third, the digital
revolution, which has been going on since the middle of the last century. It is
characterized by a fusion of technologies that is combining the physical, digital, and
biological spheres (The World Bank, 2017).

This new industrial revolution will significantly alter the way we live, work, and relate
to each other. Due to its scale and complexity, this change will have a greater impact on

society than the previous industrial revolutions, and its effects are not known yet.

However, one thing that can be learnt from the previous industrial revolutions is that the
planet was not respected during any of them. With all industrial revolutions, a great

increase in the consumption of the planet’s resources was verified, reaching an
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unsustainable point in which mankind is consuming more resources than those the

planet can provide year after year (WWF, 2017).

Energy, and in particular electrical energy, is one of the resources for which there has
been a great increase in demand, and whose production has one of the most negative
impacts on the environment, as almost 80% of the energy production comes from fossil
fuels (IEA, 2016).

The transition that is about to happen must be built on more sustainable and
environmentally friendly pillars so that it does not compromise the future of our planet

and, consequently, our existence.

One of the key areas for ensuring a more sustainable planet is to change the paradigm
for the production of electrical energy. Energy production must be based on renewable
resources, decentralized, happen near to the point of consumption and, preferably, when
it is needed. To achieve this goal, a combination of multiple energy sources will be
needed, and every potential energy source that can be converted effectively into

electrical energy should be used.

Renewable energy sources such as solar, wind and hydro have been developed in recent
decades and have already reached a stage of maturity. Biomass and ocean energy have
also been explored in the last few years and some technologies are being implemented

on a considerable scale.

However, there are a number of other sources of energy that have not been exploited
much and which, in specific places, would provide great potential for use and can
significantly contribute to the promotion of self-sustaining electrical equipment. To
accomplish this, energy harvesting has recently been adopted on a micro-scale, where it
is possible to generate electrical energy from small energy variations, such as thermal
gradients, pressure, vibrations, radiofrequency or electromagnetic radiation, among
others (Khaligh and Onar, 2010).

Road pavements are continuously exposed to vehicle loads and, from this, it is possible

to extract energy which, using specific technologies and equipment, can be converted
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into electrical energy and supply the electrical devices near the road, such as public
illumination, traffic lights, sensors and cameras, among others. Such devices are called
RPEH devices.

In the last 15 years or so, several technologies have been developed in this field, but
none have been successful to the extent that they have entered the market. The main
goal of this research was the development of a new technology to convert mechanical
energy from vehicles into electrical energy, which would be implemented in the road

pavement to make use of a source of energy which is typically wasted.

Before the development of a new technology to be used in RPEH devices, a state-of-
the-art study was performed, presented in Chapter 2, so that the existing technologies
could be identified and evaluated, in order to draw some conclusions regarding their
positive and negative aspects, and understand what should be done differently to
succeed. In this study, not only were RPEH technologies analyzed, but also
technologies for harvesting railway energy, since both are related to infrastructure
applications and both make use of vehicles’ mechanical energy to produce electrical

energy.

From this study it was possible to conclude that several technologies have successfully
achieved TRL 5, with a prototype validation in a relevant environment, but when they
were implemented in a real environment most failed. One of the main reasons for this is
related to the vehicle loads delivered to the device’s surface, which were higher than

expected and led to component failure.

The problem that was identified in these studies is related to a lack of understanding
about how the vehicle’s wheels interact with the RPEH device’s surface, how loads are
applied and how the vehicle’s mechanical energy is delivered. With this in mind, it was
decided that prior to the development of the new technology, a detailed study had to be
performed to evaluate the VRI and to quantify the loads and energy delivered from

vehicles to the pavement or an equipment applied in the pavement’ surface precisely.
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Also, from the state-of-the-art study, it was possible to analyze which are the most
promising technologies and those which have achieved better results for both energy
generation and energy conversion efficiency. In this field, electromechanical systems
present the highest values, while hydraulic systems, despite slightly lower results,
showed good potential for harvesting vehicle energy in multiple points and use only one
electrical generator to convert all the mechanical energy into electrical energy. So, both
types of systems should be considered and carefully evaluated when a new solution is
designed.

The state-of-the-art evaluation contributed to a deeper understanding of the existing
technologies both for RPEH and railway energy harvesting and their stage of
development, and has introduced new concepts for the classification of systems,
especially for different electromechanical devices, classifying them according to their
input and output motion type. Also, the identification of the installation method has

improved the existing knowledge of these types of technologies.

Based on the conclusions from Chapter 2, a detailed VRI study was performed in
Chapter 3, identifying the most common vehicle models used in the literature, namely
the quarter-car and bicycle-car models, and how loads are applied to the pavement
surface. However, these models were unable to fully define the interaction of a moving
vehicle and a RPEH device with a moving surface, as they are only related to the
vehicle and do not take into account the changes in the vehicle’s dynamics caused by
the movement of the surface of the RPEH device. Taking this into account, two new
models were developed to consider the interaction between a moving vehicle and a

RPEH device with a moving surface, as presented in Chapter 3.

Typically the VRI models do not consider the tyre contact patch, as they consider only a
resultant force applied on the pavement surface. For a typical VRI analysis, this
approach is not incorrect, as the tyre contact patch is permanently in contact with the
pavement surface, but when the interaction is related to a moving tyre and a specific
surface, separated from the pavement surface, this common approach is not correct, as

the tyre’s contact patch does not establish total contact with the surface immediately,
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but rather it makes progressive contact while the wheel is moving forward. This means
that the tyre’s force is progressively applied to the surface, as the tyre’s contact patch
establishes contact with it, and this has a huge impact on the quantification of the load
applied to the surface of a RPEH device. As so, in Chapter 3 the equations are presented
that allow the contact patch to be integrated into the vehicle dynamics models with a
moving surface, allowing us to have more detailed and complete models to perform the

evaluation of the interaction of a vehicle and a RPEH device.

Based on the developed models, a new software tool was developed and presented in
Chapter 3, named RoadVISS, that allowed users to study the forces induced by a
vehicle in motion onto the road pavement, an SRE or an RPEH device, as well as the
energy lost by the vehicle, associated to the contact with the surface, and the energy
received by that surface. This software tool was developed in MATLAB® environment,
including a GUI where the user can select and define all the variables associated to the
simulation, and another GUI where the results are presented. The software has an
extensive database of considered variables, allowing a huge number of different
combinations of values to be simulated, which means a great number of studies can be
performed. The outputs of the system are focused on the forces and energy released by
the vehicle and received by the pavement or by RPEH device’ surface, but the

computational model allows users to define new outputs and study other variables.

The existing software tools, mainly ADAMS® (MSC.Software, 2017) and AUTOSIM®
(Carsim, 2017), already allow users to select all the vehicle characteristics and motion
conditions, but the main differences of the developed software are evident: it allows us
to obtain energetic outputs, select the pavement/SRE/RPEH device characteristics,
dimensions and material, in a way that no other software tools do, and to compare the
output, for both the vehicle and the pavement parameters, together or separately. The
development of this software tool was a key milestone in the development of the
remaining project as it allows us to have a more detailed and precise quantification of
the loads and energy delivered from the vehicles’ wheels to the RPEH surface and to

have more realistic values during the project development stage of the RPEH device.
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Using RoadVISS, a detailed study was performed of the interaction of different vehicles
with equipment with a movable surface applied in the road pavement. This study has
allowed us to come to conclusions not only about the energy lost by the vehicle and
harvested by the equipment, but also about the low vertical acceleration induced to the
vehicle body. Relating the achieved results with the international scale for the
discomfort induced to the vehicle occupants by SRE, defined by ISO 2631-1 (ISO,
1997), it was possible to identify an opportunity to reduce the vehicle’s speed by Kinetic
energy harvesting using a device applied in the road pavement surface, without

affecting the ride comfort of the vehicle’s occupants.

This conclusion led to a specific research goal of developing a solution to effectively
contribute to the road safety promotion, by reducing the vehicle’s speed without the
need for driver action, such as breaking, and without affecting the ride comfort.
Therefore, in Chapter 4 a study was conducted to optimize the energy extraction from
vehicles with a minimum impact on ride comfort to promote road safety. In this
Chapter, typical SRE equipment was studied and evaluated, allowing us to conclude
that these devices induce extremely high levels of discomfort to the vehicle’s occupants
if the driver does not break before reaching the device, but do not extract significant
amounts of energy to the vehicles. Then, a new SRE was developed, with the physical
models of the proposed solution being presented and incorporated into the RoadVISS
software, allowing the user to perform computational simulations and evaluate their
performance. It was concluded that this new solution is able to extract 81% more energy

than a standard SRE, with 87% lower impact on the vehicle body for similar scenarios.

A prototype of the proposed solution was developed and tested, allowing us to get
experimental results of its performance. From the analysis of results and the comparison
between computational simulations and experimental results, it was possible to
conclude that there is a small difference between the two of under 20% on average,
which is a very satisfactory result, considering that the computational models include

several vehicle parameters that we were not able to quantify precisely.
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Considering the results achieved for the system presented in Chapter 4, we consider that
the proposed solution may be effective in promoting road safety and is attractive both
for the users (drivers) and beneficiaries (mainly pedestrians, but vulnerable road users in
general), and there is great potential for application in the real world. With the
developments in this thesis, the solution has reached TRL5, as the technology was

validated in a relevant environment.

Following this study, and considering it as the first application of RoadVISS, the
development of a RPEH device came next. The first novelty presented in this
development was the approach that was defined and the methodology. The use of
forces, kinematic and dynamic analysis, combined with an energetic analysis applied to
all the device’s components allowed us to identify the performance of each element and
its impact on the end results of the entire system, so each component could be optimized
and the efficiency of the entire system maximized. None of the existing studies in the
literature, seen in Chapter 2, had implemented this methodology, which led to non-

optimized systems.

This methodology was first applied to the most common electromechanical systems,
namely the RAP system and the lever system, with these being modelled and then
included in the software previously developed, allowing a new and more advanced
software tool to be created for the development of RPEH devices. The results of the
simulations for these systems agreed with the values of the systems evaluated in

Chapter 2, allowing the models and the software to be considered accurate.

In Chapter 5, a new electromechanical system to implement in RPEH devices was
presented. The development of this system was performed taking into account the
limitations of the typical systems, in which the transmitted load and motion are
physically limited by each other. The goal was to devise a system in which this relation
was not direct, and in which the transmitted force could be maximized, while the
displacement of components was not affected in direct proportion. To achieve this goal,
a crank to slider system was proposed and its physical models were defined and

included in the software tool. Several computational simulations were performed and,
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based on the achieved results, several conclusions were drawn. The main conclusions in
relation to typical electromechanical systems are that the new mechanical system
proposed is the most efficient system regarding the mechanical energy transmission as,
for the same pinion radius, it can double the efficiency of the RAP system which, in
turn, is more efficient than the lever system. The maximum theoretical efficiency of the
new proposed system is 74.3%, a much higher value than all systems studied and

evaluated in Chapter 2.

After this validation, a prototype was developed and tested in a relevant environment, so
that experimental results could be achieved and compared with the computational
simulations results. During the prototype design some changes to the initial version of
the system were made to avoid and prevent possible problems, but these led to an
increase in the number of components which led to more energy loss. Some of the
selected components have also proven to have higher friction coefficients than

originally defined, inducing higher energy losses.

The experimental results were not as satisfactory as expected for the lower vehicle
speed scenarios (20, 30 and 40 km/h), and there was a considerable difference in the
electrical energy generation results. However, for the higher value of vehicle speed (50
km/h), the experimental results were closer to the computational simulation results, with
the average difference being 11.9%, a very satisfactory result. For the 50 km/h tested
scenarios, the maximum energy conversion efficiency of the device, from the
mechanical energy harvested by the device’s surface to the electrical energy generated
and delivered to the electrical load was 60.5%, a value higher than all existing systems
studied in Chapter 2, which proves that the proposed system has the potential to be
more efficient than existing solutions. However, further developments should be made
to increase the efficiency of the system for the lower vehicle speeds and to improve the
global efficiency of the device, taking into account its theoretical energy conversion

efficiency of higher than 70%.

Thinking of a possible product development in the future, this solution also has other

technical advantages compared to the existing solutions studied in Chapter 2, as it is
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smaller, which makes the installation process in the road pavement easier, and it is
made of mainly high density and resistant plastic, a material that can be produced much
more cheaply than iron and aluminium, the core materials typically used in the RPEH
devices studied in Chapter 2. Altogether, this solution has more chance of breaking into
the market than all the other solutions, as it is more efficient, simpler to install and costs

less.

Although the achieved results with the RPEH device based on an electromechanical
system were satisfactory, especially the computational simulations results, all
electromechanical systems have one limitation in common - to keep the maximum
efficiency of the system they all use one electromagnetic generator for each mechanical
system, which may increase the total cost of a solution with multiple devices. This is
where a hydraulic system may have an economic advantage as multiple hydraulic units

can be connected to a single electromechanical converter.

A technical evaluation of typical hydraulic systems used in RPEH devices was
conducted using the same methodology as used in the electromechanical systems, and
the most common hydraulic system was modelled physically, and the model was
incorporated in the software tool developed previously. The computational simulation
results were examined in order to compare them with the study performed in Chapter 2,
proving that a typical hydraulic system was not more efficient than an
electromechanical system, as it has a maximum energy conversion efficiency of only
39.3%.

A new hydraulic system with a mechanical actuation was presented in Chapter 6,
combining the electromechanical system presented in Chapter 5 with common hydraulic
systems, to evaluate the performance of the combined system. The physical models of
the solution were presented and integrated in the software tool, allowing us to perform
computational simulations for the same scenarios as the previous systems. From the
computational simulation results it was possible to conclude that this system can
achieve a maximum energy conversion efficiency of 73.5%, a value close to the 74.3%

of the electromechanical system, proving that a combined solution of a hydraulic system
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with a mechanical actuation has the potential both technically and economically to be
the best solution in the RPEH field. Experimental validation is needed to confirm these

values, which is one of the next steps of the research.

Besides the connection of multiple devices to a single electromechanical converter, a
hydraulic system also offers the possibility of storing the mechanical energy harvested
from vehicles, transmitted through the mechanical and hydraulic system in the form of
pressure, and actuating the electromechanical unit only when needed, thus increasing
the number of potential applications of the electrical energy produced, especially at

night.

In Chapter 7, a MES in the RPEH device based on hydraulic systems was included, and
both a standard and the new proposed hydraulic system with mechanical actuation were
studied. Following the same methodology as with the previous developments, the
physical models of the MES systems were presented, as well as the complete models of
the hydraulic systems with the proposed MES. These models were then integrated in the
software tool and computational simulations were performed. The inclusion of a MES
in a typical hydraulic system allows the global efficiency of the device to be increased
to 43.0%, but it does not increase the efficiency of the hydraulic system with
mechanical actuation, which has a maximum efficiency of 66.2%, lower than the 73.5%
efficiency of the same system without storage. However, although the global efficiency
of the system is decreased, the global efficiency of the system with MES is still higher
than all existing solutions studied in Chapter 2, and the lower cost of this solution may
compensate the lower efficiency of the device. Experimental validation is needed to

confirm these values, which is one of the next steps of the research.

From Chapters 4 to 7, several technical developments were made leading to the
development of four new solutions, one to promote a more effective speed reduction of
vehicles without any driver action, one that consists of a RPEH device based on an
electromechanical system, one that consists of a RPEH device based on a hydraulic
system with a mechanical actuation without energy storage and another that is similar to

the previous one but which includes a MES system. The first two solutions were
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validated through prototypes and experimental tests, while the last two solutions were
only evaluated based on computational simulations using the developed software. All
the proposed solutions have presented better results than the state-of-the-art in their
respective fields and have great potential for success in the future.

Besides the systems presented, the methodology used was also innovative and it can be
used in other areas of research, especially related to the development of energy
generation systems, as it allows researchers to identify the optimal characteristics of
each component of the system.

Finally, following all the technical developments, in Chapter 8 a complete model to
perform a technical and economic evaluation of RPEH applications was defined. Based
on this model, a new software tool was created, called RETEES, and based on this tool
several analyses were conducted to evaluate different applications. These analyses
include both a TEA of a RPEH system, a CBA and also a SA, by changing the values of

the most critical variables to define their impact on the achieved results.

The developed software tool has proved to be very useful in the technical and economic
evaluation of RPEH applications, allowing us to understand the impact of each variable
in the results. It is an important tool for defining the required traffic values for an
application to be viable or for defining the production costs of the system so that it can
be made viable, in relation to its energy generation potential. It can also be used by the
potential users of RPEH devices to evaluate the economic benefits that can be achieved
by investing in such solutions, or to define how many RPEH devices they need to
implement in an application so that it can become completely energetically self-

sufficient.
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9.2 Future work

Three software tools were developed in Chapters 3, 5 and 8, one for the VRI analysis
and the evaluation of the energy transfer from vehicles to the road pavement surface of
specific devices applied on its surface (RoadVISS); one to evaluate the performance of
RPEH devices from an energetic perspective and another to evaluate RPEH applications
technically and economically (RETEES). All these solutions have been tested and some
validations were made, but all can be improved and further developments should be

performed.

First, the validation of vehicle parameters in the RoadVISS software tool can be
improved through experimental tests with sensors applied in the vehicle body to
compare the simulations results with experimental data. The developed models are
validated for two-axle light vehicles. Additional developments will be performed to
include multiple-axle light vehicles and heavy vehicles on the models, allowing the

software applications and studies to be expanded.

Secondly, the upgraded version of RoadVISS, for the development of RPEH devices,
has great potential to include more RPEH systems and components, not only
electromechanical or hydraulic ones, but any type of technology that makes use of a
vehicle’s mechanical energy as an energy source. More experimental tests are needed to
validate the performance of the hydraulic system, which should also include validating
the hydraulic system with mechanical actuation presented in Chapter 6, as well as the
same system with a MES unit presented in Chapter 7.

Thirdly, the RETEES software tool presented in Chapter 8 can also be used to perform
TEA and CBA with other RPEH technologies, and the models can also be integrated
with other existing software to evaluate different renewable energy sources technically
and economically, so that RPEH systems can be considered as an alternative for electric
energy production, especially in urban environments, where energy consumption
continues to increase and more energy will be needed in the years to come with the
growth of the electric mobility market. The RETEES software tool can also be upgraded
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with new equations to determine the traffic distribution among several road lanes with

better precision, as well as to adjust the maintenance costs to the traffic.

Regarding the four systems presented in this thesis, all have the potential for further

developments, each with a different approach.

The system presented in Chapter 4, to be applied as a SRE, was successfully validated
through a prototype in a relevant environment, allowing us to assume that a TRL 5 stage
was achieved. However, more validations should be done. The next steps of this
research work will consist of implementing a monitoring system in the vehicle, so that
the vertical acceleration induced in the vehicle body can be measured, as well as
enabling us to quantify the energy lost by the vehicle, allowing us to draw conclusions
about the device’s efficiency and the ride quality of the vehicle’s occupants. Some
developments should also be performed to prepare the system to resist to breaking

actions from the vehicle and to water and snow conditions.

After this, a real scale pilot plant in an operational environment, such as an urban road,
should be implemented to evaluate the system performance with several meters in the

pavement and with real traffic.

Regarding the RPEH device based on an electromechanical system presented in Chapter
5, which presented a much higher energy conversion efficiency in relation to all existing
RPEH systems studied in Chapter 2, based on the computational simulations performed,
the developed prototype has only presented positive results for a vehicle speed of 50
km/h. So, further developments should be made to validate the simulation results for all
the tested speeds and to conclude the experimental validation. Beside these
improvements in the prototype, a monitoring system should also be implemented in the
vehicle so that the vertical acceleration induced in the vehicle body can be measured, as
well as making it possible to quantify the energy lost by the vehicle, allowing us to
reach conclusions on the device’s efficiency and the ride quality of the vehicle’s
occupants. As for the previous system, some developments should also be performed to
prepare the system to resist to vehicle” breaking actions, as well as to resist to water and

snow conditions.
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After these validations and achieving TRL 5, the implementation of a real scale pilot
plant in an operational environment, such as an urban road, will be performed to
evaluate the system’s performance with several meters implemented in the pavement

and with real traffic.

Also, with the prototype construction and achieved results, an economic evaluation will
be performed, allowing us to draw conclusions about the economic viability of the

system, using the RETEES software tool, presented in Chapter 8.

Both the RPEH device based on a hydraulic system with a mechanical actuation
presented in Chapter 6, and the same system with a MES unit presented in Chapter 7,
have revealed a much higher energy conversion efficiency value than typical hydraulic
systems, showing great potential for application in the real world. However, both
systems were only validated through computational simulations and further research
should be conducted to perform experimental validations. So, the next step of this
research work will consist of designing and constructing a prototype of each system in
order to test them in the laboratory and in a relevant environment and obtain
experimental results. These will be compared to the theoretical results achieved by the
computational simulations and will allow us to come to conclusions about the technical

viability of these systems.

Based on the technical and economic data of the developed prototype, a TEA and a
CBA can be performed, using the RETEES software tool presented in Chapter 8,

allowing us to reach conclusions about the economic viability of these solutions.

With these systems developed and validated, a specific installation process in the road
pavement should be designed. The four systems were designed to be as flat as possible,
so that installation can be simple and avoid digging a huge hole in the pavement for the
devices. However, a specific installation design should be developed, considering
multiple assumptions: it should be simple and fast, have a minimum impact on the
existing pavement and require a minimum amount of resources. It should take into
account pavement engineering rules and respect the existing pavement design, so that it

will not affect the pavement surrounding the RPEH device after its installation.
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To sum up, the total or partial accomplishment of the research lines suggested above
will provide more detailed validations of the systems developed in this thesis, increase
the TRL of all systems and take them to a pre-market entrance stage. Ultimately, the
accomplishment of these activities combined with an industrial development process
will lead to the creation of innovative solutions in road safety, energy harvesting and
smart cities, which, if successful, could be applied worldwide, contributing to a more
sustainable planet, more cost-effective and self-sufficient electrical applications and to
decrease the number of fatal accidents on the road, promoting road safety more

effectively.
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