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Summary

This thesis presents the results of a study concerning a regenerative energy storage
system for mobile applications. The main objectives are the reduction of the fossil energy
consumption and the related environmental pollution. The study comprises three parts
which succeed each other, starting with a general reflection and ending with a flywheel
energy storage system, which has been elaborated on in detail.

Part I gives a rough inventory of regenerative energy storage systems. First of ali, their
potential for energy and emission reduction is considered. It appears that energy storage
for mobile applications will become very important for future environmentally benign
vehicles. Many investigations show a considerable potential for energy and emission
reduction for vehicular applications in urban areas. This is made possible by brake energy
recovery and conversion improvement of the prime mover.

The realized regenerative energy storage systems for vehicular applications show, as yet,
too limited energy storage and power capacity in respect of volume and weight to enable
successful application. On the other hand, it appears that a flywheel energy storage
system offers the best prospects for mobile applications. A further optimization of such
a system is required, however, to enable large scale application.

Part II deals with the optimization of a flywheel energy storage system starting with the
performance demands, as required for mobile applications in city buses and commuter
trains. For that purpose several alternatives for the flywheel component as well as the
transmission subsystem have been considered.

it appears that metal disc as well as composite rim flywheels are the most favourable
options. As a transmission subsystem, a continuously variable transmission (CVT) is
required. The investigation into CVT alternatives leads to the purely electrical CVT,
which is based on a permanent magnet machine in conjunction with an electronic
converter, as the most favourable CVT.

The combination of the flywheel with the electrical transmission system in a flywheel
motor/generator unit as a compact component with a high versatility is then possible in
several ways. From a comparison between several concepts, it follows that the optimal
flywheel energy storage system consists of a thick rim composite flywheel integrated with
a permanent magnet motor/generator,

This concept has been designated as EMAFER: Electro Mechanical Accumulator For
Energy Reuse, an energy and power density optimized flywheel energy storage system
for a great number of load cycles with high power demands.

Part ITI comprises the mechanical aspects of the development of the EMAFER high speed
flywheel system. The concept and final design are described with the help of the main
parts as they have been worked out as a result of the investigations into several aspects,
The investigations focus on flywheel development and vibration research.
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The flywheel development deals with two construction alternatives for the thick rim
flywheel as used in the EMAFER concept. These alternatives apply to the woven ribbon
process flywheel, which consists of a tape wound under pretension and the layered
flywheel, which is composed of concentric annular elements of different materials.
Both alternatives have been investigated theoretically, with the help of simulation models,
as well as practically, with the aid of test wheels. A kind of integration of the techniques
used in the two principles leads to an optimal result for the EMAFER concept.

As far as the vibration research is concerned, the problems related to the high speed
operation of the EMAFER system have been dealt with extensively. Using simulation
models, supported by practical tests, the effects of design measures are predicted. A
construction with rigid main assemblies, that are weakly coupled via proper stiffness and
damping elements, appears to be the main condition in achieving good vibration
behaviour.

The testing of the prototype, in which all the above investigation results were implemen-
ted, has showed that the required speed specifications could be met without showing any
sign of failure. The vibration behaviour appeared to be excellent with no critical speeds
in the operating speed range and with very acceptable vibration levels. Thus the technical
feasibility of the EMAFER concept has been demonstrated.
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Samenvatting

Dit proefschrift beschrijft de resultaten van een studie naar een regeneratief energie-
opslagsysteem voor mobiele toepassingen. De hoofddoelstellingen zijn het terugdringen
van het fossiele energiegebruik en de daarmee samenhangende milieuvervuiling. De
studie omvat drie gedeelten die elkaar opvolgen, te beginnen met een algemene
beschouwing en eindigend met een vliegwielsysteem voor energie-opslag dat tot in detail
is uitgewerkt,

Deel I geeft een globale inventarisatie van regeneratieve energie-opslagsystemen.
Allereerst worden hiervan de mogelijkheden met betrekking tot het terugdringen van het
energiegebruik en de milieubelasting beschouwd. Het blijkt dat energie-opslag voor
mobiele toepassingen zeer belangrijk zal worden voor toekomstige, milieuvriendelijke
voertuigen. Allerlei onderzoeken tonen een aanzienlijk potentieel aan voor terugdringing
van het energiegebruik en de milieubelasting bij toepassing in voertuigen voor stedelijk
verkeer. Dit is mogelijk door de recuperatie van remenergie en het verbeteren van het
conversierendement van de krachtbron.

De regeneratieve energie-opslagsystemen zoals gerealiseerd voor voertuigtoepassingen
hebben vooralsnog een te beperkte energie- en vermogenscapaciteit met betrekking tot het
volume en het gewicht om een succesvolle toepassing mogelijk te maken. Anderzijds
blijkt een vliegwielsysteem de beste perspectieven te bieden voor mobiele toepassingen.
Fr is echter een verdergaande optimalisering van een dergelijk systeem nodig om tot
grootschalige toepassing te komen.

Deel II beschrijft de optimalisering van een vliegwielsysteem voor energie-opslag op basis
van prestatie-eisen zoals vereist voor mobiele toepassing in stadsbussen en forenzentrei-
nen. Daartoe zijn verschillende alternatieven beschouwd voor zowel de vliegwielcompo-
nent als het transmissiesubsysteem.

Het blijkt dat zowel metalen schijfwielen als vit composietmateriaal bestaande velgwielen
de meest aantrekkelijke opties voor een vliegwiel zijn. Als transmissiesubsysteem is een
continu variabele transmissie (CVT) vereist. Het onderzoek naar CVT-alternatieven
resulteert in de zuiver elektrische CVT, op basis van een permanentmagneetmachine met
een elektronische omzetter, als de meest gunstige CVT.

De combinatie van het vliegwiel met de elektrische transmissie tot een vliegwiel-
motor/generator-eenheid als een compacte component met een grote veelzijdigheid is dan
op verschillende manieren mogelijk. Uit een vergelijking tussen verschillende concepten
volgt dat het optimale viiegwielsysteem voor energie-opslag bestaat uit een dikwandig
vliegwiel van composietmateriaal, geintegreerd gebouwd met een permanentmagneetma-
chine. Dit concept wordt aangeduid met EMAFER: Electro Mechanical Accumulator For
Energy Reuse, een vliegwielsysteem voor energie-opslag dat geoptimaliseerd is naar
energie- en vermogensdichtheid en geschikt is voor een groot aantal belastingcycli met
hoge vermogenseisen.

Deel III omvat de mechanische aspecten van de ontwikkeling van het hoogtoerige
vliegwielsysteem EMAFER. Het concept en definitieve ontwerp worden beschreven aan
de hand van de hoofdonderdelen zoals deze zijn uitgewerkt als resultaat van de
onderzoeken naar diverse aspecten.
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De onderzoeken concentreren zich op de vliegwielontwikkeling en het trillingsonderzoek.
De vliegwielontwikkeling heeft betrekking op twee constructie-alternatieven voor het
dikwandige vliegwiel zoals toegepast in het EMAFER-concept. Deze alternatieven
betreffen het bandwikkelproces waarbij een band onder voorspanning tot een vliegwiel
wordt gewikkeld en het gelaagde vliegwiel dat is samengesteld uit concentrische
ringelementen van verschillende materialen.

Beide alternatieven zijn zowel theoretisch onderzocht, met behulp van simulatiemodellen,
als praktisch door middel van testwielen. Een bepaalde mate van integratie van de
technieken, zoals toegepast in beide principes, leidt tot het optimale resultaat voor het
EMAFER-concept.

Wat betreft het trillingsonderzoek, wordt uitgebreid ingegaan op de problemen met
betrekking tot het hoogtoerige bedrijf van het EMAFER-systeem. Met behulp van simula-
tiemodellen, ondersteund door praktijktesten, worden de effecten van ontwerpmaatregelen
voorspeld. Een constructie met starre hoofdsamenstellingen, slap gekoppeld via geschikte
stijfheids- en dempelementen, blijkt de hoofdvoorwaarde te zijn om een goed trillingsge-
drag te bewerkstelligen.

Het testen van het prototype waarin alle bovengenoemde onderzoeksresultaten zijn
geimplementeerd, heeft aangetoond dat aan de vereiste toerenspecificaties kon worden
voldaan zonder enig teken van faalgedrag. Het trillingsgedrag bleek voortreffelijk, zonder
kritische toerentallen in het werkgebied en met zeer aanvaardbare trillingsniveaus. Aldus
is de technische haalbaarheid van het EMAFER-concept aangetoond.
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Introduction

For the past fifty years, since World War II, the industrialized nations mainly
experienced an unprecedented growth of the standard of living and material wealth. These
developments were possible because of strong human dedication and immensely
advancing technology, science, education, etc. Unfortunately, this was also at the expense
of the exhaustible fossil energy resources and at the expense of the environment.
Over the past two decades, the efficient use of energy resources has become a major
topic. Starting with the first energy crisis of 1973, mankind realized the finiteness of the
fossil energy resources. Since then another aspect has been added to the public awareness
of the large scale fossil energy use: the environmental pollution.
Because of the World’s present energy demands, which are still increasing, the fossil
energy resources will be exhausted in the foresecable future. In addition, because of the
large scale of energy use, the environmental pollution assumes large proportions. The
related damaging effects to human health, animals and plants could be immense and may
have an enormous impact. The public awareness of this has led to extensive research into
energy management related areas, creating new or renewed attention to subjects like:

- Energy saving and energy reuse.

The conventional energy sources are not used efficiently. The overall utilization
efficiency is clearly lower than 40 percent.

The utilization efficiency can in general be raised considerably by improving the
energy conversion processes and by recovering used energy. During the last few years,
some important energy conversion improvements have been made possible for
domestic, industrial and transport applications by means of the use of electronic control
systems. Heat insulation is an example of a simple and equally effective measure for
the improvement of the utilization efficiency in heating processes.

- Substitution of fossil energy resources by renewables such as solar and wind energy.
This substitution is still difficult as conventional energies, e.g. oil, can be stored
conveniently for extended periods prior to utilization, while renewable energies have
a variable availability, must be converted first and then stored adequately. Electricity
as an intermediate power means could become very important in this respect.

- Control and reduction of environmental pollution associated with energy reuse.
Better control sirategies and control systems for energy conversion processes in
connection with measures for treating emissions will make significant reductions of the
environmental poliution possible.

Regenerative energy storage may be an important means of contributing to the solution
of the dual problems of fossil energy shortage and environmental pollution, since it has
the potential to greatly enable the implementation of the possibilities mentioned above.
This particularly applies to energy storage for mobile applications with strongly
alternating power demands, i.e. urban vehicles, excavators, payloaders, lifting and
hoisting devices. Here, energy storage enables energy conversion improvement, energy
recovery and emission reduction.



This study describes the role and the development of an energy storage system for mobile
applications where low weight, high power and a long service life with an acceptable
energy storage capacity are required. As follows from the preparatory study into
regenerative energy storage, a flywheel energy storage system based on fibre composite
technology with electromechanical power transmission offers the best prospects for these
purposes.

The system developed is designated as EMAFER: Electro Mechanical Accumulator For
Energy Reuse. The objective of the development of this system is a versatile flywheel
energy storage system. As a pilot application, a system for the use in large vehicles, such
as a commuter train and a city bus, has been chosen.



PART 1

INVENTORY OF REGENERATIVE

ENERGY STORAGE SYSTEMS

IN PARTICULAR FOR MOBILE APPLICATIONS



Chapter 1°

Importance of regenerative energy storage systems

1.1. Introduction

At the moment mankind faces the problems of threatening fossil energy shortage and
environmental pollution. The World’s energy consumption is almost totally supplied by
fossil energy resources with a low energy utilization efficiency whereas the substitution
of these resources is difficult.

The energy storage considered next is regenerative in the way that taking up and
returning of energy are possible in a reversible way. By this characteristic energy storage
systems can reduce the fossil energy demand and the related environmental pollution.

1.2. Energy and pollution considerations

a) Energy supply

At the moment the World’s energy demand is mainly supplied by fossil energy resources.
With the world’s present energy demand the fossil energy resources will be exhausted
within the foreseeable future. This can be illustrated by the Reserve/Production (R/P)
ratio of fossil fuels. If the reserves remaining at the end of any year are divided by the
production in that year, the result is the length of time that those remaining reserves
would last if production were to continue at the then current level. The reserves concern
the proved reserves, which can be recovered in the future from known reservoirs under
existing economic and operating conditions. Fig. 1.1. illustrates the fossil fuel R/P ratios
at the end of 1992.

It can be seen that the World’s reserves of oil and natural gas will run out in near future.
The World’s reserves of coal will last considerably longer than those of oil and natural
gas, but are certainly not unlimited.

Nuclear energy is also limited. Energy supply by nuclear fission depends on the success
of the enrichment technology for uranium 238 since uranium 235 is as scarce as oil and
gas. Moreover nuclear fission has as disadvantage that it causes radio active waste.
Nuclear fusion seems still to be behind the horizon and it may also cause radio active
waste, albeit less and with shorter half life times than in case of fission.

* Modified version of [1.1].
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Fig. 1.1. World’s fossil fuel R/P ratios at the end of 1992 [1.2].

b) Environmental pollution

The consequence of large scale energy use is that the environment is polluted in the way
of emissions (solid, liquid and gaseous) and physical influences (noise, heat and
radiation). Most of the solid emissions can be controlled in practical ways before they
have come into the environment. Fluid and gaseous emissions and similarly physical
influences can only be controlled by tackling them at the source, e.g. by energy saving
and substitution, process changes and removal at the source.

The traditional reason for the reduction of pollution by harmful substance is the
protection of human health. Today, in addition to the damaging effects on human health,
the damage to the environment (plants, animals and materials) is also taken into account.
One of the reasons is the growing awareness that some effects can be on a great scale and
can have such enormous consequences, that urgent measures are necessary. Recently it
has been established that in order to prevent the most serious damage through photo-
chemical pollution and acidification, the emissions of nitrogen oxide (NO,), sulphur
dioxide (SO,), ammonia (NH,) and hydrocarbons (C H,) will have to be reduced by 60%
to 90% by the year 2000, as compared to the 1990 level [1.3]. After the turn of the
century even further reductions will be necessary.

1.3. Social interest of energy storage

The World’s energy demand can be distinguisted into four demand categories.

- Heating : Low temperature heat for buildings and high temperature heat for
industrial processes.

- Power/Lighting : Stationary propulsion systems and all lighting systems.

- Traction : Vehicles (cars, trains, buses), vessels and aircraft.

- Feedstock : Raw material (oil, natural gas) for petrochemical industry and
chemical manure.



Almost all demand categories are directly supplied by fossil fuels. Only the po-
wer/lighting demand category is supplied by electricity as an intermediate power means.
The traction energy demand category is only for a small part supplied by electricity.
The first three demand categories represent energy purposes and in these categories
energy storage has the potential for the reduction of the fossil energy consumption and
the related evironmental pollution. This is made possible by:

a) A more efficient energy utilization of the remaining fossil resources, by the recovering
of energy and the peak shaving of the energy demand. Peak shaving allows the prime
movers to operate more efficiently.

b) Enabling substitution of energy resources. Although renewable energy resources have
many advantages (inexhaustable, no pollution), a restriction is the variable character.
Energy storage can take away this restriction.

1.4, Classification of energy storage systems

The known energy storage systems can be classified depending on the kind of energy that
is stored. In this way, the following classifications can be distinguished. Depending on
the kind of stored energy, the systems are applicable in the different energy demand
categories as mentioned in section 1.3.

a) Thermal energy storage

Thermal energy can be accumulated by heating the medium with respect to the
surrounding temperature or by changing the medium phase, e.g. melting of salts. The
first alternative is called sensible energy accumulation, the second one latent energy
accumulation. Sensible energy accumulation is used for low temperature (up to 100°C)
heat. Water is the most proper storage means because of its high heat capacity and its
good heat transport capability. For short period (weeks, days) storage, water in insulated
tanks is used, for long period (seasonal, months) storage, water in aquifers (shallow
water transporting ground layers) is used. Most of this low temperature heat is used for
the heating of buildings. Industry needs high temperature heat. For this application latent
energy accumulation can be considered.

b) Electrical energy storage

Electrical energy can be stored in the electrical field between capacitor plates. Capacitors
for energy accumulation are only used for very short period (minutes) storage of small
energy quantities or for high current shocks, e.g. rail and coil guns. Because of the very
low storage capacity most applications concern the control of the dynamic behaviour in
electrical circuits of several devices.

c) Magnetic energy storage

Energy can also be stored in the magnetic field of an electrical coil. The major
disadvantage is the need of an electrical current during energy conservation. This causes
extra losses which can be avoided by super conduction. These systems are voluminous
with respect to the energy storage capacity. Applications are energy storage with short
period high power demands, e.g. in uninterruptable power supply systems.



d) Chemical energy storage

An electrochemical battery stores the energy as chemical energy. By a reversible
chemical reaction the stored energy is taken up or returned as electrical energy. Storage
capacity and charging and discharging power are small with respect to volume and weight
and the number of load cycles is restricted. Applications are decentral storage of small
energy quantities with small power demands, e.g. start batteries for vehicles.

Chemical energy stored in fossil fuels can not be used in a reversible way and is there-
fore not considered as regenerative energy storage. However, very attractive for the
future is chemical storage by hydrogen, because of its pollution free combustion (only
water) and its high storage capacity with respect to volume and weight. It can be
produced pollution free by electrolytical fusion of water with solar electricity. Moreover,
in combination with a fuel cell, it can be directly converted, with a high efﬁcxency (60%)
at low temperature, into electricity [1.4].

¢) Potential energy storage

Potential energy can be stored in masses in the gravitation field, and as compression
energy of gases or elastic bodies.

For accumulation of large quantities of energy, e.g. in the electricity production, water
reservoirs on different heights and air compression in underground cavities are used,
These potential energy storage systems are voluminous systems, meant for stationary
applications where large amounts of energy have to be stored for mid long (hours, days)
periods.

For storage of smaller energy quantities, hydraulic accumulators are used. They store the
energy as compression energy: a gas, usually nitrogen, is compressed by a liquid in a
steel container. Applications are short {minutes) or mid long period (hours, days) storage
of relatively small energy quantities with relatively small power demands, e.g. in some
vehicles.

For storage of still smaller energy quantities, compression energy of elastic bodies is
used, e.g. springs. Accumulators of this type are used to take up and return small energy
quantities in short times, e.g. for control of dynamic behaviour of parts and for mechani-
cal positioning systems.

f) Kinetic energy storage

Kinetic energy can be stored as rotational energy in a flywheel. The storage capacity,
with respect to volume and weight, was relatively small. However, with the development
of strong and light materials (composites), the storage capacity has been increased.
Advantages are the possibility of high load and unload torques of the flywheel and the
long life time. Applications are short period (seconds, minutes) storage of small energy
quantities.

The utilization of new technologies and materials in kinetic energy flywheels can result
in improved energy storage elements, applicable for storing larger quantities of energy
with high power demands and for longer periods.



1.5. Quantitative potential of energy storage

To get an insight in the maximum achievable potential of energy storage a rough analysis
has been made in which the fossil energy reduction for each concerning energy demand
category by appropriate energy storage systems has been considered. This has been done
for the situation in The Netherlands, which is representative for developed western
countries. The energy demand for 1990 without and with energy storage has been
considered.

1.5.1. Energy demand without energy storage

Fig. 1.2. illustrates the net and gross energy demand without energy storage for The
Netherlands in 1990 with a population of 15 million. The net energy demand is divided
over the different demand categories and is the energy demand measured "at the door of
the consumer”. It includes thus the conversion losses of the consumer. The gross energy
‘demand is divided over the different energy resources and is the primary energy "at the
well", required to supply the net energy demand. It includes thus the winning, conversion
and transport losses to bring the energy in a suitable form at the door of the consumer.
For fossil fuels as energy carrier, the net/gross ratio is about 0.95 [1.5]. In this respect
electricity as an intermediate power means is not energy efficient due to the relatively low
efficiency of the fossil energy/electricity conversion. At the 1990 level this efficiency is
about 40%, however is expected to be raised above 50% in future when electricity is
produced with the help of combined steam/gas turbines.
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Fig. 1.2. Net and gross energy demand divided over respectively demand categories and
energy resources. Reference, The Netherlands 1990 [1.5].



It can be seen from this figure that the heat demand category is the major demand
category and that the total energy demand is almost totally supplied by fossil energy
resources.

1.5.2. Energy demand with energy storage

The energy demand categories to be considered for fossil energy reduction by energy
storage are heating, power/lighting and traction, see also section 1.3.

a) Heat demand category

In this category only thermal energy storage is applicable, see section 1.4. This storage
concerns mainly sensible heat accumulation for heating of buildings as latent heat
accumulation (high temperature heat for industrial processes) is still in the experimental
stage. High temperature heat has still to be generated directly with fossil fuels, nuclear
energy or electricity. Sensible heat accumulation makes a better energy utilization and
substitution possible by means of heat insulation, heat recovery, heat pumps and seasonal
heat storage of solar energy. Following the considerations in [1.5], an energy reduction
of 10% should be possible by the mentioned measures.

Further savings are possible by ultilization of the waste heat of the electricity production.
At the moment the major part (60%) of the primary energy is here, because of the Carnot
or Rankine cycle, converted into low temperature heat which could be stored, e.g. in
aquifers, and be supplied to the heat demand category.

At the 1990 level 12% of the net energy demand (=0.12x2125PJ=255 PJ) is supplied
via electricity [1.5]. With a fossil energy/electricity conversion efficiency of about 40%,
the waste heat amounts then 0.6/0.4 x 255P = 382.5 PJ. Assuming an “in/out"
efficiency of the storage system of 80%, the energy reduction potential of waste heat
utilization is 0.8 x 382.5 = 306 PJ which is about 25% of the total heat demand.

The total fossil energy reduction potential of energy storage for the heat demand category
can amount thus about 10+25=35% and is restricted to the low temperature heat
demand.

b) Power/Lighting demand categ