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Foreword

Many books have been and will be written on the analysis, planning and operation
of electrical power systems and the associated equipment. Such power systems
are designed to operate according to established ideas published in numerous
international publications and conference proceedings over the years. Although
attention is focused on electrical energy there is inevitably an awareness of the
other forms of energy and their roles in supporting the generation and transmission
of electricity. It is unusual, however, to find a text based on the study of energy
storage itself as the central topic in the context of electrical power system design
and operation. Such is the case here where Dr Ter-Gazarian presents the results
of work carried out mainly at the Moscow Power Engineering Institute.
Apart from the energy of the rotating masses of turbine and generator plant
which help in the maintenance of system frequency for instantaneous changes of
system load, there are the oft studied roles of energy use associated with water
stored in hydro schemes from short-term pumped storage uses to seasonal reservoir
depletion policies. Other more novel schemes are being investigated such as the
one in Japan where the Tokyo Electrical Power Company plans to install 10MW
fuel cells in the distribution network to obviate the need for some network
reinforcements. On the demand side, the much heralded zero emission vehicle
introduction into California in the early years of the next decade will lead to the
substantial storge of energy in electrical batteries leading in turn to increased offpeak generation and better use of generating plant. On a more speculative note
the hydrogen economy is seen by some as the ultimate system for energy
generation, storage and use, with cheap electricity entering into the electrolysis
of water and possibly being generated again through combined cycle gas turbines.
Even though this route may be too expensive to consider at present, certainly
cars and buses burning hydrogen are being tested and have been the subject of
experimentation for many years.
More topically, the prominence given in recent years to global warming by
the production of greenhouse gases, especially carbon dioxide from fossil-fuel:
burning electrical power stations, has created new interest in renewable energy,
most of which leads to the generation and use of electricity. Although the latest
and most sophisticated computer models of the global climate incorporating the
effects of the deep oceans and cloud cover currently show that even with the
inevitable increase of 50% in atmospheric carbon dioxide levels, no increase in
global temperatures may result beyond the natural noise levels, i.e. no difference
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in the southern hemisphere and about 1°C in the north, nevertheless an impetus
has been given to the development of renewable energy sources of generation.
Such forms of generation are often highly variable, though predictable. If
penetration into a power system by such sources takes place on a substantial scale,
then either much more sophisticated control centre data gathering and dispatch
algorithms will have to be developed, or substantial rapid response energy storage
schemes implemented. The future looks interesting.
Dr Ter-Gazarian has done the power system community a considerable service
in focusing attention on this subject of energy storage in all its various forms of
relevance and the Series Editors and publishers deserve to be complimented for
agreeing to publish his novel treatment of this subject.
Professor M. A. Laughton, P.Eng., FIEE,
Dean of Engineering,
University of London

Introduction
Energy conversion:
from p r i m a r y sources to consumers

Our civilisation depends on energy. Technical progress and development from
prehistoric times were connected with the quantity of energy used. This can be
illustrated with the help of Fig. I.I. A sharp increase in energy consumption
started after the Second World War. More than two thirds of the overall quantity
of 900-950 thousand TWh of energy have been consumed during the past 40 years
and 90% of this energy is not renewable. It is not surprising, therefore, that serious
interest in primary energy sources has arisen in recent decades: energy demand
is growing but conventional energy sources are limited and not located everywhere.
Energy occurs in a variety of types depending on the nature of the interaction
used in transforming it from one form to another. There are only four types of
interaction: gravitational, weak nuclear, electromagnetic and strong nuclear, but
their interactions with the constituents of the universe, namely baryons, leptons
and photons, produce a large number of different forms of energy. The principal
types of energy are potential, kinetic, electrical and mass or radiation. The various
forms of energy commonly encountered are listed in Table 1.1.
The global energy picture, depicted schematically in Figs. 1.2 and 1.3, shows
us that practically all our energy sources are connected in one way or another
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Table I. 1 Physical forms of energy
Type

Form

Potential

Quantity

Storable
or not

Example

Gravitational Altitude

Gravitation
potential g.

Mass m

Storable

Dam

Kinetic

v12

Mass m

Storable

Pressure
Volume
P
V
Temperature Entropy

Storable

Flywheel,
Bullet
Compressed
gas
Hot water

Spatial

Velocity
v
Pressure

Thermal

Heating

t

Chemical
Electric

Electron
charge
Electron
charge

Dielectric

Magnetic
Electromagnetic

Electron
spin
Moving
charge

Weak
nuclear
Strong
nuclear
Radiation

Mass
change
Mass
change
Photon

Storable

S

Chemical
Number of
potential G moles n
Voltage
Electric
U
charge
Electric
Dielectric
field
polarisation
E
P
Magnetisation
Magnetic
field H
M
Electric
Selfinductance current
voltage

Storable
Storable

Chemical
battery
Capacitor

Not storable Polarisation

Not storable Magnetisation
Storable

Magnetic coil

L dlldt

Mass
Mass

Not storable Luminous
paint
Not storable Nuclear
reactor, stars
Not storable

to the Sun. But we are not c o n s u m i n g the Sun's energy d i r e c t l y - - m o s t if not all
of our sources use the Sun's energy stored in different ways. T h e r e are plenty
of so-called natural energy storage m e d i a - o r g a n i c fuel (wood, coal, oil), water
e v a p o r a t i o n and wind. Energy from the Sun has been a c c u m u l a t e d for billions
of years in organic fuels, for years owing to evaporation from rivers and for seasons
in the wind.
In t r a n s f o r m i n g energy from one form to a n o t h e r there is sometimes a
m e c h a n i s m for storage which enables a reserve of energy to be established for
subsequent use and at a rate that is not d e p e n d e n t on the initial rate of
transformation. This twofold d e c o u p l i n g in time of the energy t r a n s f o r m a t i o n
processes has far-reaching consequences, since it is exactly in that way that N a t u r e
allows us to concentrate energy and to consume it some time after its generation.
G e n e r a l l y speaking, energy flow from a p r i m a r y source is not constant, but
d e p e n d s on season, time of d a y and weather conditions. E n e r g y d e m a n d is not
constant either; it d e p e n d s on the same circumstances but mostly in reverse. So
there needs to be a m e d i a t o r between the source of energy a n d its consumer. T h i s

Introduction

> J

'

Fig. L2

~

' .-

3

2

"

4

Comparison of artificial and natural power flows
!
2
3
4
5
6
7
8
9

solar radiation 100% (E = 7.5
power installations 0-01%
tidal power 0.05%
wind 0.035%
evaporation 0.0005%
hurricane 0.04%
power stations 0.0015%
aircraft 0.0002%
direct reflection 30%

1014

MWh/year)

mediator is energy storage which, in one way or another, plays a role in all natural
and man-made processes.
Energy storage is an essential part of any physical process, for without storage
all events would occur simultaneously; it is an essential enabling technology in
the management of energy.
Historically, the energy storage problem was solved by piling lumps of wood
together, or by damming springs to provide a working head for a waterwheel.
Later, a more concentrated form of fuel-- coal-- became the most important energy
store. Today we are accustomed to the filled petrol tank as a most convenient
form of energy storage. Oil-based fuels offer easy usage, ready availability and
relatively low price. Technically the storage of oil is not difficult and the storage
time simply depends on when the tap of the tank is turned off. Storage can be
maintained without any losses for any length of time and the energy density is
high. Oil can be used as a source for electrical power and heat, for transportation
and also for stationary applications. Comparison of the different types of natural
storage is given in Table 1.2.
All the primary fuel- and energy-producing industries, including electricity
generation, make significant use of energy storage for efficient management of
their systems in both the initial extraction of primary fuel and the subsequent
distribution to consumers. Stocks of primary fuel are used to provide security
against interruption in production, to permit stability in pricing of energy delivered
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to the consumer, and to match the varying load demands to a nearly constant
primary fuel production rate. Examples are coal mountains, oil tank farms and
underground compressed gas caverns. Storage is again used to maximise the
efficiency of major distribution systems, namely coal depots, garages and gas
cylinders including line packing.
Recently renewable energy sources have attracted considerable interest.
However, most renewable sources do not provide a constant energy supply and,
unlike fuels, cannot be directly stored, so they either require secondary storage
systems or have to be used in power systems with sufficient reserve capacities
installed in conventional power plants.
Electrical power systems are the most flexible and convenient carriers between
energy producers and consumers. The main disadvantage of electricity as an energy

Table I. 2

The natural storage of fuels

Fuel type

Density
103 kg/m 3

Wood
Coal
Petrol
Propane
Methane
Uranium

0.48
1.54
0. 786
0. 536
4.2

Energy density
107 J/kg
10 l° J/m
1.5
2.93
4.12
4.7
0.5
8.2 x 103

0.72
4.5
3.24
2.52
2.1

Boiling point
°C
N/A
N/A
127
- 42.2
-161.3
N/A
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carrier is the impossibility of storing it in sufficient quantities. The problem of
energy storage becomes more and more crucial with power system development
when the capacity of the units is increasing.
One possible way to correct this disadvantage is to use special devices in the
power system which can partly or completely separate the processes of energy
generation and consumption. We will call these 'secondary energy storage'.
Secondary energy storage (ES) is an installation specially designed to accept
energy generated by the power system, convert it into a form suitable for storage,
keep it for a certain time and return as much of the energy as possible back to
the power system, converting it into a form required by the consumer.
To fulfil the requirements given in this definition any complete energy storage
unit must contain three parts:
- Power transformation system (PTS)
- Central store (CS)
- Charge-discharge control system (CDCS)
The PTS has to couple the power system and the central store. It also acts as
a power conditioning system and controls energy exchange between CS and the
power system. Basically there are three different types of power transformation
system, namely thermal, elecromechanical and electrical (see Table 1.3).
There are two possible ways to couple energy storage to power system: parallel
connection and series connection (see Fig. 1.4). In the case of series connection,
energy storage also has to act as a transmission line, so its rated power has to
satisfy the system requirements for these lines: all the generated energy passes
through its PTS. For parallel connected energy storage, the power exchange
between the central store and the power system passes through the PTS, so the
rated power of the latter element has to satisfy the power system requirement for
the energy storage power capacity P~. For the same reason, the variable
characteristic of the PTS has to satisfy the power system's requirement for the
time of reverse try,..
The central store (CS) comprises two parts: storage medium and medium
container. The following types of CS exist (see Table 1.3):

-

Thermal, using sensible or latent heat of the relevant storage medium
Mechanical, using gravitational, kinetic or elastic forms of energy
Chemical, using chemically bound energy of the storage medium
Electrical, using electromagnetic or electrostatic energy of the relevant storage
media.

The central store is only a repository of energy from which energy can be
extracted at any power rate within the PTS installed capacity margins until it
is discharged. The CS should be capable of charge (discharge) up to a
predetermined power level throughout the entire charge (discharge) period t,,..
In practice this means that a certain part of the stored energy must be kept in
the CS to ensure the ability of the PTS to work at a required power level. It should
be mentioned here that no single type of CS allows the full discharge of stored
energy without damage to the whole installation.
The CDCS controls charge and discharge power levels in accordance with the
requirements of the power system's regime. It is an essential part of any storage
device and usually comprises a number of sensors placed in certain nodes of the

6
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Table I. 3

Types of secondary energy storage

Storage
type

Storage
medium

CS
Storage
vessel

PTS

PTS
Control
parameters

Mechanical

Pumped
hydro

Water

Flywheel

Rotating
mass

Compressed
air

Air

Sensible or
latent heat

Water, gravel,
rocks etc.

Upper and
lower basins

MotorWater valves,
generator driven motorpump-turbine
generator's
excitation
current
Rotating
MotorExcitation
mass
generator
current of
motor-generator
Artificial or
MotorAir valves,
natural
generator
motorpressurised
driven
generator's
air containers compressorexcitation
turbine
current
Different types Conventional
Steam and
of artificial or
thermal power
water valves,
natural
plant
generator's
containments
excitation
current

Chemical

Synthetic
fuels
Secondary
batteries
Fuel cells

Any
conventional
thermal power
plant
Battery casing Thyristor
inverter/
rectifier

Thermal plant
conventional
control means

Methane,
methanol,
ethanol,
hydrogen etc.
Couple of
electrodeselectrolyte
system
Synthetic fuels
such as
hydrogen

Fuel
containers

Fuel cell's
casing

Electrolyser
plus inverter/
rectifier

Inverter/
rectifier's firing
angles

Electromagnetic
field

Superconductive
coil

Thyristor
inverter/
rectifier

Inverter/
rectifier's firing
angle

Electrostatic
field

Capacitor

Thyristor
inverter/
rectifier

Inverter/
rectifier's
firing angle

Inverter/
rectifier's firing
angles

Electrical

Superconductive
magnetic
storage
Capacitor

power system, in the PTS and in the CS. The information from these sensors
has to be collected and used in a computer-based controller which, using relevant
software, produces commands for power flow management in the PTS.
It is clear from Table 1.3 that different types of storage equipment use different
physical principles, for which reason direct comparison of storage systems tends
to be very complex. Therefore, it would be reasonable to select a number of energy
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demand
side

demand
side

Schematic diagram of the position of an energy storage device within a power system
(a) conventional
(b) series connected

storage characteristics common to any type of equipment and make a comparison
using these. The following general features are the key parameters for comparison
when discussing storage systems:
- Energy density per mass and volume
- Cycle efficiency
Permissible number of charge-discharge cycles
- Lifetime
- Time of reverse and response time level
Optimal power output
Optimal stored energy
- Siting requirements
Part 2 of this book expands upon the different energy storage devices listed
in Table 1.3.
A slightly simplified rule states that storing heat saves energy while storing
electricity saves capital investment. Since the energy industry on a global basis
faces a resource crisis, both in respect of primary energy and capital investment,
there are good reasons for investigating the storage of low-quality as well as highquality energy.
As the magnitude of energy transformation increases in time with increasing
industrialisation, the need for efficient energy storage and recovery also grows.
The large scale transformation of chemical energy stored in fossil fuels in recent
years has emphasised the need for conservation of energy, which can often be
achieved by introducing some form of energy storage into the system.
Even though the cycling of energy through storage causes inevitable losses, the
overall economic benefits are significant. These benefits are derived from two
principal areas: reduced primary fuel consumption from increased efficiency of
operation including conservation, and the development of new equipment related
to, or dependent on, storage techniques.
Basically energy is stored at times when the available means of generation exceed
demand and is returned when demand exceeds generation.
O f the four forms in which energy is consumed, i.e. mechanical, thermal, light
and electrical, in practice only thermal energy can be stored by consumers
connected to the electricity power system. Other forms of energy, which are
transmitted at the consumer's disposal only by means of electrical energy, can
be stored locally, mostly in the form of electrical energy, but at much higher cost
than storage at the supply side.

8
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In fact, apart from the self-evident effect of scale, a producer can use storage
to level a load demand in which the effect of time diversity of the peaks of the
various consumers is already completely utilised, whereas this cannot be done
by a single user. In other words, if each consumer used his own storage means
for levelling his own load consumption, it is likely that many storage devices would
be in the generation phase while others would be at standby or even in the storage
phase, meaning that overall utilisation of the storage capacity would be low. Siting
and control problems would also arise.
Among consumers, only isolated users who cannot be connected to the electricity
power system, owing to distance, and electric vehicles, owing to their forced
autonomy, can conveniently store energy themselves, as they already do for energy
generation.
The installation of energy storage units on electricity utility networks will permit
the utilities to store energy generated at night by coal-burning or nuclear baseload
plants, and release the stored energy to the network during the day when demand
is highest. This reduces the need for gas- or oil-burning turbines.
Large-scale utilisation of renewable energy sources such as the Sun and the
wind depends on storage facilities, since these sources are variable throughout
the day and through the year.
Storage at the supply side is able to play roles different from the simple ones
described earlier because storage means usually have characteristics very different
from those of generation means. Therefore energy storage can perform other
functions, complementary to those of the generating equipment and very important
both from technical and economic points of view. These functions are considered
in Part I of the book.
The problem of selecting the most appropriate composition of a mixed generating
and storage structure appears immediately to be the most important problem for
the power system engineer. This extremely complex problem can be solved
provided the information on power system requirements for energy storage, as
well as storage-equipment technical and economical parameters, are known.
Therefore this book is largely devoted to these two problems.

Further reading
1 RYLE, M.: 'Economics of alternative energy sources', Nature, 1977, 267, pp. 11 I-117
2 LEICESTER, R.J., NEWMAN, V.G. and WRIGHT, L.K. :'Renewable energy sources
and storage', ibid., 1978, 272, pp. 518-521
3 ASTAHOV, YU.N. and TER-GAZARIAN, A.G. : 'How to cure electrical fever', Technics
and science, Moscow, 1984, 2 (In Russian)
3 JENSEN, J.: 'Energy Storage', (Newnes-Butterworth, London, 1980)
5 SWIFT-HOOK, D.: 'Firm power from the wind'. Proceedings of the 9th BWEA
Conference, 1987, p. 33

Part 1
T h e use of e n e r g y storage

Chapter 1

Trends in power system development

1.1 D e m a n d

side characteristics

The demand side of the power system is made up of consumers in three categories:
industrial, domestic and commercial (the last including public lighting). Data given
in Table 1.1 show the energy consumed by these groups in some European
countries and in Russia. Each group has a considerable influence on the total
energy consumed by the demand side of the power system but each has its own
peculiarities. Maximal consumption in the domestic sector, for example, occurs
during morning and evening hours and weekends when people, being at home,
use most of their electrical devices.
It should also be mentioned that in the USA, for example, in 1980 there were
33 million residences with central air conditioning, 25 million with electric water
heaters and 7 million with electric space heating, while the total number of
domestic electricity meters was 110 million [1].
Table 1.2 gives an illustration of the power requirements for different domestic
applicances, while curves in Fig. 1.1 show how domestic consumption is shared
between the different components.
Public lighting requires power only during the evening and in a reduced quantity
during night hours. Domestic consumption is at a minimum during the daytime
and also at night. On the contrary, commercial consumption reaches its maximum
during the daytime, particularly at lunch hours, and at the end of a working day.
Industrial consumption is more stable than domestic and commercial consumption
because of the possibility of organising work on several shifts, although not every

Table 1.1

Sharing of electricity consumption by sectors, 1985
Russia Germany France

Industry
Transport
Domestic
Commerce, agriculture
and public lighting

0.646
0.089
0.078
0.187

0.475
0.031
0.264
0.230

0.442
0.027
0.307
0.224

UK

Italy

Spain

0.374
0.017
0.350
0.260

0.542
0.027
0.260
0.179

0.560
0.029
0.226
0.185
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tabh' 1.2 A~'eragepower requirementsfor ~,arious domestic apphances*
Domestic appliance

Air conditioner
Boiler
Fan (attic)
Fan (window)
Heat lamp (infrared)
Heater (radiant)
Water heater (standard)
Refrigerator
Refrigerator-freezer
Refrigerator-freezer (frostless)
Clothes dryer
Dishwasher
Vacuum cleaner
Washing machine (automatic)
Washing machine (non-automatic)
Coffee-maker
Deep-fat fryer
Food blender
Food mixer
Fruit juicer
Frying pan
Grill (sandwich)
Oil burner or stoker
Radio
Radio (transistorised)
Television
Television (colour)
Toaster
Electric blanket
Hair dryer
Hot plate
Iron (hand)
Iron (mangle)
Waffle iron
Roaster
Sewing machine
Shaver
Sun lamp

Required power
W

Monthly energy
consumption
kWh

1300
1357
375
190
250
1300
3000
235
330
425
4800
1200
540
375
280
850
1380
290
125
100
1170
1050
260
80
6
225
300
11 O0
170
300
1250
1050
1525
1080
1345
75
15
290

105
8
26
12
1
13
340
38
30
90
80
28
3
5
4
8
6
1
1
0.5
16
2,5
31
8
O. 5
29
37
3
12
0.5
8
11
13
2
17
1
0.2
1

*MCGUIDEN, D.: 'Small Scale Wind Power' (Prism Press, UK 1978)
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industrial consumer can operate shifts so maximal consumption occurs during
the daytime with a slight decrease at lunchtime (the 'day-time hollow').
In Western countries, which have considerably higher living standards, domestic
and commercial demands represent a significant part of overall consumption, which
therefore has visible morning and evening peaks and night-time troughs of demand.
In countries like China, Russia etc., where domestic consumption is limited owing
to the lack of relevant appliances, and most industrial enterprises work on a threeshift basis with a sliding day off, overall consumption is quite stable with rather
small fluctuations. Data shown in Table 1.3 illustrate this perfectly. The load
demand factor in Russian utilities is always higher than in European utilities.
The effect of domestic consumption becomes more obvious in big towns and
in a number of non-industrial Third World countries.
The shape of the daily consumption diagram, its weekly and seasonal
diversification and their statistical features depend on the behaviour of the different
consumer groups. Different patterns occur in different areas not only in a continentwide country but also in different regions of a smaller one: such variation depends
on differences in the structure of the load as mentioned above, but it can also
be strongly influenced by different climatic characteristics. The maximum power
consumption in California, for example, occurs during the summer owing to air
conditioning requirements, while in Canada seasonal peak demand occurs in the
winter owing to heating requirements. In UK power systems, as well as in those
of other European countries, the peak demand normally occurs in the afternoon
of a weekday in winter.
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Table 1.3

System Ioadgractors in Russia, Ukraine and England

Year

Central
Russia

1975
1980
1981
1982
1983
1984
1985
1986/87
1987~8

0'623
0"671
0"665
0"676
0'681
0.693
0"695
0"698

North-West
Russia
0"615
0"658
0'677
0"674
0"680
0'679
0'687
0"683

Ukraine

England and
Wales

0'697
0'743
0'749
0'751
0.753
0-756
0'763
0'768

0'567
0"574
0"574
0"572
0'587
0'550
0-586
0'557
0"597

Fig. 1.2 illustrates the main features of the power system's demand side, showing
a typical west European country's winter weekday load curve. At other times of
the year the peak is more likely to occur in the morning or, during weekends,
at lunch time.
A survey of the various load conditions shows that in essence the majority of
problems of peak coverage occur at times quite different from those of m a x i m u m
load during the winter weeks. The most difficult to meet are load peaks in the
daily load curve, particularly if they are relatively high, irrespective of the absolute
load level, in comparison to the load of the preceding and subsequent minutes
and hours. This is the case in winter as well as in summer or during transition
periods, but also on Saturdays and Sundays, or at times where the peaks are not
as high as the respective daily peaks. The massive switch-on of storage heating
units after the transition from the high-load to the off-peak load period, television
viewing on special occasions, strikes and unusual changes in the weather can be
mentioned amongst the causes of such variability.
The characteristics of the daily load consumption curves, as is clear from Fig.
1.2, are not fixed, but their evolution depends on the slow modification of the
structure of consumers in the aggregate, and on individual consumer behaviour,
which in many ways is related to economic and social development.
Fig. 1.3 also shows how the shape of the daily load curve depends on domestic,
industrial and commercial consumption. The profiles of these demands are fairly
stable although there are some possibilities of changing them, using tariff policy,
introducing different administrative clock times for different regions or interconnecting remote systems with different clock time owing to their longitude, or
involving other load-management provisions.
A tariff structure, however, cannot be as flexible as might be desirable.
Moreover, since it must remain valid for a certain period, it also necessarily
includes certain adjustments which partly prejudge the expected result. Furthermore, by its very nature, any tariff structure is difficult to adapt to the uncertain
load requirements from the demand side.
The other possible way to change the load curve is advancing the clock time.
Between 1968/69 and 1970/71 the U K tried the experiment of advancing clock
time by one hour in winter months as well as the summer, thus moving from
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Greenwich Mean Time to a new 'British Standard Time'. The effect of this was
to alter the winter weekday load shape, lowering the evening peak and raising
the morning peak so as to give a flatter daily plateau. However, when the
expei'iment was finished the U K decided to revert to Greenwich Mean Time in
winter months. In the mid 1980s there was an experiment by the Russian power
utilities when different districts had different clock times. This experiment was
technically successful, but since it was rather inconvenient for the population it
was decided to revert to the usual clock time.
A number of utilities have had contracts for disconnectable loads. Under the
current load management scheme these loads can be disconnected for up to 60
hours in aggregate within the period from 1st October to 31st March for the
northern hemisphere countries, which supplements the in-depth effect of tariffs
alone.
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Typically it is expected that about 30 hours of disconnection will be required
in an average year, usually over two hours during the evening peak period of
the days concerned. The demand which remains after such reduction is called
the restricted demand and it is this demand that must be met by generating plant.
Since the early 1960s a number of Western utilities, particularly in Germany,
have succeeded in increasing the night load substantially by promoting sales of
electricity at cheaper night rate tariffs for space and water heating.
There are many remote-control and regulation procedures which in fact
'manipulate' the load curve: the consumer is able to ascertain the appropriate
reaction in response to the signal sent to him by the supply side of the power system
and carry it out to the degree economically desirable for himself. This result, of
course, implies that the economic signal correctly reflects the real costs, which
is a problem• But it is also necessary for the consumer to receive adequate
information because his reflexes are not always rational. For example, reducing
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heat consumption at night, with the laudable intention of effecting savings, is
worthwhile only in the case of heating with gas or coal; it does not make sense
in correctly insulated, electrically heated premises since at present the increased
day-time consumption demand imposed on the least economical power stations
will quickly exceed the saving in heating calories, quite apart from the
inconvenience caused to the user by such reduction.
A daily load curve is usually divided into three layers: base, intermediate and
peak. According to the definition, the base layer is that part of the load curve
which does not vary during the day. The intermediate layer is the part of the
load curve which varies no more than twice a day. The remaining part of a load
curve is censidered to be a peak load. As is clear from Fig. 1.3, the domestic and
commercial parts of the load demand have the main influence on the peak and
intermediate load while industrial load mostly influences the base load which is
growing more slowly than the peak and intermediate loads.
The parameters of the load consumption curves are usually grouped according
to their different nature:
•
•

Static characteristics related to demand values without reference to the
transition from one to another;
Dynamic characteristics related to the demand changes, all relevant parameters
being identified by their own statistical distribution.

As a function of time the load curve shows several peaks and troughs. Among
these are maximum peak L,,o~ and the minimum hollow L~i, and their ratio called
the minimal load factor
[3 = Lrain/Lmax

has a particular interest.
Other important characteristics of the load curve are:
•

Range of power variation bL required by the demand side:
~L = L,,ax

•

- Lmin

Load density factor 3' which is equal to the ratio of daily energy consumption
and m a x i m u m daily energy consumption, and is given by
24

0

•

Time of m a x i m u m load Tm~ is given by
24

0

•

Load rise or fall rate is given by
Lv = dL/dt
and is the dynamic characteristics of a demand curve.
It should be pointed out that the largest variation in the amplitude of load
demand is not necessarily related to the m a x i m u m peak and the highest rate is
not necessarily related to the largest variation of a load curve.
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The pattern of daily diagrams and all the above mentioned characteristics are
different for various days of the week: working days (separate consideration is
generally needed for Monday), Saturday and Sunday (likewise holidays). And
for these typical days the pattern can differ according to the season.
Usually the power system has a seasonal pattern with the highest demands
occurring either in the winter or in summer months depending on the geographical
conditions. The average daily peak demand in the summer is about two-thirds
of the average daily peak demand in winter, but the minimum summer night
consumption is only about one fifth of the winter peak load. It is necessary to
have sufficient generating equipment available to meet the peak demand of the
year, and this, in turn, is very sensitive to the incidence of spells of particularly
cold weather.
For a planning horizon, a forecast of peak demand is made for an average
expectation of severe weather, and this is called the average cold spell (ACS) winter
peak demand. The ACS demand is about 9% higher than it would have been
in average winter weather conditions. But the effect of a really severe winter with
prolonged spells of low temperature is far worse even than this. In severe winters
demand may reach a level some 10% higher even than the ACS demand, but
the supply side structure is not planned for that, so the excess demand should
be disconnected.
The maximum value of the variable load in European countries generally occurs
in the summer months (noon peak); the maximum value of the daily constant
load, in general, occurs during the winter months (influence of storage heating).
The night-time trough in the winter diagram rapidly fills up as a result of the
introduction of night-storage heating, the peak/trough ratio has decreased since
1965 from 100:35 to about 100:70. It has become possible to meet winter demand
predominantly by base-load energy. The summer load curve becomes more and
more 'critical' from an operating and technical standpoint since its shape varies
slightly with an almost constant peak/trough ratio of about 100:40. The 2-hour
peaks and the steepness of the load slopes have approximately doubled between
1965 and 1990.
Differences affecting the whole daily diagram, perhaps for several consecutive
days, may appear from one year to another as a result of the influence of special
economic circumstances, or climatic conditions, on the electrical energy and power
demand. Therefore all the characteristic parameters indicated previously (values
of peaks and troughs, variation number, amplitude, rate etc.) are random variables
with a distribution which has to be statistically investigated and represented. Not
only the average values, but in many cases the whole distribution and extreme
values, with associated probabilities, have to be taken into account.
To represent the daily load pattern as a continuous function of time is difficult
and obviously too cumbersome to handle in studies and calculations. A step-wise
model is often adopted as an approximation, in particular corresponding to the
hourly or half-hourly sampling of measurements; it should be kept in mind that
such approximations mask the actual rise or fall of load and can give misleading
information on their actual rates. Special care should be devoted to collecting
information on these rates and to relating them to the step-wise model. The
statistical nature of step levels should in any case be considered.
It is obvious that electricity is not the consumer's only concern. He will seek
to modulate all the energy requirements, particularly by requiring one form of
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energy to serve as auxiliary to another when it is advantageous for him to do so.
It is therefore generally advantageous that the auxiliary source should be clearly
more economical, in terms of specific investment, than the basic energy source
over the whole producer/ultimate-consumer chain. For example, using oil heating
as an auxiliary to a heat pump is a step in the right direction, but using electricity
as an auxiliary to solar or geothermal heating is probably not the best choice.
Other energy systems will undoubtedly have an effect on user load curves in the
future. We must therefore consider this problem which is directly linked (whether
favourably or otherwise) to the question of storage and does not come within the
purview of the other groups. The threat of unusual demand for electric power
during very cold or very dark periods already exists. On the other hand, there
may also perhaps be possibilities of encouraging off-peak consumption or of
levelling out peaks. In this connection, mixed heating systems having a heat pump
and an oil-fired boiler offer interesting possibilities.
The producer-distributor will try to identify the services expected by the user,
will sometimes participate in designing appliances which are satisfactory both to
the user and the distributor, and will then envisage the establishment-unless
one exists a l r e a d y - of a tariff which encourages use of the appliance and which
may benefit all other potential applications, without distinction between them.

1.2 Supply side characteristics
From their earliest days electricity utilities have been confronted with the
contradictory problem of meeting fluctuating demands for power at the lowest
possible cost with the reliability required.
The performance of the power system was therefore considered in the context
of covering the above-mentioned three-layer load demand curve, which varies
according to the previously-described parameters, by means of the supply side
which is essentially the set of all the installed generating machines.
From this entire set of installed units different subsets (depending on, for
example, the availability of water for hydro units, on maintenance schedule and
on forced outages) can be committed to operation by the utility's planning
personnel. The sets of committed units actually operating can be different for
different load levels; the unit commitment and the load dispatch among the
different units should be made taking into account their economic characteristics.
The supply side of the power system has to be provided at power levels with
different durations; the peak generation is that related to the power range associated
with the shortest durations and therefore with a lower amount of delivered energy.
On the other hand, the base power generation is related to the longest duration.
An intermediate or modulation duty can be considered in between.
In relation to planned and forced outages, the maximal installed capacity should
have a reserve margin above the maximal load peak in the period considered.
Reserve intervention during forced outages should be assured by a spare capacity
of committed units which are underloaded and by spare capacity of a certain part
of the available generating units not called on to cover the load, but always ready
to go into power supply service.
Some of these units must be able to go into operation immediately or within
a few seconds, in order to ensure frequency recovery in the event of a sudden
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loss of a certain number of generating units, thus preventing massive load cut-off.
A part of the reserve means must be able to take over the load within a few
minutes in order to minimise the possibility that a further outage of generating
units could lead to inadmissible drops in frequency.
It is convenient to classify the requirement for reserve capacity into the following
three categories:
•
•

•

Immediate or spinning reserve: to cover the initial transient (5-10 s) following
plant or infeed (e.g. cross-Channel link) losses
Dispatching or operating reserve: to cover dispatching allocation of load to
generating units' errors on a timescale of several minutes. This implies a
sufficient response by governor action of the regulating plan to system
frequency errors
Scheduling or ready standby reserve: to cover load and plant changes over
the period required to bring new steam plant up to load, which usually takes
hours.

In addition to the technical requirements of operation, i.e. rapid operability,
good controllability and a certain availability rate, this capacity category also calls
for consideration of the economics of demand coverage. Already the low utilisation
of 1000 hours per year or less makes this necessary. Regard must be paid, however,
to the variable costs as well, particularly if peak capacity is supplied by thermal
units operating on part load in the medium-load range.
Traditionally the utilities have responded to load demand by installing
combinations of generating plants with different operating and economic
characteristics to fulfil the demand side requirements.
Each type of generating unit available for supply side composition has from
the technical point of view its own 'natural' characteristics, which should be grouped
as follows:
(1) Static characteristics related to the capability to deliver energy at a required
amount of power;
(2) Dynamic characteristics related to the ability to be loaded or deloaded at a
required rate.
As far as static characteristics are concerned, the main difference lies between
thermal units, which have, in principle, unlimited primary energy available, and
hydro units, which have a more or less limited amount of primary energy at their
disposal. In the first case, the duration of power output is, in principle, unlimited,
but in the second there is a link between power output and its duration.
For thermal units any output value between the technical minimum and rated
power capacity can be obtained; some minor restriction may derive from the
temperature of cooling fluids, but an output over the normal rating can be obtained
for more or less limited periods by the reduction or the bypass of steam extraction
for feedwater heaters. In the same way, steam extraction for district heating can
be temporarily reduced, the heat delivery being compensated by sensible heat
storage capacities of the heat distribution system; when back pressure turbines
are utilised for this purpose the heat storage capacities make it possible to increase
the heat production and related electric power during limited periods.
With regard to hydro units the head variation is reflected in the maximum
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capacity, and the constraint on their capability imposed by the availability of water
has a stochastic nature modified by the policy of reservoir exploitation.
The transient characteristics of different generating units during their operation
is expressed by the rate of change of output; this rate can have different values
in loading and deloading and for different amplitudes of variation ranges and
different starting output levels.
Other very important characteristics concern the fact that generating units
cannot be kept in operation continuously. For maintenance and other outages
which can be planned in advance, the relevant characteristic, the maintenance
duration or outage time, is of a deterministic nature. Unplanned outages, on the
other hand, caused by faults and which can suddenly reduce the output capacity,
can be expressed by random variables and statistical parameters. The starting
of unit operation requires consideration of a special transient characteristic-- the
minimum start-up t i m e - a s required in particular for emergency commitment.
For thermal units it may depend on the duration of the preceding rest period.
So far, the technical characteristics of generating units have been considered,
but the associated economic characteristics affect no less the build-up and operation
of generating systems.
Merely the presence of a generating unit of a given type, in operation or at
rest, involves a fixed cost which is related to the expense of construction, personnel
etc. Then energy is produced with variable efficiency and so at variable cost
depending on both the cost of fuel and the power output.
As far as dynamic characteristics are concerned, the start-up cost of thermal
units related to the fuel consumption, including the cost of the heat lost during
the preceding shut-down, should be determined and taken into account. Much
more difficult is the evaluation of the fatigue cost associated with the different
nature and frequency of output changes, in particular start-up and shut-down.
The whole class of dynamic characteristics is only briefly mentioned here to
remind us of its importance in the context of generating unit performance: this
is the class of characteristics concerning the rotating motion of machines under
the action of the torque resulting from imbalance between driving and loading
powers. Generally speaking, one group of relevant parameters which may be
expressed as time constants relates to the inertia of the rotor, to the inertia of
the driving fluid in the system feeding the turbine, and to the thermodynamic
behaviour of steam. Another group of parameters is represented by time constants
and gain coefficients related to the performances of the unit governor system.
Generally speaking the desired generating structure may be produced by the
following types of power generation installations:
- Hydro plants
Gas turbine plants
Conventional thermal plants
Renewable plants
- Nuclear power plants
-

-

-

Hydro plants are the oldest and most reliable type of generating equipment.
They can cover any part of the load demand provided there is enough water in
their reservoirs. They should participate essentially in the base load coverage with
their 'run-of-river' power, but their alpine characteristics should not be forgotten.
The latter means that they are able to generate more energy in the summer and
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less during the winter period. Hydro plants may be started within tens of seconds,
and they have practically constant efficiency within the entire range of power
output, which may be regulated widely.
Gas turbine plants have the advantage of low investment costs and short
construction lead times, but they rank behind hydro plants as regards rapid
starting, breakdowns and operability over the entire load range owing to low
efficiency. In addition, being pure peaking installations, they are less suited to
longer periods of operation, have a relatively high heat rate, and are also not so
advantageous with respect to the environment because of noise and waste gas.
Gas turbines average about 2 % annual load factor and run on average for about
1.25 hours per start-up. In addition they have proved their capability to come
on-load quickly, 2-3 minutes to full output, to meet rapid demand variations or
sudden loss of generation. Gas turbines in separate stations should have the facility
for their alternators to run declutched to provide synchronous reactive
compensation.
Some gas turbines are installed in separate gas turbine stations connected directly
to lower voltage systems and others act as auxiliaries in the new large fossil-fired
stations and A G R nuclear stations. The auxiliaries in the fossil-fired stations allow
a station to restart if it is shut down and isolated from the system by a fault, and
in addition their output is regarded as available to meet peak demands. By contrast,
auxiliary gas turbines in A G R stations are at present regarded as being there for
station security purposes only and do not provide firm capacity towards meeting
the demand. If the proportion of gas turbines is increased rapidly, then their
average load factor will increase. Their average operating costs will then increase
rapidly not only because they burn expensive distillate oil, but also because their
maintenance costs, which are a considerable part of the operating costs, increase
with operation. Furthermore, the effects of demand variability (from weather or
from forecasting error) on gas turbine load factors are non-linear. A new gas
turbine planned to have a mean load factor of 2% in a given winter might fall
to 0% load factor in a mild winter with low d e m a n d - b u t rise to 10.% in a severe
winter, incurring high operating costs.
The shorter construction lead time and smaller size of separate gas turbine
stations, however, do mean that it will always be convenient to include some gas
turbines from time to time in new plant programmes.
Renewable energy s o u r c e s - w i n d , solar and tidal particularly-will play a
significant role in the supply side structure of future power systems. Their
intermittent nature may be smoothed partly by reserve capacity of the power
system and partly by finding a special place for them in the load demand curve.
Wind and tidal sources are expected to participate in base generation while solar
sources are better suited to the intermediate zone of generation curve.
Conventional thermal plants, fired by coal, oil or natural gas, are, in sufficient
numbers, perfectly capable of fulfilling the technical conditions of peaking power.
But they can assume this duty only at considerable operating and economic
disadvantages. In comparison to gas turbine installations, medium-load plants
need higher investment (and thus fixed) costs, but markedly lower fuel costs.
However, the desired flexibility and availability call for a correspondingly large
number of units independent of the load demand, on account of the rates of output
variation attainable by the separate machines. In consequence, it becomes
necessary to operate the various units at part load, which is uneconomic. Further,
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it is also not possible to control conventional units over the entire power range.
For this reason they must be kept on line at part load for peaking duty. Operating
conventional thermal units for peaking purposes thus results in efficiency losses
and a restriction on optimising the possibilities with regard to the use of primary
energy.
Despite some public controversy, nuclear power plants, of which the main types
are briefly described in Table 1.4, are playing a significant role in the supply side
structure of the majority of power utilities worldwide.
The presence of a large number of nuclear power plants influences the structure
of load-demand coverage (as may be seen from Table 1.5) and, in consequence,
causes peak-load problems for two reasons:
(1) The high capital costs of nuclear power call for cheap peak power owing to
the requirement of a high utilisation factor for nuclear energy
(2) Large unit sizes with the resulting reserve problems make a corresponding
increase of available peak power necessary.
The operation of base-load plants, such as nuclear power stations, large coalor oil- fired plants, for non-basic load coverage represents the most unfavourable
solution from an economic standpoint. Base-power installations have high fixed
costs but particularly low operating costs. Keeping power from these plants
available for covering peaks, with a correspondingly low utilisation factor, means
either the addition of further base-load plants to cover this load category, and
thus burdening the peaking power so obtained with the high fixed cost of these
plants, or, within the limits of available reserve capacity, the operation of mediumload plants to make up for base-load generation lost, and, in consequence, the
use of relatively expensive primary energy to the detriment of the peaking power
required.
The unit size of thermal plants grew by a factor of 6 (150 M W to 910 MW),
which was in the same proportion as the growth of the spinning reserve
requirement.
Thermal plants, relying on a favourable specific heat rate and the availability
of comparatively cheap primary energy from newly built refinery plant, lend
themselves to operation in both the base-load (winter diagram) and peak-load
ranges (summer diagram).
But changes in the structure of the primary energy base called for by the
exigencies of political economy have led to political restrictions, which in the first
instance affect oil and natural gas power plants, which are better suited
operationally for peaking duty.
All nuclear plants and most, but not all, of the 500 and 660 M W fossil-fired
units operate at base load, i.e. to the limit of their availability. The merit order
position of the various fossil-fired units depends on the fuel burnt (coal or heavy
fuel oil), fuel transport and handling costs and on the plant thermal efficiency,
which varies with size and age of unit. Units between 100 and 375 M W operate
at intermediate load factors and smaller units, mostly 30 and 60 MW, operate
at low load factors that approximate to peaking duty. In addition, some demand
is being met from external supplies including international interconnections such
as the cross-Channel link.
Each of the types discussed has its own place in the generation curve to meet
the load demand optimally. The particular features of each type of generating
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Table 1.5

Nuclear power stations in the European community, 1986

Total electricity
generation, GWh
Nuclear generation
GWh
Percentage nuclear in
total electricity
production
Capacity factor
Net capacity, MW
Gas cooled reactors
Light water reactors
Fast reactors
Advanced gas cooled
reactors
Plant under
construction, MW
Plant planned, MW

Germany

France

403.03

362.17

119.30

254.14

58.78

37- 46

29.6
0.72
18.95
18.62

70.2
0.65
44.69
1 • 74
41 • 52

19.5
0.66
10.22
4.16

29.1
0' 76
5' 60
480
5.12

17
309
4.05
13.44

1 • 43
17.81
1.45

UK
300.8

234
5.83
2.52
1 • 18

Spain
128.57

1 • 92
4.01

unit are summarised in Table 1.6, consideration of which may, hopefully, enable
optimal selection of units to meet the demand.
A picture of the overall performance of a particular generation system can be
given by the generation duration curve which is obtained by superimposing layers
as high as the m a x i m u m capacity and as wide as the utilisation duration of each
unit, arranged according to decreasing duration.
The sharing of capacity to be installed among the different types of units can
be approached with reference to the generation duration curve by the well-known
method of determining the power ordinates corresponding to the limit utilisation
hours for which the overall annual costs (fixed plus production costs) per unit
of capacity on two types of units becomes equal.
The characteristics of the different units chosen to build up the supply side of
a power system affect the shape of the generation duration curve so that the
calculation procedure for sharing the installed capacity has to be iterated, starting
either from the existing generation set or from a supply side structure chosen on
an expert basis.
The amount of the reserve margin at this stage of calculation has to be implicitly
assumed as known; in fact, it must be calculated with reference to some indices
which measure the risk of failure in the load coverage. Such a risk depends on
the forced outage rate of different units so that the m a x i m u m height of the
generation duration curve should also be determined by an iterative procedure.
The reference to the load demand curve alone, even in the chronological hourly
step-wise form, takes into consideration only the constraints arising from the load
side. Such an approach may be utilised for such problems as the unit's commitment
or load dispatching in the planning stage of the power system expansion. A separate
evaluation of the amount of reserve requirement, which is related to the economic
scheduling in production and to the load supply, is essential for a comprehensive
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Table 1.6

Types of generating units available for the supply side

Plant type

Nuclear

Plant role
Base
Relative capital cost
4.4
Primary energy source Uranium or
plutonium
Primary energy
11
consumption Mtol/kWh
Relative fuel cost
0.3
Starting times
5.5 h
ignition to
synchronisation
ignition to full load

Pick-up rate %/min
Controlling range
minimax
Life time, years
Environmental
pollution

Thermal
Lignite

Oil fired

Gas fired

Coal fired

Base
3.3
Lignite

Oil

Gas

2.8
Coal

11-14

9

9

10-12

1.4

1.3

1.0

75 min

75 min

75 min

90-120

90-120

90-120

0.1

0.3-0.45
5.5 h cold
start,
40 min
hot start
8 h cold
start,
90 min
hot start
2

min
4

min
5

min
3

0.8-1
15

0.6-1
30

0.25-1
30

0.25-1
30

0.3-1
30

Waste:
heat and
radiation

Waste:
heat and
flue gas

Waste:
heat and
flue gas

Waste:
heat and
flue gas

Waste:
heat and
flue gas

8.5 h

Intermediate

appraisal of the System operation cost, otherwise the result will not be sufficiently
correct.
The optimum composition of the generating system should derive from
consideration of the interaction between the structure and the performance
characteristics of the supply side on the one hand, and the behaviour characteristics
of the demand side of the power system on the other.
Typically between 40 and 60% of a system's load, so-called base-load, is supplied
by large coal and nuclear units of the highest efficiency burning fuel of the lowest
cost. Such base-load units are operated continuously for most of the year. The
broad daily peak in demand, representing another 30 to 40% of the load, is met
by 'cycling' or 'intermediate' generating equipment, usually the system's less modern
and less efficient fossil-fuel (coal, oil or gas) units, hydroelectric power units where
they are available and gas-turbine units where they are needed. Although the
electricity generated by cycling plants costs more than base-load electricity, such
plants are the most economical way of generating electricity for part of the time
every day, adding up to perhaps 1500 to 4000 hours per year. Sharp peak demands
are met by still older fossil-fuel units and by hydroelectric power, gas- or oil-fired
turbines and diesel generators. Such units operate for a few hundred hours per
year to 1500 hours.
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The structure of the supply side of some European and Russian utilities is given
in Table I. 7, while the individual contributions to load demand coverage are shown
in Fig. 1.4.
This traditional three-level composition of generating plants has become
increasingly less attractive as sharply rising fuel costs penalise the less efficient
units. Moreover coal-fired units now require expensive but essential pollution
control equipment which represents an economic disincentive to cycling operation.
So new non-traditional compositions are needed.
There are no unique criteria, if technical characteristics are excluded, for
reaching an optimal supply-side plant structure. The economically optimal solution
will vary depending on geographical conditions, environmental considerations,
availability of primary energy, financing problems, the composition of supply side
already available and so forth.

1.3 P l a n n i n g

of generation

expansion

Generally speaking, any power system comprises three parts: namely supply side,
distribution system and demand side. It is a complex combination of installed
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Tabh' 1.7 Supply side structure in proportion to declared net capabilityfor different power
systems in 1985
Type of generating Germany France England
capacity
and
Wales

Spain

Russia
Central North
West

Ukraine

Nuclear
Conventional
thermal
Hydro

0.178

0'422 0'097

0'147

0"213

0"235

0'185

0:749
0.073

0 3 3 3 0'861"
0'245 0'042**

0"491
0'362

0'712
0"075

0'627
0"138

0'726
0"089

" Includes 0056 installed in gas turbines
**Includes 0.04 installed in pumped hydro

nuclear, thermal, hydro and other renewable electricity generators which are
interconnected with commercial, industrial and domestic loads by transmission
lines of different length and voltage. An outline of a power utility structure is
shown in Fig. 1.5.
The structure of any power system is not solid. There are at least two reasons
for this. First, load has an intermittent nature and is continuously growing. T h e
other is concerned with the expansion of existing plants in order to face the growing
demand. In addition, old power plants need to be retired and new ones constructed.
The economic value of the participation of a new unit in a given generating system
has to be considered in relation to the variations imposed on the energy production
of the existing units and to the reserve requirements.
However, of more relevance to the problem of planning to meet future load
d e m a n d is not the rated power of new plant required but the choice of plant type.
In the long-term planning of a generating system it is important to find a correct
policy for the introduction of new units. New plant must be justified on its overall
economic merit and not just on a requirement to cover a certain part of a load
demand curve.
The capacity of new generating plant required to meet future d e m a n d depends
on a n u m b e r of" factors. The construction time for the first unit in a new main
generating station of established design is six years, so that if such a station were
ordered in 1993 its first unit would be commissioned in time to contribute to
meeting the load d e m a n d in 1999-2000, the seventh winter ahead. T h e first step
in the planning process is therefore to predict the typical parameters of load demand
for at least the seventh year ahead.
With regard to these characteristics, there is a constant design problem in the
power system: to determine the optimal generation expansion s t r a t e g i e s - t h e
optimal type, capacity and site for each new introduced power u n i t - t o meet
forecast load demands with a certain reliability over a planning horizon of about
seven years or more. The general statement of the optimisation problem is well
known: to minimise the present value of the total cost which consists of capital,
operation and risk components.
Determining the optimal solution of the power system expansion planning
problem means finding an expansion alternative that minimises a cost function
including capital costs and relevant fuel costs for the generation equipment as
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well as losses costs in the power system c o m p o n e n t s and transmission lines.
Obviously the selected optimal alternative must satisfy a multitude of c r i t e r i a technical, financial, e n v i r o n m e n t a l and social.
Mathematically this optimisation problem may be written
m i n f(x) = C X
subject to A X < b,
where fix) = the power system cost function m e n t i o n e d above
A, b = coefficients from the set of technical and e n v i r o n m e n t a l constraints
X = vector of variables to be found as an optimal solution.
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The costs associated with each alternative plant are calculated over its lifetime:
these are capital and other fixed costs, fuel cost, other direct operating costs and
the effect on the cost of operating other plant on the system. This calculation
requires simulation of the operation of an expanding system over a number of
years ahead and involves the use of optimising techniques.
As far as the methods of calculation are concerned, there are two main
approaches. The first aims to solve the optimisation problems using such
calculation methods as linear programming and, in particular, integer linear
programming. A dynamic programming method with sub-optimisation may also
be suggested. The random characteristics of the load demand have to be
considered. Separate reserve evaluation, reflecting the random characteristics of
the generation system, is associated with this approach.
The second kind of approach is that of Monte Carlo simulation of system
operation, which 'simultaneously' takes directly into account the demand and
generation random characteristics including those related to the energy availability
of the hydro subsystems. Optimisation is then obtained by parametric analysis.
Finally, the application of standard discounted cash-flow techniques to the cash
flows for each project allows an economic comparison to be made.

1.4 Meeting the load
Since the structure of the generating side of the power system is designed to face
the m a x i m u m foreseen demand, which in fact might never o c c u r - n o r m a l
everyday demand is much less than the m a x i m u m - t h e despatch problem can
be stated: to find the optimal load for each generation unit to face the demand
forecast for the next day, and to adjust this solution to the real current demand.
The elements which form the structure of the supply side have to meet variations
in the demand side load. As is clear from the daily load curve in Fig. 1.6, the
main problems are:
•
•
•
•

Unloading generating plant at the beginning of the night trough
Loading plant sufficiently rapidly in the morning rise period
Meeting demand variations during the day, and particularly the evening peak
Meeting a sudden loss of generation or an unexpected increase in demand.

Such problems as stability of voltage and frequencyregulation, are also in one
way or another connected to variations in the load demand.
All of these problems are more or less successfully solved, in power utilities by
using a wide range of special devices and methods, which are collected together
in Table 1.8.
In following the continuously variable load curve one must take into account
the operating and risk costs related to change of output, to spinning and ready
stand-by reserve and to control.
One may conclude that the need to meet variable loads, especially peak ones,
causes the vast majority of power system problems.
The term 'peak load' actually describes different states of system load:
- On the one hand, the absolute m a x i m u m load in the course of a day, month
or year
On the other, the short-time relative load peaks in the course of the daily load
diagram.

-
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T h e peak duty in the generation system derives not only from the need to cover
peaks of the load d i a g r a m , but there is also an i m p o r t a n t element to cover the
need to cope for short d u r a t i o n s with the troughs in the d i a g r a m of available
generation owing to their forced outages.
C o m m o n to both states is the low utilisation of plant capacity required. T h e
technical and o p e r a t i n g d e m a n d s on the coverage of these different types of peak
load v a r y widely.
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Table 1.8

Power system general problems and conventional ways of solving them

Problem

Duration of the fluctuation

Conventional way of
solving problem

Improvement of stability

0.02-0.2 s

Countermeasure
against blackout

0.12-0.2 s

Using PSS and shunt
resistor brakes
Cutting off the
damaged part of the
system;
Using shunt resistor
brakes
SVC
Boilers governor, steam
reserve in fossil plant
Part loaded plants
Gas turbines, low merit
fossil plant, intersystem
links
Mid merit fossil plant,
spare plant, scheduled
maintenance
Power system spinning
reserve, stand-alone
diesel generator

Voltage stabilisation
Frequency regulation

0.5-120 s

Spinning reserve
Peak lopping

30-300 s
180-10000 s

Load levelling

Daily 4-12 h, weekly
40-60 h, seasonal 3
months
Intermittent

Output smoothing

The requirements for peaking operation are the following:
Wide output variation rates
Low starting losses
Short run-up times with low stress on the p l a n t - a l s o high availability if frequent
starts and stops are involved
- Rapid operability
Automation possibilities and simple handling
-

Comparing these requirements with the information given in Section 1.2,. it
is not difficult to conclude that most of them are not met by a significant part
of the generating equipment. A new generation of power equipment is therefore
needed and the most promising seems to be new and different types of energy
storage devices.

1.5 Further reading
A.: 'A study of a space communication system for the control and monitoring
of the electric distribution systems', IPL Publication 80-48, Jet Propulsion Laboratory,
California Institute of Technology, Pasadena, CA, May 1980
2 FARMER, E.D.: 'The economics and dynamics of system loading and regulation',
Proc. IEE International Conf. on Power System Monitoring and Control, London,
June 1980, p. 125
3 PLUMPTON, A.: 'Probing load management's new ground rules', Electrical Review,
May 1983 212, pp. 24-25
1 VAISNYS,
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Chapter 2

E n e r g y storage as a structural unit of a
p o w e r system

2 . 1 General considerations
The diversity of applications of electricity and particularly the fact that some of
its uses, such as lighting and space heating, are subject to substantial seasonal
variation makes the economic ideal of supply for constant consumption throughout the year unrealistic. Generation itself cannot, in any case, be constant
because of fluctuations in hydroelectric generation and intermittency of renewable
sources.
There should therefore be a specially structured unit between producer and
customer which can co-ordinate them. This unit has to provide the following two
possibilities:
•

•

From producers, to transfer generation or production capacity from off-peak
to peak load hours to supplement the development of specific peak-production
means
From distributors or customer, to encourage customers to shift peak hour
consumption requirements to off-peak times. Incidentally, the customer can
also alter his/her habits.

We will define this new structural unit as energy storage.
The use of energy storage in the form of chemical batteries for bulk power supply
is not a new concept: they were the essential part of many electricity utilities at
the beginning of this century. The earliest application of electric storage batteries
was in Germantown, Pennsylvania, in 1890. At that time electric power systems
were primarily direct current (DC) systems and operated isolated from each other.
Electric storage batteries were used to provide peak electric energy requirements
and emergency capacity when dynamos, which generated direct current, were
not in operation. With the expansion of DC electricity systems the use of batteries
became widespread, but development of a competitive alternating current (AC)
electricity system changed the trend dramatically. As AC systems evolved and
became widely accepted, owing to advances in equipment and systems design that
increased their reliability, the use of batteries was discontinued.
Energy storage in a power system can be defined as any installation or method, usually
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subject to independent control, with the help of which it is possible to store energy, generated
in the power system, keep it stored and use it in the power system when necessary.
According to this definition, energy storage may be used in a power system
in three different regimes:
- Charge
- Store
Discharge
-

In each of these three regimes a balance between power and energy in the power
system has to be maintained so the energy storage has to have the appropriate
rated power and energy capacity.
The duration of each regime, its switching time and storage efficiency are subject
to power system requirements.
Before installing any device in a power system a planning engineer should decide
in what way a utility is going to use i t - t h e function this device will perform.
We will define the power system requirements for energy storage as a margin
for its rated power P, and energy capacity E , its efficiency Q,, switching time
t,,,,, and duration t,,. of its regimes. It is clear that these m a r g i n s - - p o w e r systems
r e q u i r e m e n t s - a r e subject to the function performed by energy storage in a power
system.
Energy storage could be deployed for one or more of the following reasons:
T o improve the efficiency of operation of a system
- To reduce primary fuel use by energy conservation
- No alternative energy source available
- To provide security of energy supply
-

There are two different types of energy systems--hybrid and combined systems.
We shall define a hybrid energy system as a system with one kind of energy output
and two or more energy sources as input. The combined system, in contrast, has
one primary source as input and two or more different kinds of energy output.
The hybrid system has been used in the transport sector. The combined system
has been widely used in combined heat and power generation, where a power
station utilises the waste heat from electricity production as district heating.
Energy storage usage is possible in both these systems.

2.2 Energy and power balance in a storage unit
We have seen previously that any storage facility for use in a power system
comprises three parts (see Fig. 2.1):
Central store (CS)
- Power transformation system (PTS)
- Charge-discharge control system ( C D C S )

-

The central store can be completely defined 'from a power systems point of view'
by its energy capacity E s - t h e energy storable in the storage vessel. This
obviously has a different nature according to the type of CS--mechanical, thermal,
chemical or electrical. It should be mentioned that a certain part of E~ has to be
kept in the CS to ensure the possibility of it being charged or discharged at a
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designed power capacity P,, which is the second main characteristic of the storage
facility.
T h e P T S can be defined by its rated charge or restoring capacity P, and
discharge or generating capacity Pd. Power capacity P, equals the m a x i m u m of
P, and Pa.
P, = max [Pc, Pd]
The C D C S is a specially designed microcomputer controller with the corresponding
software.
Since energy storage is a part of the power system it has to work in all its normal
and emergency regimes. In any of these regimes the power and energy balance
in the node, where storage is coupled to the power system, has to be maintained:

Ne~,-LI+ P~=O

Q~,. + 0a+ Q,= 0
where Ne~,, Q¢~, = active and reactive power generated by the supply side of the
power system
Lt, Qd = active and reactive power consumed by d e m a n d side of the
power system
P , Qo = active and reactive power from store.
Note that the power generated by or discharged from the store is positive whilst
the power consumed by or charged into the store is negative.
The energy balance for energy storage (see Fig. 2.2) reflects the fact that storage
is only a repository of energy and not an ideal one. There are certain losses in
the storage fiE, and, taking them into account, it is possible to write the energy
balance equation
Exe. - fiE, - E/= 0
where Eee., E l = e n e r g y
respectively.

generated

and c o n s u m e d

by the power system,
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energy consumed by the storage during charge regime
energy accumulated in the CS
energy left in the CS (depends on storing time)
energy supplied from the CS during discharge regime
energy losses during charge, storing and discharge, respectively

The energy losses fE, comprise the losses during the charge, store and
discharge regimes shown in Fig. 2.3:
fiE = fiE, + fiE, + lEa

or a difference

6E=E,-Ea
where E,, Ea = energy charged and discharged, respectively.
We will define charge efficiency ~c as

~

=

E/E o

storage efficiency ~,(t), which depends on the duration of this regime, as
},(t)

=

E,'/E,

and discharge efficiency }a as

Obviously the overall cycle efficiency },, which is the ratio
~, = Et/Ee,, = Ed/E~,
can be defined as a result of multiplication

}, = },

L(t) }d.

Energy losses rE, can be written as follows:
aF~, = E: - Ed = r~,/~c - E~ = E, ( l - L E j E , ) / L
or

6E, = E,

(I -

~,)/~.

= E, (1 - L L(t) ¢~)/L
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2 . 3 M a t h e m a t i c a l m o d e l o f storage
Mathematical modelling of energy storage requires formulation of a model for
each of its three e l e m e n t s - C S , P T S and C D C S .
Since the central store is an energy repository its only function is to accumulate
energy in the desired quantities and release it at a predetermined speed. The stored
energy E s is a function of the following types of parameters:
- Construction parameters CPi which are constant for the given energy storage
device
- Variable parameters VPi which depend on the current regime of the storage
- Current time t.
The function m a y be given as follows:

E, =fcs (CPi, Vii, t)
According to the definition, power is a first derivative of energy with respect to
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time. Therefore the power flow from the CS equation may be given by
Pcs = d E / a t = ayes ( c P ,

vii, t)/ctt

The main function of the power transformation system is to regulate the power
flow from the energy storage in accordance with the reference power system
requirements. The power flow through the PTS depends on the same variable
parameters VPi. In addition to this the power flow depends on the special
regulation parameters (RPi), the constant PTS's parameters CPPi and the power
system regime parameters PWSRPi in the reference node. The mathematical
model of the PTS equation may therefore be given by

PPrs=fpTs(CPP, RP~, PWSRP,., Vii)
The charge-discharge control system (CDCS) has to measure the regime
parameters in the given nodes of the reference power system and in the energy
storage, calculate the desired power flow Pd,, from energy storage, then on this
basis calculate the value of the special regulation parameters and send them to
the PTS. It should be mentioned that one of the regulation parameters controls
the charge, store or discharge mode of the energy storage.
The mathematical model of the C D C S equations may be given by

Pa,, =fcocs(PWSRPi)
RPi = FCDcs(Pd,,, VPi)
The energy storage is not a source of energy, so an energy balance equation is
required. In this equation storage efficiency 1~, has to be taken into account, so
that it may be given by
Ec - Ea - E, (1 - ~,)/~c = 0
where Ec, E a = energy charged and discharged from the central store.
The full mathematical model of energy storage may therefore be given by the
following system of equations:

Pcs = dfcs(CPi, VPi, t)/dt
PI,7s =fprs(CPPi, RPi, PWSRPi, Vii)
P~,, =f CDcs(P WSRPi)
RPi = FCDcs(Pa,,, VPi)
Pcs = Pprs = Pe,,

It should be mentioned that the particular type of the functionsfcs, fPrS, fcDcs
and FCDCSdepend on the type of the central store, power transformation system
and the number of desired duties which the energy storage has to perform in the
power system.
Use of the full mathematical model can only be justified when a particular type
of energy storage is involved and optimisation of its parameters or optimal control
is needed.
I r a system requirement for energy storage is involved, it is possible to simplify
the full model, leaving only the following equation

Re,, =fcocs( PWSRPi)
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It is assumed here that Pu~s= Pcs = Pin's = P, and that the only information
needed about RPi is information about the storage mode.
The operating characteristics of active and reactive power controls by energy
storage are considered, as the transfer characteristics from the desired values
~Pdes, ~Q.des to be the actually controlled values 6P,, 6Q.,. They are modelled as
independent first order time lags.

6Pa,, = ~P/(1

+

T, P)

6Qu,, = 6Q,/(I + T, P)
The storage time constant T~. has to be determined for each particular storage
technique.

2.4 Econometric model of storage
The capital cost C~ of energy storage is the sum of two parts. One is related to
the storable energy; the other depends on the peak power that the storage must
deliver and is controlled by the C D C S according to demand requirements. In
other words, the capital cost depends on the cost of CS, PTS and CDCS, partly
proportional to installed power capacity and in part to storable energy capacity:
C s = Ccs + CpTS + C c D c s

It is convenient to use the specific cost per unit of storable energy capacity and
installed power capacity, so that usually the capital costs for the storage components
are given by

Ccs= C:E,
Cprs + CeDes= C;P,
where C* = specific cost for the CS, money/kWh
C~ =joint specific cost for PTS and CDCS, money/kW.
Hence the capital cost of energy storage is a function of the two main storage
characteristics and may be written as follows:

C, = C'E, + C;Y,
If reference is made to the specific cost per unit of generating capacity which is
widely used in a power system design analysis, this cost may be given as follows:

Cs/Pa = CflE,/Pd + C;P,/Pd
or

c: = c:t~ + C;K.
where K, = restoring ratio
t d rated discharge time.
=

The annual cost of a storage facility, Zs, when operational cost comprises
capital repayments, interest charges, operating and maintenance costs plus the
cost of energy losses, may be given as follows:
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z~ = RC, + ncCu ~E~

where R represents all payments which depend on capital cost--capital
repayments, interest charges, operational and maintenance cost (in other words
the constant part of the annual cost), nc is the number of charge-discharge cycles
during a year and Cu is the specific cost of energy used for charging the storage.
The cost of annual energy losses is a variable part of the annual cost.
The econometric model of an energy storage facility is usually given in the tbrm
of the annual cost of the facility:
Z~ = R( CgEs + CpP,) + nee, E,(1 - ~,)/~
which allows us to optimise its key parameters-installed capacity and stored
e n e r g y - o r to use this model as a part of the power system econometric model.
Energy storage is part of a power system and therefore Ps and E~ have to satisfy
the special system requirements. To define these requirements it is necessary to
formulate a power system mathematical model in which the energy storage model
will be included.

2.5 Further reading
1 ASTAHOV, YU.N., VENIKOV, V.A., TER-GAZARIAN, A.G., REBROV, G.N.
and SUMIN, A.G. : 'Energy storage electrodynamic model'. Author's Certificate No. I
401 506 USSR, Priority from 26 Dec. 1986

Chapter 3

Storage applications
3.1 General considerations
A typical electricity bulk supply power system consists of central generating stations
(supply side) connected to a transmission system. This bulk supply system is joined
to the distribution system which comprises a subtransmission system of primarily
distribution feeders and secondary circuits.
An energy storage unit can be connected to the transmission, subtransmission
or distribution system in a manner similar to customer-owned conventional or
renewable generation facilities such as gas or wind turbines. These dispersed
sources are able to change the character of a typical electricity power system
completely.
With any addition of dispersed generation facilities, whether they are customerowned or utility-owned, the impact upon planning, control, protection and
operation of the traditional distribution system and the bulk power transmission
system has to be closely investigated.
In an electricity power system based on thermal, nuclear, hydro and renewable
generation, storage will find a wide field of application and may perform various
duties, which must be taken into consideration in order to gain the largest possible
advantage in optimisation of the supply side.

3.2 Static duties

of storage plant

A first examination will be given here of the duties that storage methods could
perform under normal system conditions-so-called static duties.
Most if not all power utilities worldwide are having to meet increasing demand
from year to year. This means that additional plant must be installed to meet
the peak demand on the system. It is clear that an installation capable of taking
electricity from the grid at night and returning it during peak periods will reduce
the need for generation capacity in the system. Hence the capital cost of a storage
unit may be compensated by savings on the conventional power stations which
are superseded.
Contrary to popular belief, the variation of demand on electricity utilities does
not constitute a need for storage, but provides an opportunity for storage methods
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to compete with mid-merit and peaking generating sources. The preferred plant
is that which provides the minimal balance between the capital charges and
discounted operating cost savings which the plant can make when operating in
its merit position over its life. Operating cost savings are very sensitive to the
expected fuel cost of the candidate plant, which determines both the generating
cost margin and the number of hours in each year over which savings will be made.
The variation of load through the day stimulates a demand for storage especially
when the increase in installed capacity of large coal or nuclear plants, designed
to operate at maximum efficiency on their rated power output, exceeds base load
demand, and when a future increase in utilisation of intermittent energy sources
(such as solar, wind or ocean energy) exceeds the utilities' reserve capacities.
Consider the typical weekly load curve of a utility with and without energy
storage, as shown in Fig. 3.1. As illustrated by the upper curve, the intermediate
and peaking power involves extensive generating capacity. The load variation
shown here is typical for any European utility, but it applies to most other countries
where cheap off-peak electricity rates exist. In countries where this is not the case,
the daily variation tends to be even larger unless these are countries without a
restricted consumption and multi-shift industry. In any case it appears to be the
fact internationally that installed capacity is about double the yearly average load.
If large-scale energy storage were available, as illustrated by the lower curve
of Fig. 3.1, then the relatively efficient and economical base power plants could
be used to charge the storage units during off-peak demand (lower shaded areas
in Fig. 3.1).
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Discharge of the stored energy (upper shaded areas) during periods of peak
load demand would then reduce or replace fuel-burning peaking plant capacity,
thus conserving (mostly oil-based) fuel resources. Use of energy storage to generate
peaking power in this manner is termed 'peak shaving'. The higher base-load level
may replace part of the intermediate generation thus performing load levelling
and enabling the more extensive use of storage to eliminate most or all conventional
intermediate cycling equipment. Assuming that new base load plants use non oilbased fuel, there are further savings of both cost and of oil resources.
The most typical longer term duty is the storage of energy generated at low
incremental cost during low-load hours, and the return of this energy to the load
during high-load hours, thus replacing the energy generated at high incremental
cost. This duty, which we may call 'energy transfer duty', is reasonable from the
economic point of view only if the ratio between the incremental cost of energy
during the storage charge period and the incremental cost of replaceable energy
during the storage discharge period is lower than the turnaround efficiency of
the storage unit:

where

~, = storage turnaround efficiency
C, iehl, Cd~y= night-time and day-time marginal generation cost,
respectively.

The differences between the above-mentioned ratio and the efficiency should not
be too small because the energy production advantage must be sufficient to
compensate for the difference between capital cost for storage and additional base
load capacity, on the one hand, and the capital cost for replaced peak and
intermediate capacity on the other. In any case, a reduction in installed capacity
is achieved.
Smoothing of the daily load curve also leads to reduced stresses of load following
operation by the steam plant, and consequently reduces maintenance costs. The
exact value of this reduction depends on a number of factors, but it is usually
smaller than the fuel cost saving.
The other static duty is that of making generating power available when it is
needed for matching load demand. This duty is common to all generating methods
in the system but if storage methods are involved the main p a r a m e t e r - - e n e r g y
c a p a c i t y - h a s to be taken into account.
In order to cover the period of power demand, the storage systems have to have
sufficient storage capacity, and since the amount and duration of load demand
are typically stochastic, unconstrained storage capacity would theoretically be
necessary to avoid the possibility of being unable to cover the load owing to
exhaustion of the stored energy. The capital cost of a storage system depends on
its energy capacity, and therefore the choice of storage parameters should be a
compromise between cost and the risk that they may not be able to cover the
demand. In planning a power system it is necessary to evaluate this compromise
quantitatively.
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3.3 Energy storage and renewables
A second major demand for stationary storage arises from the utilisation of
renewable energy sources. These sources, which directly or indirectly relate to
solar radiation arriving on the surface of the Earth, all have an intermittent
character. The variation of solar radiation itself is shown in Fig. 3.2, from which
the demand for long term heat storage is obvious.
As soon as solar energy begins to displace non-renewable fuels, the need for
efficient energy storage methods will increase. Storage systems will have two broad
roles in the utilisation of solar energy: to match an intermittent energy supply
with a variable energy demand, and to concentrate energy collected from dispersed
solar arrays in dilute form and thus adjust it for use in power utilities.
It is often suggested that energy storage will be essential if intermittent sources,
such as wind, wave, solar and tidal, are developed on a large scale. Since output
from these sources is variable and, with the exception of tidal energy, subject to
practically unpredictable changes in weather, fluctuations in output must be
accommodated in the system by regulating the output of conventional plant or
by providing storage.
It should be mentioned, however, that as long as solar or wind energy supplies

100

S

,I

80

20

!

July

I

!

I

October

I

January

I

I

April

I

I

July

time of year

Fig. 3.2

Yearly variation of heat demand and solar energy inletfor a northern European house
d family house power consumption
S horizontal solar radiation

Storage applications

47

only a small fraction of the energy demand in a house, a community or an
electricity utility, storage may not be essential since the other components of the
energy-delivery system, such as oil or gas or the utility grid, can maintain supply
when the Sun is not shining or the wind not blowing.
In the case of wind energy, recent studies suggest that up to 20 % of peak demand
on the British power system (which is within the immediate reserve margin) could
be absorbed without storage intervention although fluctuations on the timescale
of seconds to minutes would require an additional regulation duty to be placed
on conventional generating plants, and would increase the need for short term
reserve capacity placed, for example, in the storage system.
In the long term one can expect that renewable sources will generate increasing
amounts of electrical energy. At first, storage capacity will not be essential, since
solar- or wind-generated electrical energy will normally be fed into utility grids,
which have adequate reserve capacities for damping the fluctuations in the
intermittent input, in the same way that they balance their electricity loads. The
situation would change, however, if solar-generated electricity, for example,
reached a significant fraction of the total power output. The Sun does not shine
in the evening, so the load demand of the system would be likely to develop a
pronounced early-evening peak which would have to be covered by conventional
means. Energy storage at the system level could help to flatten this peak, so that
the electricity could be generated by constantly loaded, comparatively efficient
base-load plants instead of peak plants. So, by installing storage systems for
operation with coal and nuclear base-load plants in the short term, the utilities
will directly support the introduction of solar power generation in the longer term
(see Fig. 3.3).
Another example arises from various tidal barrage concepts. Some of these
projects suggest the exploitation of tidal power plant within a single basin. In these
cases the energy output comes in pulses whose timing is determined by the lunar
cycle. Other projects employ two basins, one charged on the rising tide and another
discharged on the ebb. By installing turbines between the two basins one has
effectively a pumped storage facility incorporated in the tidal power plant capable
of compensating the lunar cycle tidal generation to meet load demands. The power
system is able to accommodate an unretimed output from single-basin barrages
generating pulses up to about 5 G W without any storage, for the same reason
as for solar and wind generation. For larger schemes, up to about 15 GW, storage
is clearly needed but it is necessary to compare the economics of providing the
storage within the tidal plant with having an independent storage scheme.
The most promising short-term applications of solar and wind energy appear
to be for small power systems in remote locations. In such applications the cost
of transmission line and energy losses argue against connection to a utility grid.
Transportation costs, as well as rising fuel costs, argue against the use of fossil
fuel generators, such as diesel, for example. Solar and wind systems eliminate
these factors but, owing to their intermittency, a certain amount of energy storage
capacity is required to match the energy supply and demand over the diurnal cycle.
To obtain significant benefit from solar cells, for example, a seasonal storage
would technically be ideal to match the peak output in summer with the peak
demand in mid-winter. Solar systems in particular require energy storage because
the present high cost of solar cells makes the power system composition, including
appropriate storage, economically reasonable.
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The impact of solar energy generation on the load curve of a utility is shown
schematically for two levels of solar energy contribution to meeting demand.
If solar energy could contribute 5% of the utility's power supply, it would help
to meet the daytime peak and displace a certain part of the conventional
generating capacity. When the solar contribution rises-above 15%--the
conventional equipment of a utility's supply side will face a sharp evening peak.
In that case, it might be reasonable to introduce storage to level the load on
conventional equipment.

Storage as a part of solar w a t e r - h e a t i n g systems is an obvious short-term
application if solar energy supplies an a p p r e c i a b l e fraction of a household's hotwater d e m a n d . T h e alternative to storage is to have a b a c k - u p system including
not only a conventional water h e a t e r but also a delivery system that supplies it
with fuel or electricity. T h e investment a utility makes to provide the ability to
meet this occasional energy d e m a n d often a p p e a r s as a ' d e m a n d charge' in the
consumer's total energy cost: a fixed price that is i n d e p e n d e n t of the q u a n t i t y of
energy actually delivered by the b a c k - u p water heater. By storing solar-heated
water at the site of its use for periods of low solar radiation, the c o n s u m e r can
decrease or even eliminate his/her d e p e n d e n c e on external b a c k - u p systems and
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reduce the demand charge, with a corresponding net reduction in total energy cost.
Storage of solar-heated water is technically simple and the relevant equipment
is available commercially. Hot water is also the preferred storage medium for solar
space-heating systems. Space heating requires a l~trger storage reservoir than water
heating so it is more difficult to install a space-heating storage system in a building,
particularly an existing one. The cost of storage per unit of energy delivered is
higher for solar space heating than for solar water heating because the space-heating
system is in service only for a limited time whereas the water heater is in service
for the entire year. In principle the utilisation of a system for the storage of solar
energy could be increased by employing it also for the storage of off-peak electrical
energy in the form of hot water, thus creating a hybrid system. Whether this
approach of separately optimised solar and off-peak energy storage systems is better
depends on the cost of the storage equipment, on the utility's particular combination
of generating equipment and fuel cost, and on the structurc of energy consumption.
In spite of current uncertainties about optimum system composition and storage
capital cost, the on-site storage of solar heat is likely to pay for itself, particularly
if the real costs of oil and gas continue to rise.
The unpredictability of renewable sources has to be overcome to permit energy
and power flow management. Some of the energy derived from renewable sources
can be used immediately to displace alternative sources based on primary fuels
providing such action does not exacerbate the problems of load coverage. Any
surplus energy has to be stored somehow to be used later.

3.4 Storage at the user's level
With the help of storage methods it becomes possible to use less valuable and
more economic primary sources of energy in the residential, commercial and
industrial sectors. These sectors represent about 40 % of an average EC country's
oil consumption and nearly 80% of its natural gas consumption, primarily to
provide heat for water, buildings and industrial processes. Shifting much of this
demand to coal by burning it at the site of energy consumption would be
impractical because of fuel handling and pollution problems.
The burning ofoil and gas to provide heat can be reduced by shifting domestic
heating loads to coal and uranium in the form of electricity, and also by turning
to renewable energy. When such a strategy is effectively implemented, the
importance of energy storage will increase and in some cases it will be essential.
The storage of thermal energy close to its end consumer represents another
way to employ storage methods to shift energy consumption. According to this
concept heat or 'cold' is produced by off-peak energy on the consumer's premises
and stored for consumption during peak load periods. Since this strategy shifts
the storage investment from the supply side to the consumer, utilities can and
must provide financial incentives by offering tariff rates that reflect the lower costs
of off-peak generation.
Through appropriate tariffs a number of US utilities have encouraged their
customers to employ water heaters controlled by timers or by electrical signals
from the utility as an energy storage method. This 'load management' strategy
has helped utilities to reduce peak load and to shift some of the required energy
to base-load power plants. The practice has also been introduced in several
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European countries in recent years. In some parts of Germany, for example,
storage heaters account for nearly a quarter of the total demand for electricity
in winter, so that the daily load curve of a utility is nearly flat. The effect would
be much greater if space heating were provided from coal- and nuclear-based power
plants through the storage of heat produced by off-peak energy.
The dispatch centre in H a m b u r g uses remote control by means of wave trains
at 283 Hz from a special control room equipped with computers for programming
the emission and controlling the production of the wave trains. At Valenciennes,
in northern France, remote control of storage space-heaters is co-ordinated by
a weather-observation system, so that charging is switched on as late as possible
while heating requirements are met. During the coldest days, charging takes place
during the daytime for a maximum of four hours, thus satisfying minimal consumer
demand. This solution seems simpler, but it is less effective than the one adopted
in Hamburg. Further progress lies essentially in improved timing of the switching
on of equipment.
The reduction of peak load demand, the shift of demand to off-peak base-load
plants and the optimisation of energy losses in transmission lines may be maximised
if utilities retain a measure of control over the charging of consumer-owned storage
systems. Control methods currently under investigation include start and stop
signals transmitted by radio, signals sent over the wires of the utility's own network
and signals sent over telephone lines. Such load management does not normally
inconvenience the customer, and it can reduce his/her electricity bill.

3.5 Storage

and transport

The development of the transport sector has enlarged the demand for alternative
fuel and energy storage. To be competitive, a good storage system must be
reasonably safe, be easy to handle, operate and recharge, and have a sufficiently
high energy density.
Most of the efforts to produce an alternative to petrol-driven combustion-engined
vehicles have concentrated on developing an electric battery with a better energy
density than that of the lead-acid battery.
The high density of energy storage provided by petrol makes replacement of
the combustion-engined vehicle quite a formidable task. An automobile tank with
a volume of 3 ft 3 can store 3 x 1 0 6 Btu in the form of chemical energy, enough
to give the average car a range of between 250 and 400 miles. Lead-acid batteries
of this volume can store the equivalent of 20 500 Btu. It should be mentioned
that about 40% of the energy stored in a battery is available at the driving wheels
compared with about 10% of the energy stored in fuel, so electricity represents
a higher efficiency of energy use than fuel. Nevertheless, a car driven by lead-acid
batteries, with a maximum acceptable weight of about 1.0 ton, has a typical range
of 25 to 50 miles. Although advanced batteries will have higher energy density,
and consequently greater range for a given battery weight, they will be more
expensive, and therefore the range limitations of electric vehicles (EVs) may well
be set not by battery weight but by battery cost. This limited range, together with
the high cost of chemical batteries, presents a serious barrier to the wide application
of battery driven EVs.
The cost of an EV without a battery is no higher than that of a conventional
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vehicle of similar size. The battery cost makes the difference: the cost of a petrol
tank is insignificant, but a 1-ton lead-acid battery, providing a range of 25 to
50 miles on a charge of 30 kWh, will add an additional 10% to the cost of the
average vehicle.
The capital investment, operating costs and logistic complexities of a network
of service stations in which an empty battery could be quickly exchanged for a
fully charged one would almost certainly be great but on the other hand this new
strategy would provide an enormous number of new jobs. The higher efficiency
and continuing escalation of automobile fuel prices give EVs the potential to
demonstrate that they are cheaper to operate for similar tasks.
If storage systems based on batteries could be improved sufficiently to make
EVs an attractive alternative to conventional cars each million electric vehicles
would save 146 million barrels of oil per year.
Assuming that the vehicles travelled an average of 10 000 miles per year, the
impact of this displacement on electricity consumption may be calculated: 1 million
vehicles x 10 000 miles/yr vehicle x 5 kWh/mile -- 5 × 10 l° kWh.
Although this is not a large factor, the impact on certain utilities could be
appreciable, particularly if it is necessary to charge batteries during hours of peak
demand and therefore to reinforce the distribution network.
Once electric vehicles have become widespread, power utilities will require most
of the battery charging to be done in off-peak hours, when coal and nuclear baseload energy is available. In addition to setting preferential rates for off-peak
charging, utilities could exercise direct control over equipment for overnight
charging, and thereby integrate the charging load into the total demand of the
power system, with economic benefits for both themselves and customers.
Vehicle batteries, if successful, could (ironically enough) eliminate some of the
need for bulk storage, and at last energy storage could give significant fuel saving
by the use of regenerative braking. It has been estimated that about a 10 % primary
fuel saving could be achieved.

3.6 Dynamic duties of storage
An examination was given above of the possible duties of energy storage in a
power system under normal conditions. However, there is also the possibility to use
storage methods for operation under transient conditions; so-called dynamic duties.
To maintain sufficient spinning reserve capacity in a purely thermal and nuclear
generating system, it is necessary to consume a large amount of fuel and to decrease
overall system efficiency. In fact, gas turbines need a delay time of 5-17 min before
being synchronised and loaded at their capacity and therefore can be considered
only as standby reserve. Thermal steam generating units and nuclear units are
able to increase their output within a few seconds only for 3-5 % of their operating
load, and consequently only this small fraction can be considered as a spinning
reserve.
In order to have the required margin of spinning reserve, it would therefore
be necessary to keep a large number of the base-load units in spinning conditions,
reducing their output by the same 3-5 %, and to cover the demand with generating
units having lower efficiency. If the base part of generating structure is completely
nuclear, then the particular part where the spinning reserve is allocated has to
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be replaced for load-covering by conventional thermal generating capacity, with
an evident waste of energy and money. The presence of hydro plants can only
partly improve the situation; most of the energy storage is capable of being switched
rapidly from the charging mode to the discharging mode. This means that any
sudden loss of generation in the power system on a sudden increment in load (which
was not planned in advance) can be met by energy storage switching provided
there is adequate storage rated power and energy capacity.
So if energy storage participates in the supply side of the power system it can
perform the spinning reserve duty, avoiding fuel wastage and increasing overall
efficiency.
It should not be forgotten that there are other ways that energy storage can
perform spinning reserve duty. During a charging period storage can also carry
out this duty, since its separation from the system releases an equal quantity of
generating power.
Generally speaking, spinning reserve duty is one aspect of the more general
frequency-control duty, that is the duty of compensating for the stochastic
fluctuations of the difference between generation and load.
The loss of large generating capacities, to cover the spinning reserve, is the
most striking component of such an imbalance, but this appears quite seldom
and only in one direction, so that the means allotted to it are also not always able
to perform regulation duties for higher frequency fluctuations.
In the case of an emergency loss of generation or load the intervention of the
spinning reserve within a few seconds may not be sufficient to maintain so-called
dynamic or transient stability so as to avoid, during the first moments of the
transition, dangerous frequency drops. In such a case, in order to avoid the collapse
of the system, a sudden power input may be necessary, together with a sudden
load shedding. This gives a clear advantage to those types of energy storage which
are able to make available, instantaneously, their rated power capacity and can
therefore be used for improvement of stability, frequency regulation and as a
countermeasure against blackout. Incidentally most storage types can perform
these duties during the charging regime because it is always possible to drop them
off instantaneously.

3.7 Summary of possible applications
The results of the analysis of advantages of energy storage usage generally depend
on the characteristics of the supply side of the reference utility, and above all on
the form of the load demand curve. As power utilities are evolving, large central
generating stations are being built further from load centres. Construction of new
generation capacity in urban and suburban areas is increasingly limited by
environmental concerns and competition for land use. Any form of modular power
plant appears to be ideally suited for urban generation particularly if it can be
located at established generating stations as older units are retired or at transmission
and distribution substations. In particular, energy storage units, which can be
charged at night load times and require no external fuel supply, appear to be well
suited for installation in overpopulated urban areas.
It is convenient to group all proposed storage duties according to the required
duration of their discharge regimes. One can consider discharge ranges of hours,
minutes, seconds and milliseconds.
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In the following areas energy storage will work as a buffer compensating any
load fluctuations of the range of hours:
•
•

•
•
•

Utility load levelling: to improve load factors, reduce pollution in populated
urban areas and to make better use of available plants and fuels;
Storage for combined heat and power systems: to improve overall efficiency
by offering optimum division between heat and power irrespective of load
demands;
Utilisation of renewable energy in its various forms to relieve the burden on
finite fossil fuel resources and to improve the environment;
Storage for remote users; and
Storage for electric vehicles: to replace petrol in the long term, reduce urban
air pollution and improve utility plant factors.

The minutes range will be covered by storage for industrial mobile power units;
to provide better working conditions and as part of uninterruptible power supply
systems to improve the reliability of supply, especially in confined areas such as
warehouses, mines, etc.
The seconds range will be represented by diesel-wind generators outputsmoothing, and storage of necessary energy between pulses of a high-energy
particle accelerator.
Millisecond range energy storage units will be used for the improvement of
stability, frequency regulation, voltage stabilisation and as a countermeasure
against blackout.
There is clearly a limit to the amount of storage plant needed to provide daily
smoothing. It is clear that the higher the percentage of the total capacity of the
generating park allotted to storage, the smaller is the convenience of installing
more capacity in storage; both because those means are required to provide longer
operating times, with higher costs owing to the larger storage capacities which
are needed, and because the advantages to be obtained through the dynamic
services become less important, since those services are already provided by the
existing means.
The economics of storage plant depends on the mixture of other plant on the
system: in particular, whether the proportion of large base-load coal-fired or
nuclear plants in the system has grown to more than is necessary to cover the
night-time demand, so that low-cost coal or nuclear-based stored energy becomes
available. In this case storage is a complement to a large nuclear programme.
Since storage is an essential part of any large scale renewable programme, it is
also considered to be a competitor to a nuclear programme.
The other important aspect is the problem of the choice of the most appropriate
characteristics of a storage plant; first, the choice of the rated power and energy
storage capacity. The ratio between the storable energy and the unit's rated power
must be determined as a compromise between the specific plant cost, which
evidently increases with increasing specific storage capacity, and the number and
quality of the services it is able to provide; these qualities improve with increasing
specific storage capacity.
In general, for the highest peak services it will be convenient to use those methods
having specific costs which rise rapidly with storage energy capacity, and others
for longer durations.
In order to define the requirements for storage units, it is necessary to carry
out some power system analysis on the following topics:
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- The different types of energy storage methods in operation at the design stage
of the supply side of power utility expansion planning
- Operating experiences and criteria in electricity power systems with storage
plants.
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Part 2

Energy storage techniques

Chapter 4

Thermal energy storage

4.1 General

considerations

Direct storage of heat in insulated solids or fluids is possible even at comparatively
low temperatures (theoretically from t > 0°C), but energy can only be recovered
effectively as heat. Hot rocks and fireplace bricks have served as primitive heat
storage devices from ancient times. This is still the case in industrial furnaces and
in the baker's electric oven, where cheap electricity is used to heat the oven during
the night.
High temperature thermal storage can be used both to utilise heat in industrial
processes and for heat engines. One recent example is the power supply for Stirling
engines.
Thermal energy storage (TES) is ideally suited for applications such as space
heating, where low quality, low temperature energy is required, but it is also
possible to use TES with conventional coal- and nuclear-fired power plants which
dominate the installed capacity of electricity utilities and are likely to continue
to do so for the near future.
It would be correct to say that the history of steam storage schemes may be
traced back as far as 1873. The first displacement accumulator patent was granted
in 1893 and the system was developed by Marguerre in 1924 by applying it to
a regenerative feedwater heating system using a turbine with overload capacity.
It has subsequently been applied to a large power station in the Mannheim
municipal works.
Development of a variable pressure accumulator for power generation began
with a German patent given to Dr Ruths in 1913. The first installation was built
in Malmo, Sweden, but the largest installation still in operation today was built
in 1929 in Germany. This plant is situated at Charlottenburg, Berlin, and operates
with 14 bar pressure, 50 M W electric power and 67 M W h storage capacity using
a separate peaking turbine.
It is natural to ask why, instead of passing energy through several conversion
stages, not just store primary heat from a base-load plant's boiler and recover
it when it is most needed?
Thermal energy storage differs from other storage forms for power generation
in that energy is extracted in the form of steam between the boiler and turbo-
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alternator, as shown in Fig. 4.1. Other storage forms are generally charged by
extracting the energy as electricity.
A power plant used to transfer the heat can be run under constant conditions,
independent of electrical demand, since the stored heat can be used to satisfy its
fluctuations and the required energy will be readily available to meet load
fluctuations swiftly.
Using thermal storage, the boiler can be operated at a constant power level
corresponding to the average power output of the base-load plant. The value of
storing excess power from a base-load plant during a charging period at night
and releasing it during the day has already been shown. Indeed, load cycling of
large coal or nuclear plants can be avoided, maximising the return from these
expensive plants and providing improved reliability and reduced maintenance.
Thus it is not surprising that this concept was put into practice 63 years ago
at Charlottenburg, where steel vessels ('Ruth accumulators') were used to store
a pressurised mixture of power-plant steam and hot water. During peak hours
the stored steam was released to drive a turbine-generator set.
In a modern steam cycle, where superheated steam is expanded through a turboalternator, about 30 % is bled off halfway through the turbine and used to preheat
water returning to the boiler. The rest continues through the turbine and is
condensed in the normal way. So the steam, multiply extracted from the turbines,
is used to preheat water returning to the boiler. This is common practice in power
plants as it raises the mean temperature of heat reception from the heat source
and increases the cycle efficiency.
Heat can be transferred to the store fluid by heat exchangers using steam
extracted ahead of and between the turbines, as shown in Fig. 4.2, thereby reducing
the plant's electrical output. This charging mode is implemented during periods
of low electrical demand.
Nuclear- and coal-fired plants are sources of thermal energy. Within them, the
thermal energy source can be one of the following (see Fig. 4.2):
(i)
(ii)
(iii)
(iv)

High-pressure (HP) turbine inlet steam
Intermediate-pressure (IM) turbine inlet steam
Low pressure (LP) turbine inlet steam
Intermediate steam-extraction point and feedwater heater (FWH) outputs
in the F W H system to raise condensate back to boiler inlet temperature.

The obvious thing to do is to store some energy to increase the flow of steam
to the feed heaters at the expense of flow to the condenser, and to use the additional
thermal energy of the feed heaters to provide additional hot water, which can itself
be stored.
In the TES discharge mode the power output is raised by reducing the extraction
of steam for feedheating. The boiler feed temperature is maintained using stored
heat, and the steam which is no longer required for feedheating is used to generate
additional power either in a separate peaking turbine or in the main turbine,
provided there is spare power capacity.
The important point is that the same amount of water will flow through the
boiler as before, so the steam flow through the first parts of the turbine remains
unchanged. The only change as far as the turbine is concerned is the steam flow
to the condenser. When it is necessary to produce any additional power, one can
use the stored hot water to feed the boiler, cutting off the feed heaters altogether
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One of a number of possible wa~s in which stored hot water can be used to boost
the output of a conventional steam cycle
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and passing the whole of the steam flow to the condenser. It is in this very simple
way that a storage unit can be i n c o r p o r a t e d into power stations.
T h e distinctive features of all T E S systems are that they have one or more storage
media, a form of c o n t a i n m e n t for the storage media, a fluid for heat transfer and
heat transport, a source of heat derived from the reference power plant and a
means of conversion of stored thermal energy into electricity. There will be periods
when the store is neither being charged nor discharged and the plant is then run
in a conventional m a n n e r .
Large scale hot water storage can be used for c o m b i n e d heat and power plants
and for heating for whole communities. Proposals for the latter have included
storage in surface lakes and u n d e r g r o u n d w a t e r - h o l d i n g layers. Surface storage
has associated problems such as the interaction with fresh water supply a n d the
risks of chemical and thermal pollution. Hence we will concentrate on u n d e r g r o u n d
storage systems, shown in principle in Fig. 4.3.
O n e of the essential p a r a m e t e r s for such a storage system is the q u a n t i t y of
water that can be transferred between the u n d e r g r o u n d storage and the surface.
T h e water transfer is d e t e r m i n e d by the layer thickness k x the permeability h and
the pressure gradient dP. This can be expressed by the flow equation

Q=P

kh dP
~t ln(rl/r2)

Thermal energy storage

61

production/
consumption
unit

r

I

I

heat
exchanger

J

I

I

impermeable layer
/////

fff///////.//*/////

I / / / / / / / / / / / /

LJ

H
........

,..\.,/

zone B

Fie. 4.3

Underground layer heat storage

where

Q = a m o u n t of water per time unit

reservoir
.....

. .....

zone A

P = constant of proportionality
k= permeability
h = layer thickness

dP= pressure difference between outer and i n n e r storage
It= viscosity of water
r l , F2 =

radius of the outer a n d inner storage limits.

If zone B is the storage zone tbr thermal energy, surplus heat from the
p r o d u c t i o n / c o n s u m p t i o n unit is used in the heat exchanger to heat water from
zone A, which is returned heated to the storage stratum in zone B. In periods
with heat deficit the flow is reversed and the store gives off heat.
Small water tanks are widely used for solar heat storage systems, as shown in
Fig. 4.4. T h e usual insulation used for individual household heating storage tanks
is mineral or glass wool. T h e insulation has to be sufficient to provide storage
times of several months since load d e m a n d and available energy, as m e n t i o n e d
earlier (Fig. 2.5), are out of phase. In an o p t i m u m design for a single house solar
heating system the size of the storage unit a p p r o x i m a t e l y matches the area of the
solar panel. It should be m e n t i o n e d that in t e m p e r a t e climates, the o p t i m u m size
of the storage unit is larger than in areas where the yearly variations of solar energy
are less.
The barriers to wider adoption of storage heating systems are institutional rather
than technical or economic. N e i t h e r the required information nor the finance is
readily available to encourage investment in such units, and m a n y utilities do
not yet offer a p p r o p r i a t e rates. F o r customers who want to b u y storage heating
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Hot water panel system with natural circulation

systems, however, a variety of electrically heated storage units are commercially
available. They include tanks for pressurised hot water, floor-slab heaters and
ceramic-brick units for individual room heaters and central building-heating
systems. If such systems were to be installed in 10 million homes, the oil and gas
saving could be equivalent to 0.5 million barrels of oil per day.
The application of night-time operation of base-load coal and nuclear stations
during the summer, when the only storage load is for hot water demand, should
perhaps be encouraged as it offers definite advantages in comparison with storage
space-heating. In the future, water heated with off-peak electricity may also
economically replace installations using an oil-fired central heating boiler which
cannot be efficient when used at low settings in the summer.

4.2 Storage

media

Broadly, there are two thermal energy storage (TES) mechanisms:
(i) Sensible heat storage, based on the heat capacity of the storage medium; and
(ii) Latent heat storage, based on the energy associated with a change of phase
for the storage medium (melting, evaporation or structural change).
Energy can be stored as sensible heat by virtue of a rise in temperature of the
storage medium. Water is excellent for this purpose, not only because of its low
cost but also because of its high heat capacity (4180 J/kg/°C). However, with its
low melting and boiling points, water is only suitable as a storage medium between
5°C and 95°C.
The energy used during a temperature change of, say, 50°C is of the order
of 3.6 x 104 J/kg for rocks, concrete, and iron ore. The volume density of the
latter is double (2.16 x 105 J / d m 3) that of the former because of the smaller mass
density. The values for different working bodies are shown in Table 4.1.
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Table 4.1

Comparison of thermal energy storage media

Working body

Type of heat
transfer

Water in the steel
tank

Heating

Hot rocks
Iron
Ice

Heating
Heating
Phase change
heat of fusion
Phase change
heat of fusion
Phase change
heat of fusion
Phase change
evaporation
Phasechange
heat of fusion
Phase change

Paraffin
Salt hydrates
Water
Lithium hydride
Lithium fluoride

Energy density
109 Jim 3

10 6 J/kg

Working
temperature
°C

0. 208
0.54
2.2
0.04
0. 021
0' 335

2.08
0.54
2.2
0.1
O. 18
0.33

20-200
350
500
20-100
20-350
0

0.17

0.14

55

0.2

0.3

30-70

2.27

2.27

100

4.7

4.7

686

1 •1

2.73

850

Applications for extremely high temperatures ( > 1000°C) have been suggested,
but it seems that materials problems such as corrosion, heat shock and other
problems associated with heat transfer have been too fundamental to date.
High-temperature water, of adequate quality, has the advantage of being usable
directly in the boiler/turbine cycle without interface equipment such as heat
exchangers, but requires high pressure containment for temperatures much above
100°C and thus is limited in maximum usable temperature unless low-cost pressure
containment is available. All the other common storage media considered can
be stored at pressures close to atmospheric.
Another large class of storage media is phase-change materials. These are
materials which melt and freeze at a particular temperature of interest and have
a large latent heat of fusion and crystallisation. They have the advantage over
sensible heat storage of a higher energy density of storage per degree of temperature
change, over the limited temperature range surrounding the fusion point, and
can essentially supply heat at constant temperature. When heat is added to, or
removed from, these materials, phase change can occur in a variety of ways:
melting, evaporation, lattice change, or change of crystal-bound water content,
where the total energy change is given by the change in enthalpy.
Some inorganic salts, e.g. fluorides, have large heat of fusion values but their
high melting temperature causes severe corrosion problems. In order to lower
the melting temperature the eutectic mixtures in Table 4.2 have been proposed.
The advantages of these fluoride mixtures are that they are chemically stable
and can be contained in chromic nickel steel. Their phase change temperature
may be convenient for use as storage for heat engines, but it is much too high
for space heating systems.
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Table 4.2

Melting points for some storage media

Storage medium

Melting point
oc

Sodium-magnesium fluoride, NaF/MgF 2
Lithium-magnesium fluoride, LiF/MgF2
Sodium-calcium-magnesium fluoride, NaF/CaF2/MgF2
Lithium-sodium-magnesium fluoride, LiF/NaF/MgF 2

832
746
745
632

Salt hydrates have suitable phase change temperatures for use as storage in
heating systems. Their phase transition, however, is often more complex than
simple melting, having a solid residue along with a dilute solution.
One of the salt hydrates most often proposed is Glauber salt, Na2SO 4. 10H20.
It decomposes at 32°C to a saturated water solution of NaSO plus an anhydrous
residue of Na2SO4 while the heat output is about 252 kJ/kg. The storage capacity
per unit volume over a small temperature range is much greater than for water,
suggesting that salt hydrates may be more economical than water storage (since
the civil engineering cost is the major expense for a house storage unit).
Metal hydrides have also been suggested for thermal storage. The phase change
is the absorption of hydrogen into the lattice of the metal, or metal alloy, during
a reaction of the following form:
metal + hydrogen ,-. hydride + heat
Research, especially in the USA, has proved that a combination of two hydrides
in a so-called hybrid storage system can be applied in heating/air conditioning
systems. The advantage of this type of heat storage is that there are no losses during
storage and the rate of heat re-formation is easy to control. The main objective
in hydride research is to find a cheap metal or metal alloy which works at suitable
transition temperatures and pressures.
Utilities around the world have recently shown interest in the following hightemperature chemical reaction for thermal energy storage:
C O + 3H 2 "-.CH 4 + H 2 0
During off-peak hours, heat from one of the primary sources shown in Fig. 4.2
is used for heat exchange in the reactor-reformer, where the previously stored
methane and water are converted into carbon monoxide and hydrogen and then
stored in a separate vessel at ambient temperature conditions. Although the reverse
reaction is thermodynamically favoured, it will not occur at these low temperatures
and the storage time is in practice infinite. During peak hours the reverse reaction
(methanation) is run and the resultant heat is used in the boiler-turbine cycle.
Hot air blown through the porous material is usually used as the transfer fluid
for high temperature applications.
The following materials could act as TES central store media using sensible heat:
- High temperature/low pressure water ( 5 ° < t < 95°C)
high temperature/high pressure water
high temperature oils
molten salts
rocks or minerals requiring oil or molten salt as a heat transfer medium.
-

-

-

-
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O n the other hand, phase change materials ( P C M ) such as salt eutectics can be
used for their latent heat of melting.

4.3 Containment
The main problems of storage design are:
- T o establish a suitable heat transfer surface in order to get fast transfer of heat
to and from the TES unit; and
- T o avoid heat loss to the surroundings so that leakage time is long compared
with the required storage time.
The heat loss from a central storage device depends on the surface area of the
storage medium container, and the overall storage capacity depends on the volume
of the container. The surface area is proportional to the square of the tank's
dimensions and, since the volume is proportional to the third power, large T E S s
need proportionally less insulation than small ones. The stationary temperature
distribution T / T k =f(x) where x is the distance from the centre of a spherical
storage volume kept at constant temperature Tk, is shown in Fig. 4.5.
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The surrounding is considered to be an infinite extent, isotropic medium with
a distant temperature of zero Kelvin. T / T k is given for spheres of radius 10, 30,
50 and 75 m. The curves illustrate the maximum temperature gradients which
occur around the container. The small-size, special container clearly results in
the largest temperature gradient, and therefore relatively in the largest heat leakage
to the surroundings.
The overall size of the container is important and during recent years interest
has focused upon the possibility of using very large underground reservoirs for
long term storage of heat on a community scale. Such units need relatively little
insulation compared with that needed in a small storage unit for a single house.
4.3.1 Steel vessels
Steel vessels are adequate for sensible heat storage in solids and heat-transfer liquids
at atmospheric pressure. Storage media can be packed beds of rocks, oils and
molten salts. Multiple tanks in modular sizes can be selected for cost and
convenience since rather large container volumes are usually required.
For pressure containment typically above 10 bars, steel pressure vessels are
readily available, with a background of years of design and operating experience
at pressures and/or temperatures above those required for thermal storage.
However, storage volumes are far larger than most pressure-vessel applications
and cost is the major drawback.

4.3.2 Pre-stressed concrete pressure vessels
Pre-stressed concrete pressure vessels (PCPVs) have been used for primary nuclear
reactor containment for over 10 years. However, there has been no specific
argument for a TES system using PCPVs as a central store, and none have been
built or tested for the pressure and temperature range of interest. PCPVs require
cooling to protect the concrete and reinforcing bars from high temperatures; the
cooling system is expensive and decreases thermal energy losses. PCPVs, however,
are considerably cheaper per cubic metre contained than steel vessels, for
comparable duty, and they should be considered for any high temperature water
( H T W ) storage concept requiring pressure containment.
4.3.3 Pre-stressed cast-iron vessels
Pre-stressed cast-iron vessels (PCIVs) were first proposed as a central store for
TES in 1974 when a preliminary design was presented by Siempelkamp Giesserei
G m b H (Germany). The concept used factory-cast cast-iron arcs, six to a full circle,
assembled into multiple cylindrical layers using keyways. External cable wrapping
and vertical tendons were used to pre-stress the cast-iron to ensure compression.
To contain boiler quality water or H T W , a thin alloy steel liner has to be welded
in direct contact with the cast-iron. External thermal insulation is also necessary.
While a small P C I V has been built and conceptual design studies of the
application of PCIV to H T W thermal storage have been carried out, no full-scale
models for high pressure and temperature have been built. The current concept
requires external thermal insulation, part of which must be pressure resistant;
also the cast-iron operates hot. Effects of thermal and pressure cycling on the prestressing system have not been tested. The advantage of PCIVs is that direct costs
per cubic metre of capacity are lower than estimates for PCPV or steel vessels.
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4.3.4

Underground cavities

Underground cavities usually take the form of an excavated cavity 30 m or more
in diameter in hard rock with a steel liner and concrete stress transfer. A shaft
is excavated to such a depth that the overburden sustains the pressure of the storage
medium. This technology seems to provide storage at low cost, with additional
opportunities from the ability to contain large volumes, and multiple containers
sharing a common shaft can provide further cost reduction. Low insulation costs
and low 'equilibrium' thermal losses are among the advantages too. The excavation
technology for shafts and cavities is well known. A major drawback, however,
is that underground cavities in competent rock are limited in number and
geographically.
An underground cavity for H T W storage in which the stress in a thin steel
liner is minimised by use of compressed air between the liner and the rock, instead
of concrete, has been proposed by Margen of Ontario Hydro. The concept has
the advantages previously described and in addition the compressed air stress
transfer permits external thermal insulation on the tanks. Rock temperatures
remain near ambient since the compressed air is cooled. The drawbacks are site
selection, which is limited by geology, and leakage of compressed air out, or of
ground water into, the cavity may be hard to control by grouting or shot-creting.
4.3.5

Aquifer storage of high temperature water

Aquifer storage of high temperature water, i.e. porous layers of water-saturated
gravel, sand or sandstone confined between impermeable layers, probably has
rather low energy-related cost. The doublet well concept permits recycling of hot
and cold (or warm) water to and from the same aquifer. The temperature range
over which aquifer storage can be effective is still unknown, but a low temperature
range of 100-200°C is definitely usable for feedwater storage. Collins 15] has
suggested use at over 300°C but geochemical effects are uncertain.
An aquifer containment system clearly has a very low energy-related cost for
storage per kWh and the capacity for very large amounts of energy to be stored
for daily, weekly and even seasonal cycles. However, the power-related cost is
significant and includes the cost of drilling and casing the wells, the cost of pumps
and pumping energy and the cost of heat exchangers (which are necessary to
prevent contamination of the boiler). It is not currently a practical concept,
however, in the sense that demonstrations of significant size and useful
temperatures have not yet been made.
4.3.6

Summary of containment design

The following options exist for TES containment:
- Steel-tank pressure vessels;
- Pre-stressed cast-iron vessels (PCIVs);
- Pre-stressed concrete pressure vessels (PCPVs);
Underground excavated cavities, steel lined, with high-temperature, highstrength concrete for stress transfer between liner and rock;
Underground excavated cavities with free-standing steel tanks surrounded by
compressed air for stress transfer to the rock;
Underground aquifers of water-saturated sand and gravel confined to
impermeable clay layers.
-
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O n such a scale it is vital to choose low-cost media for heat storage. Low vapour
pressure is obviously essential and so rocks and minerals are usually envisaged.
Suitable heat transfer fluids would then include high temperature oils for their
sensible heat capacity and phase change materials, such as molten salts and
eutectics, for their latent heat of melting. Storage containment vessels can then be:
Separate hot and cold tanks;
Single tanks in which hot fluid (oil or salt) floats on top of cold fluid, and the
boundary between them (the thermocline) moves up and down with the storage
discharging and charging cycle;
- Dual-media thermocline tanks in which packed rock beds fill the tank, and oil
(or salt) fills the voids and is pumped as a heat transfer fluid.

-

-

4.4

Power

extraction

The following means of conversion of stored thermal energy to steam are available:
•

•

•

Flashing high-temperature water to steam and lower-temperature water by
throttling the pressure, then passing steam through a peaking or a main
turbine;
Using the hot water as boiler inlet feedwater, thus reducing the energy diverted
for feedwater heating from the main turbine, increasing its o u t p u t - a so-called
feedwater storage system;
Low vapour-pressure storage media, using heat exchangers to transfer the
energy to cold feedwater, producing either superheated steam or hot feedwater.

There are three main ways of operating the containment vessel or, as it is usually
called, accumulator; namely variable pressure, expansion or displacement.
4.4.1 Variable pressure
The variable pressure or 'Ruths' accumulator mode of operation is shown in Fig.
4.6. W h e n fully charged, almost all its volume is filled with saturated hot water,
with a small 'cushion' of saturated steam above it. In the discharge mode, steam
is drawn off from the top and as the pressure in the steam cushion decreases some
of the water in the vessel will flash to steam. All evaporation is internal to the
vessel. To charge the accumulator, steam has to be injected and mixed with the
water in the vessel.
4 . 4 . 2 Expansion accumulator
The expansion accumulator is shown in Fig. 4.7. W h e n fully charged, the
accumulator is almost full of hot water with a small steam cushion, as in the
variable-pressure mode. As hot water is drawn from the bottom during discharge,
enough flashes to steam to fill the tank's volume. This flashing reduces the pressure
and temperature of the saturated water and steam slightly compared with the
'Ruths' accumulator. All the water can be removed with a reduction in pressure
of about 30%. The high temperature water has to be flashed to steam in
evaporators external to the expansion accumulator. During discharge, the water
drained from the last flash evaporator has to be collected and stored. T h e water
is, however, at low pressure and temperature, so this cold storage is not expensive.

Thermal energy storage 69

charge
steam

throttle

,, to peaking

turbine

throttle,z ~ _ ,,_ ~ t e a m

/

Fig. 4.6

/

steam

' \
-

Variable pressure accumulator

To recharge the expansion accumulator it is necessary simultaneously to inject
hot water and saturated steam.

4.4.3 Displacement accumulator
The displacement accumulator is always completely full of water. When fully
charged with thermal energy, it contains hot water at the desired temperature;
when fully discharged, all the water is cold. As shown in Fig. 4.8, hot water is
injected at the top during charge and removed from the top during discharge.
Cold water leaves and enters at the bottom. Since hot water has lower density
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Expansion accumulator with flash evaporator
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than cold, it will float at the top. A sharp t e m p e r a t u r e gradient or thermocline
separates the hot and cold water. Provided mixing currents are avoided it remains
stable and sharp and is only limited by the thermal conductivity of water. D u r i n g
discharge, one or more flash evaporators are used to generate steam for p e a k i n g
turbines. T h e water drained from the e v a p o r a t o r s and the condensate from the
turbines are returned to the accumulator as cold water and so no large cold-storage
vessel is required. D u r i n g charge, steam is mixed with cold water taken from the
bottom of the tank to raise the t e m p e r a t u r e to the desired level. Cold water
equivalent in mass to the steam is returned to the boiler inlet feedwater to generate
more steam. F o r feedwater storage systems, no steam is needed and the
t e m p e r a t u r e and pressure of the hot water discharged should r e m a i n constant
unless some steam extraction is used for t r i m m i n g between storage a n d the boiler
inlet.
T h e storage m e d i u m need not be hot water, but then the stored thermal energy
has to be re-transferred to water for steam generation. This requires a heat
exchanger. An example of a heat exchanger for atmospheric pressure heat storage
is shown in Fig. 4.9. This storage unit consists of multiple packed rock beds with
hot oil as part of the d u a l - m e d i a system and as the heat transfer fluid. T h e
c o n t a i n m e n t vessels operate in the displacement m o d e with a thermocline
s e p a r a t i n g hot and cold oil/rock.
Steam from the chosen heat source can go through three specialised heat
exchangers in cascade. T h e steam entering m a y be at a t e m p e r a t u r e considerably
higher than the saturation t e m p e r a t u r e for its pressure, so-called s u p e r h e a t e d
steam. T h e first heat exchanger is therefore a d e - s u p e r h e a t e r and the condenser
then removes the latent heat of vaporisation at constant t e m p e r a t u r e . T h e
condensate water at saturation t e m p e r a t u r e m a y be subcooled in a third heat
e x c h a n g e r to increase the thermal energy stored further and to match the
t e m p e r a t u r e at which the output water is to be charged into the source cycle. O n
discharge of the storage, condensate from the peaking turbine is heated successively
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Heat exchangersfor sensible-heat-storage scheme
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in a preheater, boiler and superheater. T a b l e 4.3 gives a s u m m a r y of the different
concepts of container and steam conversion systems for power plants.

4.5 T h e r m a l energy storage in a p o w e r plant
T h e r e are two m a j o r variants of steam conversion to electrical energy. T h e first
is the use of an oversized t u r b o g e n e r a t o r designed for base-load and p e a k i n g flow
rates. T h e second is the use of a separate p e a k i n g t u r b i n e for increased t h e r m a l
capability. T h e latter option is technically preferable as it offers greater operational
flexibility, giving a wide range of additional capacity, and it offers i m p r o v e d
availability p r o v i d e d the peaking turbine can be powered directly from the boiler
as well as from the T E S unit.

Table 4.3

Preferredselection of containers and steam conversion systemsfor power generation

Containment

Steam conversion system

Steel vessel
PCIV

Displacement accumulator
Expansion accumulator with one
evaporator
Variable-pressure accumulator
Variable-pressure accumulator

PCPV
Underground cavern using concrete
stress transfer
Underground cavern using air stress
transfer
Aquifer
Oil/feedwater tank
Oil/packed rock-bed/thermocline
Molten salt

Displacement accumulator with either
feedwater storage or three evaporators
Feedwater storage
Hot and cold tanks
Steam generator for peaking turbine
Steam generator for peaking turbine
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Fig. 4.2 shows the possibilities for diverting steam for storage ultimately to be
used in a peaking turbine. It should be mentioned that a T E S unit using hot water
as a storage medium stores the water at saturation pl'essure. Consequently,
significantly superheated charging steam, as is available in a conventional coalfired steam cycle, has to be de-superheated and condensed before storage. This
leads to a significant loss of available energy. For this reason, hot reheat steam
from a coal-fired boiler appears to be a less attractive option than cold reheat steam
for T E S charging. The cold reheat steam (or live steam) application, however,
implies variable steam-flow ratios between superheater and reheater, and leads
to excess reheater tube temperature and increased problems of forced outage. T o
overcome this difficulty, new boiler designs and elimination of the reheater from
the thermal cycle will be needed. Container type, choice of medium and flow
arrangement have a significant bearing on the losses of energy through the T E S
unit. Let us choose the turnaround efficiency as a primary measure of performance
for a thermal plant with a T E S unit. We define this efficiency as a ratio of the
electrical energy generated by the thermal power plant during the TES discharge
regime in peak hours to the reduction of electrical energy generation during the
charge regime in a trough. The efficiency is given as follows:

~,

Np/P-

1 td

1 - Nh/Pt , t
where Np, Nh, P = power generation during discharge, charge and normal
operation, respectively

ta/t~= discharge to charge time ratio
The net overall efficiency (~,a) evaluated over a 24 h period, defined as the
ratio of the electrical energy generated to the thermal energy output from the boiler,
will be given as follows:
~,,,, = ~,,, - (6/24)(1 - Nh/P)~b,,, (1 - ~,)
where ~h,~, is the efficiency of the thermal power plant in normal operation.
It is obvious that during the T E S charge regime the main turbine operates at
a reduced load Nh which is constrained by the m i n i m u m tolerable steam-flow
rate, which ensures that the main turbine heat rate is not significantly worsened.
In this respect, the ratio NflP is nominally less than 0 . 7 ; it typically carries a
significant efficiency penalty and should be avoided.
It could be concluded from the net overall efficiency equation that short charging
times are desirable for a high overall ~,a. However, long charge times tc are
needed to ensure that the turbine operates as close as possible to its nominal output
during the TES charge regime. Therefore the main task is to minimise the term
(1 - Nh/P) (1 - ~) which dominates. This trend is particularly important for large
peaking-power swings.
As an example of the relatively small impact that T E S for load levelling might
have on net efficiency, let us consider a load curve with a power swing equal to
0.3 and a charge-discharge ratio tc/td = 1. This would have a net efficiency of
0 . 9 8 relative to full-load base efficiency, which corresponds to a T E S turnaround
efficiency of about 0.8.
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The discharge time ta is described as 6 h which corresponds to daily regulation.
Operation at progressively higher discharge times, which means weekly or even
seasonal regulation, increases the containment volume needed and hence the
central store cost, and makes it impossible to charge the TES for long periods
in large power-swing situations, thus reducing the maximum attainable turnaround
efficiency.
Other parameters with an influence on the variation of TES turn-around
efficiency are the storage and throttle pressures, as quoted in Table 4.4.
The cold reheat steam pressure in a coal-fired thermal plant is typically 43 bar,
whilst in a P W R plant the highest steam pressure available is nominally 67 bar;
both are suitable for a TES unit. Reducing the storage pressure reduces the cost
of central storage but increases throttling losses if the source of charge steam
remains the same. Low storage pressures are therefore not an attractive option
unless charged with cross-over steam at typically 10 bar, as shown in Fig. 4.2.

Table 4.4

Sources of loss and efficiencies in T E S systems

TES site in the
thermal cycle

Reasons for losses of
stored energy
Discharge regime
Power
Charge
transformation regime
system

Turnaround
efficiency

Internal steam
generation

Ruths
Pipe friction
accumulator Throttling

Throttling
Peak turbine
efficiency difference
compared to base
turbine

0.7-0.8

External steam
generation

Displacement Heat transfer
accumulator and mixing
Energy for
recirculation

Heat transfer

0.6-0.7

Throttlingenergy for
recirculation
Peak turbine
efficiency difference
Heat transfer

0.6-0.7

Expansion
accumulator

Heat transfer
Energy for
pumping

Feedwater
storage

Displacement Energy for
a c c u m u l a t o r recirculation
used directly
Indirect use
with oil or
rocks

Heat transfer
Energy for
pumping

Throttling
Peak turbine
efficiency difference
Energy for
recirculation
Peak turbine
efficiency difference
Heat transfer
Energy for pumping
Peak turbine
efficiency difference

0.8-0.9

0.5-0.6
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Low pressure storage, however, dictates a very large peaking turbine and condenser
and, furthermore, for large power swings the turnaround efficiency is penalised
because the swing must be accomplished in the low pressure turbine alone, causing
it to be operated far from the optimal regime.
The last source for TES charge shown in Fig. 4.2 is the feedwater train. A
displacement accumulator or a hot-and-cold two-tank system is suitable for
feedwater storage. The 'cold' tank should ideally be near to 100°C with a steam
cushion. No steam turbine is currently capable of operating with all the external
steam cut off, which would give the maximum power swing. Therefore, in order
to handle the extra steam flow, either a peaking turbine or the exhaust area of
the main turbine in both coal and P W R plant must be increased by 25%. The
maximum peaking swing for both plants even then is limited to about 17 %, but
both plants achieve high specific output and high turnaround efficiencyapproaching 0.9 for an 8 h charge, 6 h discharge (daily regulation).
Atmospheric pressure thermal energy storage units usually exploit low vapourpressure fluids and heat exchangers, as shown in Fig. 4.9. The values of the
temperature at all heat exchanger pinch points, and the ratio of the quantities
of heat storage fluid and charge steam involved, are the key parameters which
define thermodynamic performance. Properties and flow rates of generated steam
can then be calculated.
Stored energy can generally be used in the same ways as for hot water systems.
The feedwater heating system (where power swings are limited to about 0.17)
is the simplest configuration involving the smallest number of heat exchangers.
For larger power swings, up to 0.5, a packed-bed thermocline storage system can
be used, acting as a steam generator (see Table 4.3). Assuming a heat exchanger
efficiency of 0.93, a temperature approaching 11 °C and with, for example, a 25%
void in a gravel bed filled with oil, this storage device would typically require
the characteristics given in Table 4.5 when coupled to a 1140 M W base-load plant.
The oil/feedwater heat exchanger is larger and therefore more expensive than the
charge unit, since it is a sensible-heat rather than latent-heat exchanger and can
accommodate a higher flow rate assuming an 8 h charge, 6 h discharge cycle.
The cost of the central store components (oil, gravel and container) can be modest
in comparison with heat exchangers-cost ratios of 1:4 have been reported [20, 22].

4.6 Economic evaluation
The energy-related costs of different storage media and different forms of
containment are influential in the overall costs of TES. Usually, low-cost storage
media require expensive forms of containment, and vice versa. The only exception

Table 4.5

Typical valuesfor parameters of oil~packed-bed storage systems

Discharge FWH
Charge extraction heaters, m 3
Containment volume, m 3
Oil quantity, gal
Gravel quantity, tons

1.65x105
3.0x104
6 '35 xl04
3.8x106
1 • 36 x 105
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to this rule is aquifer containment. Table 4.3 introduced TES systems with different
mechanisms of containing high temperature water under pressure. The cost of
containment is a function of both design pressure and volume. The cost against
volume relationship is not usually linear for a single pressure containment, but
for volumes many times larger than the largest practical unit size a linear
relationship is a reasonable approximation. From studies in the USA, underground
cavity costs are considerably lower than for other containment forms, especially
if the shaft for access to the cavities is regarded as part of the power transformation
system.
Power-related costs for systems are usually dominated by the peak turbine. In
addition, for low vapour-pressure systems, both the power cost and energy-related
cost are sensitive to the heat exchanger pinch point and the ratio of the flow of
heat-transfer fluid to charge steam. For example, a decrease in the value of the
pinch point will increase the (energy-related) cost of the heat exchanger but improve
the turnaround efficiency, raising the pressure and temperature of the discharge
steam, and thereby reducing the power-related cost. Counteracting cost trends
such as these creates a competitive effect and leads to a classical optimisation
problem for minimising the cost of TES.
Table 4.6 gives relative cost estimates for various TES systems, as well as
presenting the energy- and power-related costs of economically attractive concepts
linked with a coal cycle. As previously discussed, steam reheat is omitted for'steam
generator' storage-linked coal cycles. Alterations are then needed in the main
turbine to cope with the higher moisture levels in the working steam. Thermal
energy storage could be used in a P W R cycle; the steam-steam reheater could
be retained as it is separate from the steam generator.
Implicit in the feedwater storage cycle power-related cost in Table 4.6 is the
special design of the main turbine to cope with variable steam flows during TES
charge and discharge regimes. Reduction in this cost may be achieved by
introducing a peak turbine for the excess discharge steam flow, as in Fig. 4.9,

Table 4.6

Relative cost estimates for selected TES concepts

TES concept

Relative cost
estimate

Ce
Under concrete stress transfer
O. 19
variable accumulator
Oil-packed rock bed steam generator O. 19
Underground compressed
O. 11
air stress transfer evaporation
Salt-rock aquifer
Feedwater storage based on:
PCPV
Oil-rock
PCIV
Steel
Phase change materials

Coal plant with TES
turnaround efficiency

Cp

C,

0.50

0.69

0"8

0'56
0'67

0'75
0.78

0"66
0'88

O. 90
1.0
1.0
1.3
1.4
1.5
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and choosing a cycle arrangement which minimises n o n - n o m i n a l running of the
main turbine during the TES charge regime.
Non-economic factors mav determine whether thermal energy storage or other
storage systems are preferable tor load-following. For example, thermal energy
storage differs from other storage methods as it is not a separate storage plant
elsewhere in the power system but is a component of the thermal power plant
itself. This can mean a loss of availability of storage and greatly affects plant siting
as well as operating flexibility, reliability, safety and environmental acceptability.
For example, two of the storage selections in Table 4.6 are only available in suitable
geological areas.
Operating flexibility can be less attractive for small peaking increments such
as 5 - 2 0 % of the base-load capacity compared with increments of 3 0 - 5 0 % . A
conventional feedwater storage unit with its limited available power swing may
therefore be less attractive than other systems. Operating flexibility is also
concerned with the duration of discharge at full capacity that is available. The
energy-related cost is proportional to the time of discharge whereas the powerrelated cost is not.
P C I V storage is clearly a high-cost kWh system, whereas T E S with aquifer
containment, whilst not an attractive proposition for short discharge design, is
possibly the most suitable thermal energy storage system for weekly or seasonal
storage.
Saii~ty aspects and operating hazards need to be thoroughly investigated when
ensuring that thermal energy storage does not decrease the reliability of the
components of a power plant. For example, a clean T E S medium is essential to
avoid boiler feedwater contamination since storage media which are not specially
prepared passing through the turbine could cause blade erosion at least. Protection
against the possibility of incursion of oil increases heat exchanger costs and
significantly reduces the turnaround efficiency of such plant.
If the storage options in Table 4.6 were arranged in order of ready availability,
the most expensive steel feedwater TES would be most applicable as it has least
technical difficulties.
The decision whether or not to use thermal energy storage units for future power
generation is strongly intluenced by practical considerations; these will also be
considered in the discussion of other forms of storage in the following chapters.
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Chapter 5

Flywheel storage

5.1 General considerations
Storing energy in the form of mechanical kinetic energy (for comparatively short
periods of time) in flywheels has been known for centuries, and is now being
considered again for a much wider field of utilisation, competing with
electrochemical batteries.
In inertial energy storage systems, energy is stored in the rotating mass of a
flywheel. In ancient potteries, a kick at the lower wheel of the rotating table was
the energy input to maintain rotation. T h e rotating mass stores the short energy
input so that rotation can be maintained at a fairly constant rate. Flywheels have
been applied in steam and combustion engines for the same purpose since the
time of their invention. The application of flywheels for longer storage times is
much more recent, and has been made possible by developments in materials
science and bearing technology.
The energy capacity of flywheels, with respect to their weight and cost, has
to date been very low, and their utilisation was mainly linked to the unique
possibility of being able to deliver very high power for very short periods (mainly
for special machine tools).
T h e energy content of a rotating mechanical system is:
W = 0.5Ito 2
where I = m o m e n t of inertia
to = angular velocity.
The m o m e n t of inertia is determined by the mass and the shape of the flywheel,
and is defined as:

I= f x2dmx
where x is the distance from the axis of rotation to the differential mass dmx. Let
us consider a flywheel of radius r in which the mass is concentrated in the rim.
T h e solution of the integral will then be simple since x = r = constant:

I = x 7 I" dm,= rnr2
.l
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and
W = O" 5r2mw 2

The last equation shows that the energy stored depends on the total mass of the
flywheel to the first power and the angular velocity (the number of revolutions
per time unit) to the second power. This means that, in order to obtain high stored
energy, high angular velocity is much more important than the total mass of the
rotating flywheel storage.
The energy density W,, (the amount of energy per kg) can be derived directly
by dividing the energy content of the flywheel by its mass
W,, = 0.5r2~02
The volume energy density Wvol is derived by substituting m in the equation with
m expressed as the mass density 0 multiplied by the volume:
Wvot = O. 5 0 r 2 J

The tensile strength of the material dictates the upper limit of angular velocity.
In our example, the tensile stress o in the rim is given by
o = pw2r~

so that the maximum kinetic energy per unit volume will be

Wvolm a x

= 0" 5lima x

"l'hus, if the dimensions of the flywheels are fixed, the main requirement is high
tensile strength. High values of l'V~.0t are important in certain cases, but if
transport applications are involved it would clearly be better to use the maximum
Wm as a criterion. By combining mass and volume density equations as a
function of p and o it is possible to define maximum mass density as follows:

Wra m a x

= 0' 50"max/p

An elementary theoretical analysis of the flywheel therefore shows that the energy
storable, per unit mass, is proportional to the allowable tensile stress divided by
the material density. Contrary to most people's intuition, the m a x i m u m energy
storage capacity of a flywheel, for a given load on its bearings, is achieved with
a flywheel not made of a heavy metal, but of a material which combines low density
with high tensile strength.

5.2 The

flywheel

as a c e n t r a l

store

The factor 0.5 in the energy density expression relates to a simple rim flywheel.
The general expression for any flywheel, made from material of uniform mass
density, may be given as follows:

Wm m a x

=

Ktxmax/P

The value of K depends on the geometry of the flywheel, and is usually called
the flywheel shape factor or form factor. Essentially, the value of K comes from
the expression for the moment of inertia I. Values of K for a number of flywheel
shapes are given in Table 5.1:
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Table 5.1

Flywheel shape factors

Flywheel shape
Constant stress disk
Flat unpierced disc
Thin rim
Rod or circular brush
Flat pierced disc
( o . d . / i . d . = 1.1)

K
0.931
0.606
0. 500
0. 333
0.305

The shape factor K is a measure of the efficiency with which the flywheers
geometry uses the material's strength. The ideal shape would be a constant stress
disc where all the material is uniformly stressed biaxially so that the tangential
and radial stress components remain at equal levels to an outer radius of infinity
and therefore K = 1. It should be mentioned that this is not a particular shape
tbr a solid flywheel.
In order to obtain maximum energy storage density, a special design has been
proposed, where m a x i m u m stress is obtained throughout the flywheel. Such
flywheels are thickest near the axis and thinnest near the rim. The shape factor
of these truncated conical discs is about 0"8. This modern design is in contrast
to the classical steam engine design.
Other designs have to be applied to flywheels made of fibre materials, where
the tensile strength is high in only one direction. An efficient solid disc construction
is not possible with composite materials, due to the poor transverse strength of
these materials. The radial component of the biaxial stresses developed when the
disc is spun up tend to cause early failure. Only at the expense of reduced tangential
strength is it possible to build up strength with fibres in the radial direction.
An alternative flywheel design for composite material is a radially thin hoopwound rim. An ideally thin rim has all the material in hoop stress, thereby making
full use of the tangential stress capability. In this case the shape factor will be
K = 0.5. Rims of finite thickness are used in practice and the material is not stressed
uniformly so the shape factor is typically K = 0.4. Rods of aligned fibres mounted
in a 'sweep's brush' configuration represent another construction, in which case
the stress varies along the rods and the shape factor becomes K = 0.3.
For anisotropic materials with a given ratio of hoop to radial modulus, it may
be shown that the inner/outer radius ratio may be set such that radial delamination
occurs just prior to the ultimate tangential stress being achieved. The need to
build a massive chamber to contain the heavy splinters which would be produced
if a solid metal flywheel fractured is avoided since the delamination failure takes
the form of a pulverising process. Therefore, the orthotropic nature of composite
materials should allow a safer flywheel to be developed. Flywheel systems rotating
in opposite directions have been proposed in order to avoid the gyro effect, which
is proportional to the first power of the angular velocity.
Construction of neither the rim nor rod is volume-efficient since the available
energy is stored in a small fraction of the swept volume. It has been proposed
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to have a number of different sized rims fitted closely inside one another within
the rim construction. With this design it is necessary to change the mass, speed
or modulus of the inner rings to avoid large gaps being opened up between the
rings as the flywheel is spun up. However, this form of construction creates serious
problems for a power transformation system.
The amount of energy which can be stored by a flywheel is determined by the
material design stress, material density and total mass, as well as flywheel shape
factor K. It is not directly dependent on size or angular speed since one of these
can be chosen independently to achieve the required design stress. Material
properties also govern flywheel design and therefore allowable K values. In order
to take maximum advantage of the best properties of highly anisotropic materials,
the flywheel shape is such that lower K values have to be accepted compared with
those normally associated with flywheels made from isotropic material.
Details of flywheel energy storage and relative costs are given in Table 5.2 for
a number of both anisotropic and isotropic materials (mild steel, maraging steel,
titanium alloy). The design stresses for the anisotropic materials are based on the
tension/tension fatigue properties at about 105 cycles where the load is applied
along the fibre direction; a hoop-wound rim construction is assumed and the
thickness of the rim is such that no radial delamination occurs below the design
hoop stress. The design stress for the isotropic materials is also based on the
tension/tension fatigue properties at 105 cycles. A solid disc construction is
assumed for these materials; however, consideration is also given to the marked
biaxial loading which arises and the resulting stress distribution throughout the
disc [2].
Material costs given for anisotropic materials are manufacturers' projected prices
for large quantities and the fabrication costs are for large volume production. The
material and fabrication costs for isotropic materials are those currently quoted
by manufacturers for larger forgings or fabrications. It is clear from Table 5.2
that flywheels made of anisotropic fibre composite material are considerably
cheaper to construct (material and fabrication cost) than wood or metallic alloy
flywheels. Recently developed fibre-reinforced plastics are suitable materials. It

Table 5.2

Comparison of flywheel energy storage

Material

Design
stress
106N/m

Wood birch
Mild steel
E-glass 60% fibre/epoxy
S-glass 60% fibre/epoxy
Maraging steel
Titanium alloy
Carbon 60°/0 fibre/epoxy
Kevlar 600/0 fibre/epoxy

30
300
250
350
900
650
750
1000

Density

Useful
energy

103 kg/m 3 103 J/kg
0.55
7.80
1.90
1.90
8.00
4.50
1 • 55
1.4

21
29.5
50.4
70.5
86.4
110- 8
185.4
274.3

Mass of
the
flywheel
103 kg

Relative
cost for
material and
fabrication
p.u./J

1720
1220
713
509
417
325
194
131

1.0
1 • 11
0.523
0.492
2.18
6.98
0.34
0.26
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should be mentioned that only since their introduction has it become possible to
propose the use of flywheels capable of storing energies as great as 3.6 x 101°J
for recovery over a period of a few hours.
Glass fibres offer better possibilities than carbon. Glass fibres have practically
the same intrinsic strength as carbon fibres, but they have at least two drawbacks.
First, they tend to be more elastic than the normal bonding materials so that the
bonding material cracks under high strain. Secondly, the glass suffers from stress
corrosion on exposure to moisture (which may gain access to the surface as the
bonding cracks) and this greatly reduces the ultimate tensile strength of the fibres.
Professor Richard Post of the University of California [1] has offered solutions
to these difficulties. He suggested that the composite should be made in an
integrated factory so that the glass can be prepared, bonded and sealed under
dry conditions. To reduce stress corrosion, which proceeds at a very temperaturedependent rate, he suggested operating the flywheel at deep-freeze temperature,
and proposed an effort to develop bonding materials of much greater elasticity.
Developments in glass-fibre/epoxy design stress are very promising but as far
as carbon-fibre/epoxy and Kevlar fibre/epoxy are concerned it does not seem likely
that their design stress will be uprated. However, it has been shown that it is
possible to apply radial compression to composite material flywheels so that the
centrifugal loading must first neutralise this compressive stress before going tensile
to a fatigue-safe tensile limit. The fatigue stressing is now compression/tension
and significant increases in energy storage arise. The transverse strength of fibre
composite material flywheels may be increased by co-polymerising the epoxy
matrix with elastomer. Hybridisation with cheap glass fibres could cut the cost
of flywheels substantially. This is a rapidly developing field and further cost
reductions are foreseen.
Wood does not seem attractive as a flywheel material. Table 5.2 shows that
the mass would be enormous, and because of the low density its required volume
would be a crucial limitation factor. Design stress could probably be uprated,
but even then there will still be the difficulty of obtaining large pieces of wood
having identical properties.
Maraging steel and titanium are not economically attractive as flywheel materials
and there seems no chance of changing this position in the foreseeable future.
However, for mild steel (where the fabrication cost is almost ten times greater
than the material cost) some reduction in total cost may occur on a large volume
production basis. Moreover, a storage capacity of 7.2 x 104j/kg has been
quoted [7] for a pre-stressed laminated steel flywheel, more than double the energy
storage given in Table 5.2.

5.3 The

energy

discharge

problem

Not all the stored energy can be used during discharging. The useful energy per
mass unit can be given as follows:
E / m = (1 - s2)Ko/p

where s is the ratio of minimum to m a x i m u m operating speed, usually taken to
be 0-2.
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5.4 Applications of flywheel energy storage
Some of the problems of charging and discharging energy from flywheels have
been familiar for many years. Flywheels have been used for short-term energy
storage applications so as to maintain steady rotational speeds in machines.
Millisecond duration pulses of high power for the magnets of nuclear particle
accelerators, for example, may be discharged from a flywheel energy storage system
in which the energy has been charged over long periods (hours duration). Navy
and spacecraft control devices have also used flywheels.
Most present-day development work deals with the manufacture of small-scale
flywheel energy storage systems for use in transportation applications as 'on the
road' energy sources, storing energy over short time spans, and as static power
sources. Only very recently has flywheel energy storage been considered for use
in electricity power systems. It seems reasonable, as experience is gained in the
design, manufacture and modes of operation of small-scale flywheels, that it should
be possible to consider medium- and large-scale versions able to discharge energy
for several hours safely and reliably.
Electricity distribution systems require flywheel energy storage systems with
an energy capacity of 3.6 x 109 J. The relevant mass required to provide this
capacity is shown for a number of promising materials in Table 5.2. The high
specific design stresses of Kevlar-fibre/epoxy and carbon-fibre/epoxy allow storage
of a large amount of energy in a relatively light flywheel. The minimum energy
capacity of 3.6 x 109j required by a power system could be achieved by multiring flywheel energy storage made of hoop-wound Kevlar-fibre/epoxy material.
The angular speed of this tlywheel would be about 3000 rev/min. The diameter
of the largest ring would be about 5 ml the length about 5 m and the total mass
of" the flywheel energy storage would be 130 x 10:~ kg.
The turnaround efficiency of a flywheel energy storage system during the
charge-store-discharge period will depend on the duration of the keeping store
regime. There are two main sources of losses in the flywheel; windage and bearing.
Windage losses can be reduced to a low level by running the flywheel in a vacuum
chamber. Bearing losses for a typical 200 t rotor have been estimated at
2 x 105 J/s [7]. Based on this figure, the turnaround efficiency ~s should be 85%
for discharge immediately after charge, but will fall to 78% after 5 hours and
45% after 24 hours of the keeping regime.
An example of a large conservative design flywheel is the steel flywheel energy
storage supplying short pulses of energy to the Stetallarator at Garching. The
required energy of 5.33 x 1012J can be supplied by the flywheel with a power
transformation system rated at 150 M W in a 10 s discharge regime. The flywheel
weight is 223 × 103 kg and it has an energy density about 1.58 x 104J/kg.
The bearing design will constrain the weight of a practical rotor to 200 t
maximum and hence a single composite material flywheel energy storage unit
would almost certainly be limited to 3.6 x 109j energy capacity.
Maximum storage capacity will be achieved at the point of mechanical failure
of the flywheel. It is clear that, for safety reasons, the stored energy must be kept
well below this limit since a fault could cause a sudden release of stored energy
with an explosive effect.
Finally, it should be noted that realistic cost comparisons of different energy
storage schemes should be made on a total-life basis for the unit. The time factor
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may affect considerably the conclusions reached from simple capital cost
comparisons and, in this respect, flywheels can be competitive against other energy
storage techniques such as batteries.

5.5 Further reading
1 POST, R.F. and POST, S.F.: 'Flvwheels'. Scientific American, 1973, 229(6), p. 17
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3 'Economic and technical feasibility study for energy storage'. Flywheel Technology
Symposium Proceedings, US Department of Energy, 1978
4 RUSSEL, F.M. and CHEW, S.H. : 'Kinetic energy storage system' SERC Rutherford
Laboratory Report RL-80-092, 1980
5 WILLIAMS, P.B. and BLACK, M.A.: 'Practical flywheel energy storage'. Presented
to IEE meeting on Electrical Energy Storage, London, May 1983
6 WILLIAMS, P.B.:'Practical application of energy flywheel'. Modern PowerSystems, 1984,
4(5), pp. 59-62
7 JAYARAMAN, C.P., KRIK,J.A., ANAND, D.K. and ANJANAPPA, M.: 'Rotor
dynamics of flywheel energy storage systems'. J. Solar Energy Engineering (USA), 1991,
113(1), pp. 11-18
8 J O H N S O N , B.G., ADLER, K.P., ANASTAS, G.V., D O W N E R , J.R.,
EISENHAURE, D.B., GOLDIE, J.H. and HOCKNEY, R.L.: 'Design of a torpedo
inertial power storage unit (TIPSU)'. Proceedings of the 25th Intersociety Energy
Conversion Engineering Conference, New York, NY, USA, 1990, pp. 199-204

Chapter 6

Pumped hydro storage
6.1 General considerations
We have more than a century of experience in the storage of natural inflows as
an essential feature of the exploitation of potential hydraulic energy. Reservoirs
can be used to store artificial inflows obtained by utilising the energy available
in power systems during demand troughs from generating capacity that is not
fully loaded.
At the start of this century, all hydroelectric plants with reservoirs were equipped
with certain pumping mechanisms in order to supplement the natural inflow to
the upper reservoir; the main idea was to create seasonal storage in a hydroelectric
power system.
Only in the second phase of evolution, and predominantly in thermoelectric
systems, were special hydroelectric plants built with inflows from pumping alone.
These so-called pure pumped-storage plants were designed mainly for daily or
weekly storage.
Pumped hydro storage is the only large energy storage technique widely used
in power systems. For decades, utilities have used pumped hydro storage as an
economical way to utilise off-peak energy, by pumping water to a reservoir at
a higher level. During peak load periods the stored water is discharged through
the pumps, then acting as turbines, to generate electricity to meet the peak demand.
Thus, the main idea is conceptually simple. Energy is stored as hydraulic potential
energy by pumping water from a low-level into a higher level reservoir. When
discharge of the energy is required, the water is returned to the lower reservoir
through turbines which drive electricity generators.
Pumped hydro storage usually comprises the following parts: an upper reservoir,
waterways, a pump, a turbine, a motor, a generator and a lower reservoir, shown
schematically in Fig. 6.1.
As in any hydraulic system, in hydro pumped storage there are losses during
operation, such as frictional losses, turbulence and viscous drag, and the turbine
itself is not 100% efficient. The water retains some kinetic energy even when it
enters the tailrace. For the final conversion of hydro power to electricity, we also
have to account for losses in the generator. Therefore we will define the overall
efficiency of hydro pumped storage ~ as the ratio of the energy supplied to the
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consumer while generating, Ee, and the energy consumed while pumping, El,.
It is clear that this efficiency depends on pumping, ~jp, and regeneration, ~jg,
efficiencies so that

T h e energy used p u m p i n g a volume V of water up to height h with a p u m p i n g
efficiency ~p is

Ep-

ogh V
~p

where O = mass density.
The energy supplied to the grid while generating with generating efficiency ~jg
will be given by:

Eg = ogh v~,
The volume energy density for a p u m p e d hydro system will therefore depend on
height h and is given by:
w , = E d v = ogh~; '
Assuming ~p = 1, the energy density for h = 100 m will be:

W h = 10 :~ kg m -3 10 m s -2 x 100 m = 106 J / m 3
The upper limit v,,ax for the speed of the water as it enters the turbines can
be calculated by equating the kinetic energy and the potential energy, assuming
zero losses:
Wkin = Wpot
0.5

2 x = Wpot
m Vma
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hence
v...... = (2 Wp,,/m) I/2 = (2gh) 1/2 = 44.3 ms - 1
The pumped hydro storage turnaround efficiency is usually in the range 70-85 %.
Pumped hydro storage units were first installed by manufacturing industries
in Italy and Switzerland in the 1890s to enable them to store surplus night-time
output from run-of-river hydro power stations for use in meeting their peak power
demand the following day. They were introduced into public electricity supply
in a number of European countries during the early years of the present century;
their role was to enable the economic despatch of thermal power plants in a power
system.

6.2 The power extraction system
At first pumped hydro storage stations usually copied conventional hydroelectric
design in having the power transformation (extraction) system located outdoors
close to the lower reservoir. The increase in power capacity ratings and pumping
heads, combined with the higher rotational speeds of turbines, has required the
hydraulic unit to be set at considerable depths below the minimum tailwater level
in order to avoid cavitation. To meet these requirements, a massive concrete
construction is needed to withstand the external water pressure and resist
hydrostatic uplift, and therefore an outdoor power transformation system has
become increasingly expensive. Developments in civil engineering, particularly
in techniques of drilling, blasting, spill removal and rock support, as well as
developments in SF6 installed high-voltage switchgear and ducted busbars, make
it cost-effective in many cases to erect the whole power transformation s y s t e m generating, transforming and switching plants-- underground. This may involve
a complex multi-cavern layout when plant dimensions are large and roof spans
are limited by rock conditions. Moreover, this concept allows us to locate the power
transformation system along waterways on which the dynamic response
characteristics of the hydraulic system can be optimised in relation to construction
costs. An outdoor station will still be necessary if the geology is unsuitable for
underground construction. In that case, the power transformation system can be
housed in one or more concrete-lined, vertical cylindrical shafts, excavated from
the surface.
Surface pipelines, common in outdoor schemes, have been superseded by
concrete-lined tunnels with the adoption of underground schemes. The only
requirement is sufficient rock cover to provide the necessary additional resistance
to internal pressure. Expenses for costly steel lining can be minimised, providing
the shortest possible lengths of high-pressure tunnel consistent with overall
constructional requirements. The choice between single- and multiple-supply
conduits is an optimisation problem and depends on the economic balance of capital
costs, hydraulic friction losses and plant availability. On the low pressure side,
where lower flow speeds are usually required, multiple tunnels are more favourable.
Spinning reserve requirements dictate the necessity of rapid power loading and
therefore short starting times (t~t) are needed for waterways. The starting time
may be given by:
t, = F, Lo/gh
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where L = length of waterway section
v = flow velocity
h = head.
It may be necessary to adopt relatively low water flow speeds in the sections of
the hydraulic system not regulated by a surge chamber.
Before 1920, most pumped hydro storage systems were of the 4-unit type, in
which the turbine-generator and p u m p - m o t o r units were mounted on two separate
shafts. This separate turbine-generator and p u m p - m o t o r design is now seldom
seen as its higher capital costs usually outweigh its advantages in respect of
efficiency, availability and fast response.
After 1920, preference changed to favour 3-unit sets, which comprise a turbine,
pump and generator-motor arranged together on a single horizontal or vertical
shaft. Designs of this type have been widely adopted in Europe but are only used
in a limited proportion of new installations where very high heads exist or where
the shortest possible times for start-up from standstill and changeover between
generation and pumping are required. During seventy years of exploitation the
following few clear preferences have emerged. Horizontal-shaft sets provide easy
access for maintenance, but for an outdoor station they involve expensive
excavation since the pump unit must be deeply submerged. To avoid this, booster
pumps have been employed to feed the main pumps in some cases although these
are now not usually favoured due to additional operating complexity and reduced
plant availability. Vertical shaft sets, where the generator-motor is usually located
above the turbine and the p u m p below, are now the most common arrangement
for 3-unit sets in outdoor stations.
Francis turbines are available for heads up to about 700 m and further
development will probably extend the head range to 900 m or more. Pelton
turbines are used for even higher heads. The highest single-head pumps are those
operating under 635 m at Hornber, Germany. Multi-stage pumps can extend the
head range to over 1400 m.
A disengageable coupling of two different types is usually installed to enable
the pump to be disconnected during generation. It may be a gear-type clutch as
at Ffestiniog, Wales, operable only with the plant stationary. Alternatively, a
hydraulic torque convertor may be used to enable the p u m p to be brought up
to speed and clutched in without stopping the turbine and generator-motor, as
at Lunersee, Austria; when fast changeover Js required it is normally rigidly
coupled.
To start the machine the pumping mode is generally used, after which the load
is transferred to the motor and the normally rigidly coupled turbine has to be
de-watered to reduce rotational losses. At a number of stations, such as Hornberg
in Germany, an overriding clutch enables the turbine to be disconnected and
brought to standstill after the p u m p drive has been taken over by the motor. At
the vertical-shaft Waldeck II pumped hydro plant, the location of the turbines
above the generator-motor, with the pumps below, is a novel feature. Rigid
coupling is used to achieve an exceptionally compact layout and the pumps are
provided with retractable labyrinth rings to enable them to spin in air without
cooling water during generation.
The first 2-unit set incorporating a reversible p u m p - t u r b i n e and
motor-generator was introduced at Baldeney, Germany, in 1933. It was a small
axial-flow unit. Only 21 years later a large reversible unit of 56 M W capacity
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operating under a head of 60 m was commissioned at Hiwassee, USA. Since then
the single-stage pump turbine has been the most widespread type of unit for heads
up to about 600 m. The next step in the progress of the reversible p u m p - t u r b i n e
was made in 1976 when the first 80 M W multi-stage pump-turbine operating
under a head of 930 m was commissioned at La Coche, France. Subsequently,
units of this type, rated at 150 M W operating under a head of 1075 m, have been
installed at Chiotas Piastra, Italy.
Compared with the 3-unit composition, the reversible 2-unit set allows a saving
of about 30 % on power plant capital costs by decreasing the number of hydraulic
machines, main valves and penstock bifurcations. The drawback is that the pump
starting regime is more complicated and the changeover time between generation
and pumping is longer since the rotation of the turbine axis must be reversed.
With the same rotational speed in both directions, the overall efficiency of the
2-unit set is lower than that of a 3-unit set; this is particularly noticeable with
low-head plants when the range of head variation is high over the operating cycle.
A two-speed generator-motor can provide the higher p u m p speed needed for
optimal efficiency but requires higher capital cost and greater electrical complexity,
which usually annuls the advantages of higher efficiency.
Reversible pump-turbines are not self-starting in the pumping mode and
therefore complicated methods must be introduced. It should be mentioned that,
in power systems, direct online starting is not usually feasible for generators with
a rated capacity above 100 M W to avoid excessive system-voltage disturbance.
An additional drawback is severe stressing of the generator windings. Reduced
voltage starting by an autotransformer and series reactor could probably solve
this problem but at the expense of additional complication, longer starting times
and increased capital cost. The introduction of direct-connected Pelton turbines
or separate motor-generator sets for starting each main unit is an unnecessary
expense.
Three methods are currently used for large hydraulic units:
•

•

•

Pony-motor starting is widespread but increases rotational losses, despite a
de-watered start: it requires more space and leads to a relatively long starting
time;
Back-to-back starting is a method used when the machines are run up
synchronously in pairs, one as a pump and the other as a generator. The
starting times are relatively short but the last unit has to be started by other
means or not used for pumping at all (as at Piedilargo, Italy);
A thyristor frequency convertor is used to supply power at a progressively
increasing frequency to each motor-generator, one after another until
synchronous speed is reached. The pumping units are started de-watered and
moderately fast starting times can be achieved. The same equipment can be
used for dynamic braking. This method overcomes the drawbacks of the others
and seems likely to become widespread.

Typical changeover times for large 3-unit sets with hydromechanical pump
coupling and 2-unit sets with static thyristor frequency convertor p u m p starting
are shown in Table 6.1.
Multi-stage reversible machines are less expensive than the alternative 3-unit
arrangements and may be used for heads beyond the range of single-stage
reversible sets, as at La Coche and Chiotas Pastra. However, they do have
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Table 6.1

Pumped hydro changeover times per set
Changeover times
3-unit s e t s
2-unitsets

Mode change
Standstill to full-load generation
Standstill to full-load pumping
Full-load generation to full-load pumping
Full-load pumping to full-load generation

s

s

120
180
120
120

120
600
900
480

drawbacks. It is impossible to control generation in the discharge mode; guide-vane
control in a p u m p turbine with more than two stages is not cost-effective and
therefore cannot be justified. Turbine efficiency will be substantially less than
optimal if the fixed distributors are set for optimum pumping performance and
pumped hydro generation will be correspondingly reduced. The absence of
adjustable guide vanes also makes de-watered pump starting too difficult-watered
back-to-back starting is the usual practice despite the fact that it requires a much
longer starting time.
Fully regulated 2-stage reversible machines for heads up to 700-1000 m have
been developed to overcome these disadvantages. The first example is a 40 MW,
440 m head machine of this type for installation at Le Truel. A 300 M W machine
has already been the subject of a preliminary design study by EdF (Electricit~
de France). A unique concept of uni-directional rotation is the Isogyre
pump-turbine. The double-sided rotor consists of a turbine runner on one side
and a pump impeller on the other. A single spiral casing is common to both
operating modes and separate sleeve valves outside the runner and impeller are
used as closing valves. The cost is lower than for a 3-unit set and mode changeover
times are comparable. The largest machines installed to date are the 60 M W ,
200 m head units in the upper stage of the Malta scheme, Austria.
Present and prospective future head limits of reversible pump-turbines are
shown in Table 6.2.
Few high-head pump-turbines with rated capacity above 300 M W are yet in
service and more experience is needed to understand whether continuing the
increase of their parameters will entail significant loss of availability or increase
in repair and maintenance costs. Progress in the increase of present limits of
generating capacity and head for single-state reversible machines may continue
to yield worthwhile capital cost savings, but at the same time, since the specific

Table 6. 2

Head limits for reversible pump-turbines

Reversible pump-turbines

Single-stage, regulated
2-stage, regulated
Multistage, unregulated

Present head
limit
m

Possible future
head limit
m

620
440 (under construction)
1075

800-900
1000
1500
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speed has to remain sufficiently high for optimum efficiencies to be achieved,
serious problems of flow stability, vibration and component design and
manufacture will be raised.
Usually the generator-motors used in the pumped hydro schemes have
conventional air cooling, but since the unit capacities and heads for single-stage
pump-turbines are increasing, water cooling may be needed. We are close to the
limiting combinations of power capacity rating and rotational speed for which
air cooling is feasible, and any further substantial increases will require the adoption
of water cooling which, incidentally, will enable us to raise the output limit for
any given speed by about 60%.

6.3 The central store for pumped hydro
The choice of technically suitable pumped hydro storage sites and their optimum
form of development is usually determined by topographical and geological
characteristics, and may be constrained by a number of environmental limitations.
The remoteness of available sites from the grid can also be crucial.
There are different methods of creating a reservoir. In a few cases, as at Kiev,
Ukraine, Geestacht, Germany and Raccoon Mountain, USA, a large river has
been used as the lower reservoir. The outfall has to be carefully designed to avoid
any damage to navigation and water protection interests. Existing lakes, sometimes
enlarged by dams across the outlets, are used in many schemes both as upper
and lower reservoirs, as at Dinorwig in Wales. More commonly, a reservoir is
formed by damming a river, due provision being made for the controlled release
of floodwater and, where necessary, the passage of fish (as at Zagorsk, Russia
or Luddington, USA). Soil or rockfill dams are now generally preferred to concrete
structures because of appearance and, furthermore, their capital cost can be lower
with modern construction techniques. Previous doubts about the stability of dams
due to daily discharge and charge of the reservoir have been allayed by the
development of impermeable upstream coverings and advances in the design of
graded fill zones within the dam core. Asphalt or concrete multi-layer linings with
bottom and intermediate drainage layers and concrete-slab linings have been
developed to a high level of reliability, and are widely used if the reservoir floor
is not sufficiently watertight. Concrete-slab linings have been used in a number
of schemes, such as Ronkhausen, Germany; the upper reservoir has been formed
by levelling a hilltop and using the soil to form an enclosing dam. Such reservoirs
are usually fully lined.
All the pumped hydro schemes developed so far successfully exploit suitably
located reservoirs of water. Economic considerations usually dictate a choice of
site for which the ratio of the horizontal to vertical distance between the upper
and lower reservoirs is in the range of 4:1 but, in particularly favourable
circumstances, it can be lower (as at Turlough Hill, Ireland, where this ratio is
2-5:1).
Consideration has been given to a number of alternative configurations which
may be feasible for extending the range of siting possibilities, such as using the
sea as a lower reservoir with an upper reservoir located on high coastal ground.
Schemes of this type have been found to be more expensive than conventional
alternatives, mainly because of increased costs related to corrosion protection and
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the prevention of sea-water leakage from the upper reservoir to surrounding land,
and unfavourable siting.
One of the new concepts being examined is underground pumped hydro storage,
which would not be so limited by topographic and environmental constraints as
conventional schemes. In the proposed concept (see Fig. 6.2), a lower reservoir
is located underground in hard rock, without any connection to a natural body
of water. T h e upper reservoir may also be created artificially and requires less
volume than a conventional one for the same energy capacity. The reason is that,
since the energy capacity is directly proportional to the height of the water head,
the distance between the lower and upper reservoirs is only constrained by head
limits for p u m p - t u r b i n e s and can be 1000 m or more, compared with 300 m or
less for typical surface pumped hydro storage plants.
t
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The cost of excavation would be significant, but might partly be offset by
choosing a site close to a load centre, thereby saving transmission line length.
The prospects for underground pumped hydro storage seem promising; practical
cavern-excavation and tunnelling methods exist for the construction of the lower
reservoir and high-head turbine technology is essentially developed (although
further improvements would be desirable). The main geological constraint is the
need to identify and predict the characteristics of suitable rock formations.
There is a theoretical possibility to merge the last two concepts in schemes which
use the sea as an upper reservoir in conjunction with a lower reservoir
underground. This concept may only be attractive if other siting opportunities
have been exhausted and is definitely more expensive than the other alternatives.

6.4 An outstanding

example

The 1800 M W Dinorwig pumped hydro storage power station is one of the world's
largest and has the fastest response of any pumped storage scheme worldwide,
being able to contribute 1320 M W to the national grid within 10 s of demand.
It is designed for a daily charge-discharge cycle, at a target efficiency of 78%.
It takes about six hours of full load pumping to charge a full upper reservoir from
empty, which, in turn, provides enough water for some five hours of full load
generation. It is possible to start generation without any external power supply
from the power system, so Dinorwig is capable of 'black start'.
The plant is designed to meet up to 40 operational mode changes per day,
corresponding to 300 000 cycles over a 40 year fatigue life period. Dinorwig's six
330 MVA (PF, 0.95) vertical-shaft Francis reversible pump-turbine units operate
at 500 revs/min. Its six 300 M W rated generator-motors operate at 18 kV and
are connected in pairs, through 18 400 kV transformers and switchgear to the
400 kV busbar substation in the underground transformer hall. Each busbar is
divided into three sections by SF 6 circuit breakers and each outer section is
connected through a further circuit breaker to its own 400 kV underground cable,
connecting Dinorwig electrically to the 400 kV outdoor substation at Pentir, about
10 km away.
The central store of Dinorwig pumped hydro comprises upper and lower
reservoirs with their darns and tunnels. Its power transformation system consists
of pump-turbines and generator-motors sited in underground caverns along with
transformers, switchgear and pump starting equipment. Basic information about
this station is given in Tables 6.3 and 6.4.

Table 6. 3

Dinorwig's central store

Reservoirs
Working volume
Maximum flow rate
Maximum flow pumping
Upper reservoir water level range
Low reservoir water level range
Height of upper reservoir dam

6 700 000 m 3
420 m 3 s-1
384 m 3 s33 m
14m
36 m above existing ground level
68 m maximum height
(toe excavation to crest)
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Length of upper reservoir dam crest
Maximum width of upper reservoir dam
at base
Height of lower reservoir embankment
above existing ground level

600 m
250 m
3.5m

Tunnels
Length of low pressure tunnel
Diameter of low pressure tunnel
Depth from top of surge pond structure
to invert of high pressure tunnel
Dimension of surge pond top
Dimension of surge pond base
Depth of surge pond structure
Diameter of surge shaft
Depth of surge shaft
Diameter of orifice shaft
Depth of orifice shaft (invert of surge
shaft to low pressure tunnel)
Dimensions of orifice
Diameter of high pressure shaft
Depth of high pressure shaft (invert
of low pressure tunnel to invert of high
pressure tunnel)
Diameter of high pressure tunnel
Diameter of high pressure penstocks
Average length of high pressure system
(high pressure shaft to pump-turbine)
Number of draft tube tunnels
Average length of draft tube tunnels
(pump-turbine to bifurcation)
Diameter of draft tube tunnels

Average length of tailrace tunnels
(bifurcation to tailworks structure)
Number of tailrace tunnels
Diameter of tailrace tunnels
Diameter of ventilation shaft
Depth of ventilation shaft

1695 m

10.5m
558 m
80x43.324 m
73.25x38.5 m
14m
30 m
65 m
10m
40m
10x4.5 m
10m

439 m
9.5m
3.8 m at manifold
2.5 m at main inlet valve
700 m
6
164 m
375 m downstream of the
pump-turbine
5.8 m at the bifurcation
382 m
3
8.25 m
5m
255 m

Excavations
Main underground excavation
Central tip excavation
Wellington flat excavation
Haford Owen flat excavation
Others lake margins
Infill to lake bed

106 m3 (approx. 3 x 106 tons)
1.71x106 m 3 (approx. 3.5x106 tons)
950 000 m3 (approx. 2 x 106 tons)
950 000 m 3 (approx. 2 x 10e tons)
610 000 m3 (approx. 1.25x106 tons)
1 •65 x 106 m 3 (approx. 3.3 x 106 tons)
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Table 6. 4 Dinorwzg's power transformation system
Underground caverns
Machine hall

length
width
height
length
width
height
3
length
width
height
length
width
height

Transformer hall

Number of interconnecting busbar galleries

Main inlet valve gallery

Number of starting equipment and heating and
ventilating galleries

Draft tube valve gallery (between the SE and heating
and ventilating galleries)

71 • 25
23.5
59.7
161
23.5
18.9

m
m
m (max.)
m
m
m

46
14
17.5
146
6.5
18.5

m
m
m
m
m
m

2
length
width
height
length
width
height

36
14
26
28
14
29.5

m
m
m
m
m
m

length
width
height

172.7
8.5
23.6

m
m
m

Pump-turbines
Type
Number
Plant orientation
Average pump power input
Pumping period
Synchronous speed

reversible Francis pump-turbine
6
vertical spindle
28.3 MW
6.31 h
500 rev/min

Generator-motors
Type
Excitation
Sequence control

air-cooled
thyristor rectifiers
Reed relay or solid state type

Generator-motor switchgear
Type
Fault breaking capacity
Current rating
Voltage

air-blast
120 kVA
11.5 kA
18 kV
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Average generated station output
Generating period at constant output
(all machines operating)
Station power requirements when generating
Standby operational mode
Energy load pick-up rate
Minimum submergence below lake level

1681 MW
5h
28 MW
spinning in air
0to 1.32MWin 10s
60 m

Generator-motor transformer
Number
Approximate rating
Voltage ratio

6

340 MVA
18 kV/400 kV

Transmission switchgear
Type
Breaking capacity
Current rating
Voltage

SF6 metal clad
35 000 MVA
4000 A
420 kV

Pump starting equipment
Type
Rating

static variable frequency converter
11 MV (in addition, back-to-back
starting is provided for emergency

use)
Auxiliary system voltages

11 and 3.3kV and 415V

The fourth British pumped hydro storage station at Dinorwig was preceded
by a station at Ffestiniog (4 x 90 MW), which was commissioned during the early
1960s. Both Dinorwig and Ffestiniog are located in North Wales and are connected,
at 400 and 275 kV respectively, to the U K National Grid 400/275 kV network.
They are also connected through the Scottish 275 kV network with two more
pumped storage stations at Cruachan (4 x 100 MW) and Foyers (2 x 150 MW),
both of which are owned by the North of Scotland Hydro-Electric Board.
Table 6.5 gives the main particulars of some notable projects completed within
the past 35 years and currently under construction.
In the hundred year history of pumped hydro storage exploitation, unit capacities
have increased from a few tens of kW to over 400 MW, operating heads from
less than 100 m to above 1400 m and overall efficiencies from around 40% to
well over 85 %. Advances have also been made in the associated civil engineering
techniques. The largest project currently being built has a generating capacity
exceeding 2000 MW.

6.5 Further reading
PHILIPSEN, H. and STAHLSCHMIDT, C.: 'The hydraulic aspects of pumped
storage schemes and the present stage of their development' (Voith Research &
Construction, 1967), p. 15
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Chapter 7

Compressed air energy storage

7.1 General considerations
Storage of mechanical elastic energy has been widely used from prehistoric times
in various mechanisms for producing limited amounts of energy, particularly in
weapons (the bow and arrow, for example). The application of elastic energy
storage in the form of compressed air storage for feeding gas turbines has long
been proposed for power utilities; a compressed air storage system with an
underground air-storage cavern was patented by Stal Laval in 1949. Since that
time, two commercial plants have been commissioned; HuntorfCAES, Germany
and, very recently, McIntosh CAES, USA.
The return to the power system of electrical energy stored in intermediate form
has to be linked with an energy-conversion process from a primary source.
In this case, compressed gas is the medium which allows us to use mechanical
energy storage. When a piston is used to compress a gas, energy is stored in it
which can be released when necessary to perform useful work by reversing the
movement of the piston. Pressurised gas therefore acts as an energy storage
medium.
The ideal gas law relates the pressure P, the volume V and temperature T of
a gas as follows:

PV = nR T
where n = number of moles
R = gas constant
According to the first law of thermodynamics, which may be given by:

Q=6U+A
the change in internal energy ~U is equal to the sum of the heat Q and the useful
work A. Therefore, the amount of useful energy that can be stored or extracted
from the compressed gas depends on the type of process applied since some heat
exchange is always associated with any gas process. The only exception is an
adiabatic process, which does not really occur since it would require infinitely
large insulation.
Let us assume that the piston can move as shown in Fig. 7.1 without friction.
It is then possible to derive the work done when the piston is forced to move a
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I i;

~as Fig. 7.1

S

I

Pressurised gas moves a piston by applying a force
F gas pressure force
P gas pressure
S piston movement

distance S, c o m p r e s s i n g the gas. T h e definition of the pressure P from force F
acting on the piston with area A m a y be written:

P= F/A
hence

This integral would be easy to solve if P were constant d u r i n g the process; i.e.
we would essentially have an isobaric process where the work done by the gas was

w= P

I E2

dv= P ( v 2 - v,)

VI

H e r e V~ - VI is the volume traversed by the m o v i n g piston. M o v e m e n t of the
piston in the opposite direction, against the gas, a p p l y i n g an external force, leads
to the storage of a c o r r e s p o n d i n g a m o u n t of energy (see Fig. 7.2a).
If the process follows an isotherm instead of an isobar the gas law
transforms to B o y l e - M a r i o t t e ' s law (see Fig. 7.2b):

P V = nR T = constant
hence

W=

PdV= nR T

d V / V = nR T In( Vz/V 0
[ "1

rl

Let us calculate the o r d e r of m a g n i t u d e of the volumetric energy density for a
compressed gas cylinder with a starting volume V0 of 1 m 3 and a ~ressure P0 of
2-03 x 105 Pa. If the gas is compressed to a volume of 0 . 4 m at constant
t e m p e r a t u r e the a m o u n t of stored energy is:

W / V o = (1/Vo)nRT

,) V.

d V / V = (1/Vo)PoVo ln(V0/V) =

=P0 ln(V0/V) = 1 . 8 6 x 1 0 5 j
T h i s energy density is much higher than those of magnetic or electric fields, as
we shall see later.
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Types of ideal gas process (n moles o/gas are involved)
isobaric process tiP= 0; W= P ( E - I,~)= nR(T h - Tt)
(b) isothermal process 6T= 0; t U = 0; W= nRT In(E/V,) = nRT In(P/P,)
(a)

(c)

arbitrary real slope (reversible) process W= the area under the curve
= energy stored in the gas

It is difficult to m a i n t a i n an exactly constant pressure or temperature; therefore
an arbitrary reversible process m e n t i o n e d in Fig. 7.2 is the most interesting from
the practical point of view. T h e energy can be d e t e r m i n e d by the area u n d e r the
curve, irrespective of the slope, between the two volumes V1 and V2 a n d the
corresponding temperatures T 1 a n d T 2.
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The compressed air energy storage (CAES) concept involves a thermodynamic
process in which the major energy flows are of work and heat, with virtually no
energy stored in the compressed air itself. T h e performance of a C A E S plant
depends on the precise details of both the compri~ssion process and the expansion
process.

7.2 Basic principles
To demonstrate the main features of the CAES concept let us consider a gas turbine
power plant which basically comprises four components, as shown in Fig. 7.3a,
namely a compressor, a combustion chamber, a turbine and an electricity
generator. The compressor is used to deliver atmospheric air at high pressure to
the combustion chamber. Fuel is injected and burnt in the same combustion
chamber, heating high-pressure air. Hot high-pressure gaseous products from the

(a)

7~

3

8
7

6
(b)

Vig. 7.3

.

7

2

Development of the CAES concept
(a) simple-cycle gas turbine
(b) simple-cycle gas turbine modified to CAES configuration
1 cooler
2 compressor
3 air
4 clutch
5 generator/motor
6 power supply
7 turbine
8 combustor
9 fuel
10 valve
l 1 air storage cavity
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combustion chamber drive a turbine from which they are exhausted at roughly
atmospheric pressure. Approximately two thirds of the mechanical energy
generated by the turbine is used to drive the compressor. The remaining one third
is converted by an electricity generator to electricity.
The same components exist in a CAES arrangement as in a gas turbine, but
some new elements, namely clutches and pressure vessels as shown in Fig. 7.3b,
are added. Clutches are added so that the compressor and turbine may be
separately connected to the generator, which also has to work as a motor. Pressure
vessels are needed to store compressed air.
In this way, compression and expansion of the flow medium (air) take place
at separate times. This separation has the advantage that all of the output of the
gas turbine is available as useful energy.
Large-scale energy storage in the form of compressed air, stored in natural
or artificial underground caverns, is economical and technically viable at present.
The energy stored in the compressed air can be utilised using low pressure turbines,
but this approach results in very low turnaround efficiencies. The alternative is
to expand the air through a combustor.
I

I

Fig. 7.4

I

•

Schematic diagram of leaching processfor an air reservoir in an underground salt

deposit
1 water
2 brine
3 protective gas

Compressed air energy storage 105
The system functions in the following manner: a compressor which draws its
energy from the power system during the demand trough at night, for instance,
takes in atmospheric air, compresses it to a high pressure and passes it to the central
s t o r e - a pressure vessel. At times of peak demand the air is taken from the
container, heated in a combustor by burning fuel and then expanded in the turbine
to the ambient pressure. The mechanical work thus produced is converted into
electricity in a generator driven by the turbine, and fed to the power system.
The effect of heating the air in the combustor by burning fuel is that the useful
work is between 20 and 40% of the work expended in pumping.
In a compressed air energy storage scheme all the energy produced by the turbine
is available for electricity generation at times of peak demand, since the compressor
has done its work during a demand trough. This requires a larger generator-motor
installed capacity compared with the set of generator, compressor and turbine
in a conventional gas turbine arrangement.
The volume of the air reservoir is determined by the amount of energy to be
stored due to the power system requirements. The rated capacity of the compressor
can also be varied according to the required length of time during which it charges
the reservoir again. The volume of the reservoir might, for example, be sized to
run the turbine for one hour at full load, while the compressor is designed to refill
the container in four hours, so that the compressor is sized for only one quarter
of the turbine's air throughput and the charging ratio of 1:4 is implemented. The
air-storage gas turbine can be designed for various charging ratios (e.g. 1:1, 1:2,
1:4 etc.) according to the utility's operational needs and the geological conditions
of the site.
In addition to this flexibility of design, the main consequence of change to the
conventional turbine's composition is that, on a specific cost per rated power
capacity basis, the main part of the equipment costs about one third of an
equivalent gas turbine, since the electrical output of CAES is three times greater.
The potential economic attractiveness of CAES depends mostly on being able to
take advantage of this low equipment cost despite the cost of air containment,
clutches, heat exchangers and other equipment.

7.3 T h e central store
First developed for storing natural gas and various noxious wastes, the technology
of 'solution mining' of salt cavities to a reasonably controlled shape is well
established and provides a very cheap method of excavation for large storage
volumes. There is now considerable experience of salt cavities being used to store
gas, oil and other substances in Europe and America. The influence of cavern
size, depth and operating pressure, as well as salt properties, on the basic cavern
design is well established.
Salt caverns are practically leak-tight: it is estimated that the leakage losses at
H u n t o r f C A E S are between 10 -5 and 10 - 6 per day [6]. The use of salt caverns
as central stores is particularly attractive; however, the creation and exploitation
of salt cavities has several potential p r o b l e m s - n a m e l y brine disposal, cavern ratholes, creep and turbine contamination.
Solution-mining technology, based on fresh water dissolving salt and becoming
saturated with it, involves drilling a bore into a salt cavern, cementing the upper
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side to the surrounding rock, jetting water down a central bore and then removing
brine, as shown schematically in Fig. 7.4. The brine has to be disposed of
somewhere on an environmentally acceptable site; the chemical industry is the
preferable solution.
The developing cavern is monitored by sonar, and when a desirable diameter
has been achieved, a cover gas which is of lower specific weight than the brine
(and does not react with salt) has to be pumped in to make the solutioning proceed
downwards. The ideal shape of the cavern should be a vertical cylinder with an
aspect ratio of 6:1. It should be mentioned that certain variations in solubility
are encountered in the form of layers of anhydrite or the presence of high-solubility
potassium- or magnesium-salt. Layers of anhydrite may remain as platelets
protruding into the developing cavern, whilst the presence of high-solubility
potassium- or magnesium-salt may cause ' r a t h o l e s ' - i n the worst case even
extending the planned cavern surface to a neighbouring cavern. Such problems
can be avoided by drilling test bores and analysing the brine during solutioning,
which of course increases the overall capital cost.
Creep or ceiling collapse could also be reasons for premature closure of a CAES
central store. The risk of salt carry over can also create problems in turbine design.
Experience at Huntorf, Germany and McIntosh, USA, after years of operation
at 1000 cycles per annum, shows that no problems of either turbine contamination
due to salt carry over or creep of the walls have been noticed, which is very
encouraging for future CAES prospects.
Salt layers at the right depth, of the right thickness and suitably located where
storage plant is needed are quite common in European and North American
geology, but this is not so worldwide, e.g. Japan. Other possibilities do exist,
however, for the creation of underground caverns. Reasonable low-cost technology
can be used in aquifer regions where there is suitable domed caprock, which is
well known for natural gas storage.
Depending on the permeability of the porous rock medium, a number of wells
have to be drilled into the aquifer region to develop an air bubble which will
displace the water contained. This process is rather slow, but after the creation
of an air bubble, since air has a much lower viscosity than water, it is possible
to achieve the required charge and discharge rates necessary for CAES work in
a power system. It is known that to keep total pressure losses over a
charge-discharge cycle to around 10-20 bar, no less than 50 injection wells may
be required [2], which, together with surface connections, will be the most
expensive part of the essentially low cost aquifer air storage concept, shown in
Fig. 7.5.
A third possible approach to underground air storage is the use of mined cavities
in hard rock. This is rather expensive since it requires mining activity and spoil
disposal from underground on a very large scale. Nevertheless, the high cost is
offset by the possibility of operating at 'constant' pressure. In this case varying
the free volume is required, which can be achieved by using a water-compensation
leg. It is desirable to have reasonable quality rock to avoid water in-leakage
becoming a problem. A schematic arrangement is shown in Fig. 7.6. The
environmental effects of water supply and varying the water level in the reservoirs
at ground level have to be taken into account.
A potential hazard, as yet not fully quantified, is the so-called 'champagne effect'.
During the discharge period, air in a partially filled cavern will be dissolved in
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the compensating water. After a certain time the water becomes saturated and,
as it is displaced up the compensation leg during the next charge period, bubbles
will be released. This is potentially hazardous, although it has been shown that
it can be resolved by proper design and good management of the storage plant
operating cycle [3].
Unfortunately, leak-tight rock is difficult to find so there will usually be leakage
losses. The use of a 'water curtain', as shown in Fig. 7.6, is a promising approach
capable of reducing leakage considerably. Despite requiring remedies such as the
water curtain, cavern lining or others, the overall cost of hard-rock air storage
will probably not be much higher than for salt cavities or aquifers. The problem
is that there is no practical experience in the design and operation of such types
of CAES.
A special requirement for CAES siting is to locate geology suitable for air-storage
cavities. Environmental concerns, such as visual impact and noise, and technical
problems like cooling-water supplies and closeness to transmission lines and fuel
supplies, are issues for any generating plant in a power system, and will be no
more severe than for conventional gas-turbine installations which are already
designed to very high standards in each of these respects.
CAES is potentially a useful, efficient and low specific capital cost storage means,
but widespread future application depends on opportunities for siting and the
relative economic benefits connected to the potential for development to satisfy
the growth of fuel costs and availability criteria. The performance and value of
CAES can only be compared with other storage technologies on a comparison
of (fuel plus charge) energy cost and capital cost.
A number of studies carried out in the USA have shown that there are no
technical limitations to the widespread application of CAES, but since large
volumes of air have to be stored, conventional vessels are quite impractical and
underground air storage in salt, hard rock or other 'impermeable' strata is essential.
These methods are expensive and so the required volume has therefore to be
minimised by choosing the highest practical storage pressure. Current turbine
and compressor design limitations and underground cavity costs make storage
pressures of 70-80 bar likely to be the most cost-effective.
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7.4 The power extraction system
There have been a number of major studies of CAES schemes, all designed to
displace gas turbines from peaking and low-merit generation duties: typically
1500-2000 h operation and often less. With differences in detail, owing to different
machinery assumption or siting considerations, all these studies have come to much
the same conclusion on the principal design features.
First, it should be noted that CAES is neither a pure storage, as for example
pumped hydro, nor a pure generating plant like a conventional gas turbine. Rather
it is a combination of pure storage and conventional gas turbine. As a pure storage
device it requires a central store, discussed above, and a power transformation
system in the form of gas turbine and compressor both connected through clutches
and possibly gearboxes to a motor-generator.
The compressors and turbines used are not simple modificiations of conventional
gas turbines but rugged industrial machines with two or more casings in both
the compressor and turbine train. In the case of compressors, unless impractically
large air flows and unit ratings are postulated, it is also necessary to incorporate
a gearbox to run the high-pressure machines at well above synchronous
(3000 rev/min) speed. Without this, the compressor stage efficiency will drop
dramatically, but the gearbox also imposes a size limitation.
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These features are all present in the first CAES plant in the world, operated
by the West Germany utility Nordwestdeutschen Kraftewerke (NWK) at Huntorf
near Bremen, and in the second operated by the Alabama Electric Cooperative
(AEC) near McIntosh, Alabama, USA.
Advanced CAES concepts are subject to the same design constraints as in plants
that already exist; namely high storage pressures and the use of as much existing
machinery as possible. The main components are discussed below.
The highest pressure ratio currently available for uncooled industrial
compressors is 17:1. In this case air is delivered at a temperature of 430-450°C.
This can be achieved with two axial machines in series, operating from an
atmospheric inlet.
The high pressure compressor would comprise radial machines, equivalent to
those currently available, which would need to be geared to higher than
synchronous speed. Current experience limits the compressor's power to 70 M W
tor a delivery pressure about 75 bar because of gearbox constraints.
It is possible to take advantage of developments in industrial gas turbine
technology towards obtaining a higher pressure ratio (up to 25:1) for the
synchronous speed low pressure and intermediate pressure compressors. In this
way, the cycle becomes 'more' adiabatic, which leads to a decrease in fuel heat
rate of up to about 200 kJ/kWh. There is still the possibility that the H P
compressors could be high speed axial machines driven via gearboxes operating
without special cooling, using a pure adiabatic cycle instead. As well as the
compressors, the turbines would need to be slightly different from those already
in existence.
During the charge period, the PTS is formed by an electric motor which drives
a compressor. During the discharge period, the PTS is a turbine which drives
an electricity generator. During the charge regime, the storage m e d i u m - a i r leaves the compressor substantially heated.
Several intercoolers therefore have to be employed in the compressor train. This
enables approximately isothermal compression, and minimises the charge energy
requirements to within practical limits. As is known, the specific compression work
W, is directly related to the temperature rise across the compressor and may be
given by:
W, = C#67~ = CpT,.(P, I~- I)/t~,,,

where

1)

Ti. = absolute inlet temperature
fiT. = air temperature increase due to compression
P. = pressure ratio
v = c/co

~, = polytropic compression efficiency
Without intercooling each successive stage will have increasing inlet temperature.
The air temperature will accordingly be raised, leading to a rise of specific input
work W,. By reducing Ti, before each stage it is possible to decrease the overall
specific compression work W,. For example, without intercooling, 70:1
compression from 15°C would lead to a f T of about 810°C and require a work
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input of 870 kJ/kg. With three intercoolers (as at Huntorf), no stage has an outlet
temperature above 230°C and the compression work is reduced to 550 kJ/kg; a
saving of 37% is thus achieved. To obtain this saving and prevent damage to
the central store the air requires cooling.
The intercooler required in the compression cycle rejects heated-air energy as
low-grade heat. However, the cooling water requirements are considerable. If a
300 M W CAES unit of current design and equal charge/discharge times were
installed on one site, the cooling water needed would be equivalent to a
conventional thermal power unit of about 125 MW. This would require either
a suitable coastal site or the use of cooling towers which could become the dominant
sight of the CAES. If the desired cooling water quantities are not available, it
would be possible to introduce an air-cooling system, but then considerable
attention would have to be given to the noise produced.
Owing to the need to cool compressed air during the charge regime, the specific
fuel consumption per mass of air during the discharge regime is higher than in
a conventional gas turbine. Nevertheless, since the net output from the CAES
turbine is three times that of a conventional one, the overall fuel consumption
is significantly decreased.
A parameter such as storage turnaround efficiency is practically meaningless
for assessing the performance of a CAES. Instead, two measures of CAES
performance have to be introduced.
Let us define the charge energy factor Jcel as the ratio of generated electricity
output Ed to electric energy used for charging Ec:

yc = Ed/Ec
For a pure storage unit this factor is exactly the same as turnaround efficiency.
It should be mentioned that, for CAES, it is more than unity while for other storage
methods it is less than unity.
According to the definition, the fuel heat rate fib, is a ratio between thermal
energy of fuel consumed Ef in the CAES and generated electricity output E d

Fuel heat rate is a common characteristic for thermal energy plant (gas turbine
included) and is:
f~, = 3600/~p kJ/kWh
where ~p is the thermal efficiency of conventional plant.
The ov6rall fuel cost f~g of energy generated by CAES is given as follows:

wheref~ is the charge energy cost a n d ~ is the cost of fuel used by CAES during
a discharge regime.
CAES, with a highf~ d where fuel savings are minimal, is the best peak power
source if the basic mid-merit and some base-load generation is provided by coalfired plants; i.e. nuclear power does not become the dominant energy source.
CAES plant burns no fuel at all and can achieve a similar generating cost, but
its capital cost is considerably higher. However, in the economically preferable
'high-nuclear' scenario, low ffhr is preferable to high f~(.
There are two main approaches to CAES development which need to be
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considered, regardless of the fuel to be used. First, increases in turbine firing
temperature in conventional CAES plant will lead to significant increases in the
charge energy factor. Secondly, we can effectively conserve charge energy by
thermal storage and so reduce or ideally eliminate fuel consumption. Which is
preferred will depend on technical developments, fuel cost and future fuel policy.
Let us consider the potential of each in general terms and determine which
development is more promising.
Substantial improvements in both charge energy factor and fuel heat rate are
possible with very little change to the conventional gas turbine design. As a working
body for a high pressure (HP) turbine expanded air should have a temperature
of 550°C. Before reaching the low pressure (LP) turbine it will be reheated to
825-900°C. These parameters are currently available for turbines for CAES, based
on experience at Huntorf. There is only limited industrial experience of higher
temperature H P turbines, b u t LP turbines are now in use at 1100°C. Since the
specific output from a turbine is proportional to the absolute inlet temperature,
higher firing temperatures would increase the ratio of generated energy per mass
of stored air, and hence improve the charge energy factor (CEF). For example,
by increasing the LP turbine firing temperature to a still modest 900°C, the CEF
can be raised to 1.3.
The next step in the development of CAES technology must be to reduce the
quantity of high-quality fuel needed for reheating the air in the expansion phase.
One way to improve efficiency is to transfer thermal energy from the powergenerating turbines' exhaust gas stream and use it to preheat the air expanding
to the H P combustor. Such a 'recuperator' feature is included in the current design
for the McIntosh CAES (USA) and should reduce fuel consumption by 25%.
This leads to a substantial reduction in fuel heat rate from 5800 kJ/kWh at Huntorf
to less than 4300 kJ/kWh at McIntosh.
For Huntorf-type CAES turbines, any additional fuel consumption will be used
to increase the generation at a very high efficiency, but this also leads to a small
reduction in fuel heat rate. The influence on charge energy factor and fuel heat
rate of increasing the low pressure turbine inlet temperature, and both LP and
H P inlet temperatures, is shown in Fig. 7.7, for variable pressure air storage
schemes. It can be concluded from Fig. 7.7 that, with this technology, the charge
energy factor could be raised to 1.7 with a firing temperature of 1100°(3, although
that would presumably involve substantial changes to gas turbine design. Such
an f~¢ level would make exceptionally efficient use of limited low-cost charge
energy. However, it is most unlikely that this approach will result in better than
5% reduction in fuel consumption compared with the recuperated compressed
air storage concept which is currently used in McIntosh CAES design.
Further development can either involve the substitution of synthetic fuels for
oil or a change in the basic cycle by recycling the heat released when the air is
compressed and which is currently exhausted to the atmosphere. This ideally
adiabatic cycle, using thermal energy storage, forms a logical development towards
eliminating fuel from the CAES operation. According to this so-called 'near-term
hybrid' concept the H P expander would not be fired at all and would receive
preheated air only from the exhaust recuperator. The inlet temperature would
typically be 320°C and the air will exhaust from the H P turbine at about 130°C.
The casing of the H P turbine would have to be arranged so that the H P exhaust
could pass out to the TES, from which air preheated to about 420°C could be
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returned to the LP combustor. This combustor, LP turbine and recuperator would
be exactly the same as in currently available 'state-of-the-art' CAESs. An important
facility not included in conventional CAESs would be an additional control/shutoff between the TES and the LP combustor because the large volume of the TES
would lead to intolerable turbine overspeed levels in the case of a generator's sharp
load decrease.
The key to achieving significant reduction in fuel consumption is to conserve
more effectively the energy taken from the grid during the charge regime. To
achieve approximately isothermal compression and a minimal specific charge
energy factor, intercooling is required. Without intercooling, when compression
is practically adiabatic, the specific work input during the charge regime is
significantly increased. The compressor delivery temperature would be 850-900°(2
tor an 80:1 pressure ratio. If air were taken directly from the compressor and
expanded in a turbine, which means no storage at all, up to 80% of the charge
energy would be recovered without any additional fuel.
To create a storage plant it is necessary to store the air in such a way that both
its pressure and temperature are maintained; thermal energy storage (TES) is
therefore needed. In that case, during the charge regime the TES works as an
intercooler, cooling the compressed air to achieve acceptable air temperatures of
around 30°C for low-cost underground storage caverns and, during the discharge
regime, it reheats the air to the required temperature for the H P turbine inlet.
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Fairly large TESs have been used successfully in applications as diverse as air
heating for blast stoves; however, the problems of scale, in addition to technical
constraints for high pressure and temperature turbines and compressors, mean
that pure adiabatic cycles are not currently available. More realistic cycles would
involve lower pressure ratios and some form of supplementary heating to achieve
adequate turbine inlet temperatures. There are two mechanisms to achieve this.
The first concept, which uses some fuel to heat the air after the TES, the so-called
conventional and adiabatic hybrid, is shown in Fig. 7.8a. The second alternative
involves the use of additional charge energy to heat the TES directly to beyond
the compressor delivery temperature, so-called 'heat topping', and is shown in
Fig. 7.8b. The stored air, a ready source of low entropy, enables either heat topping
energy or the fuel consumed by the adiabatic hybrid to be recovered at between
50% and 65% efficiency according to the pressure ratio.
There are a number of proposed TES concepts for CAES usage. In the cheapest
one, only a heat exchanger to a secondary storage medium is pressurised, and
the central store of the TES itself is at atmospheric pressure. This is the so-called
indirect type of CAES. Direct contact schemes involve cycling air, which passes
directly through a packed bed of high density, high specific heat capacity material,
so that the central store is placed in a number of pressure vessels. The high pressure

(o) 3
Fig.

7.8

CAES combined with TES
(a) adiabatic hybrid CAES
(b) 'heat-topped' CAES
1 motor-generator
2 TES
3 air store
4 additional heater
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central store for the direct contact TES is quite expensive, but owing to the very
high cost of materials for the heat exchanger and the loss of efficiency with the
indirect types, direct contact TESs are preferable.
It is crucial to the overall efficiency of an advanced CAES cycle that the TES
has a turnaround effectiveness of no less than 0-9. This requires materials of
reasonably good conductivity with high surface-area/volume ratios and with good
air-to-solid heat-transfer coefficients. 'Checker bricks', conventionally used in hot
blast stoves, are designed to a low pressure-drop specification and therefore do
not achieve adequate performance for CAES. According to E P R I information,
'pebbles', manufactured from a dense fireclay or cast iron, of a modest size would
probably lead to the most efficient use of TES material and the smallest pressurevessel volumes. According to estimates, a TES unit for a 300 M W CAES plant
with 8.64 x 1013 J energy capacity would require a containment of 17 m diameter
and 17 m high, made of concrete (like a nuclear reactor pressure vessel), containing
some 22 000 tons of matrix. Such a TES would achieve an efficiency of no less
than 0.93 and a turnaround temperature loss of less than 20°C.
An alternative concept closer to current practice would use externally insulated
low alloy steel pressure vessels- 12 vessels of 5 m diameter and 17 m length. This
is only four times the volume of the alumina pebble-bed TES which NASA have
been operating for 15 years at their establishment on Moffat Field Air Base in
California.

7.5 Two industrial examples
7. 5.1 Huntorf
The Huntorf CAES (HCAES) is shown schematically in Fig. 7.9 and was
engineered by Brown Boveri Co., Mannheim, as a 'minimum risk' commercial
prototype.
Construction at Huntorf was started in May 1975 and the equipment was
installed during the period July 1976 to September 1977, and, following some
commissioning delays necessitating some equipment rebuilding, the plant was
finally handed over to N W K in December 1978. On a future installation, no
more than three years should be necessary for the complete construction and
commissioning programme. The plant has a design specification o f f ( = 1 • 2 and
fj~r= 5800 kJ/kWh. The whole project cost was considerably less than the
equivalent cost in gas turbines in Germany at the same price date.
The air reservoirs at Huntorf can be operated only as sliding-pressure containers
with pressure in the reservoir sliding from 66 to 46 bar, and having a presssure
gradient of 10 bar/h when the turbine is running during discharge. During the
two hours when the turbine is intended to run at full load, the pressure drop is
20 bar.
As the reservoirs are recharged by the compressors, the pressure in them rises
so that the compressors' charge pressure also increases from 46 to 66 bar during
the 8 h charging time.
The air pressure in a sliding-pressure reservoir changes during the CAES charge
and discharge modes. Therefore, to maintain a constant electrical output, the
turbine is run at a constant inlet pressure of 46 bar. The pressure in the reservoir
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is therefore throttled to the t u r b i n e inlet pressure, and allowance is m a d e for the
resulting throttling loss. Despite the throttling loss and the c h a n g i n g condition
of the air in the reservoir d u r i n g c h a r g i n g a n d recharging, the result of h e a t i n g
the air in the two combustors, as m e n t i o n e d earlier, is that the useful work is
up to 20% greater than the work done d u r i n g charging (when a constant-pressure
reservoir is used this value can rise to 4 0 % ) .
For a g e n e r a t o r o u t p u t of 290 M W and a t u r b i n e inlet pressure of 46 bar,
a s s u m i n g the pressure in the reservoir varies by 20 bar, a reservoir v o l u m e of
about 130 000 m 3 per h o u r is needed.
T h e top of the salt deposit at H u n t o r f lies at a depth of a b o u t 500 m. O w i n g
to the geological r e q u i r e m e n t s of a 100 m thick layer above the reservoirs, they
are placed at a depth of 600 m. T w o vertical cylindrical shaped reservoirs, each
with a capacity of some 135,000 m 3, were leached out of the salt, using the brine
m e t h o d described. Each reservoir has a d i a m e t e r of about 30 m and a height of
a p p r o x i m a t e l y 200 m.
T h e horizontal distance between the power station a n d the reservoir is 200 m,
with 180 m s e p a r a t i n g the reservoirs themselves. T h e two reservoirs are linked
to the p o w e r station by pipes a n d are n o r m a l l y o p e r a t e d in parallel.
O w i n g to the u n d e r g r o u n d (petrostatic) pressure acting on the reservoirs a n d
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the plastic state of the salt, the volume of the cavities will probably decrease, halving
the original volume each 4000 years.
The volume of the air reservoirs, and hence their installation cost, is governed
not only by the required energy capacity of the plant but also by the pressure
and temperature of the air in the reservoirs. It has been proved that a storage
pressure of between 40 and 60 bar, where the ratio of work output to work input
reaches its most favourable value, is economically optimal. Above this range of
pressure the required fuel consumption would in fact decrease, but the cost of
the machinery required would be considerably greater. The considerable increase
in the large volume of air storage required makes its cost too high for pressures
below 400 bar.
H C A E S is designed to generate peak power for around two hours per day, and
to be charged over eight hours at a reduced mass flow and compressor power rating.
This means that the compressors are designed for only a quarter of the turbine
throughput, and so the charging ratio is 1:4.
The pressure range from 40 to 60 bar is much higher than the inlet pressure
of conventional gas turbines, which operate at a pressure of about 11 bar. Therefore
the largest available conventional gas turbine, an axial machine running at
synchronous speed of 3000 rev/min, and its combustor, may be used only as the
low-pressure turbine and low-pressure combustor to utilise the pressure drop from
I1 to 1 bar.
The pressure drop from 46 to 11 bar had to be handled by an HP turbine but
no examples of gas turbines were available in 1976. Consequently, the high
pressure turbine is based on a small intermediate pressure steam turbine design
with 550°C inlet temperature. The high pressure combustor inlet has a pressure
of 46 bar.
At the Huntorf CAES the air from the reservoirs is heated in the H P and LP
combustors by natural gas. Exhaust gases from the LP turbine are not used for
preheating air from the reservoir. Reducing stations bring gas to the required
pressure before entering the combustors. Light fuel oil is also suitable for
installations of this kind.
The compressor group comprises an axial low pressure unit and a centrifugal
H P machine driven via a 45 M W gearbox at 7626 rev/min. The total drive power
is 60 MW. The compression process incorporates intercoolers. For geological
reasons the air is cooled further to 50°C in an aftercooler before passage to the
reservoirs.
The generator has an apparent power of 341 M W A and a voltage of 21 kV.
It is separated from both turbine and compressor by self-engaging clutches so that
the generator may be used as a motor to drive the compressors. Detailed
information about Huntorf CAES equipment is given in Table 7.1.
If the inlet valves are opened, the air coming from the reservoir will be burned
in the H P combustor, thus accelerating the turbine. The LP combustor may be
fired and the turbine loaded only after reaching synchronous speed and
synchronising the generator.
The whole starting procedure from standstill to full load normally takes 11 rain,
or about 6 rain with a quick start. Synchronous speed is reached in 2 min in both
cases.
The compressors reach synchronous speed in about 6 min when starting from
standstill. They are started with the aid of the turbine using the remaining air
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Table 7.1

Principal data for the Huntorf CAES machine set and air container

Gas turbine
Type
Capacity
Speed
Air throughput
Inlet conditions, HP turbine
Inlet conditions, LP turbine
Exhaust temperature after LP turbine
Specific heat consumption
Fuel

single shaft with reheat
290 MW
3000 rev/min
417 kg/s
46 bar/550°C
11 bar/825°C
400°C
1400 kcal/kWh
natural gas

Generator
Apparent power
Power factor
Voltage
Speed
Cooling

341 MVA
0.85
21 kV
3000 rev/min
hydrogen

Compressors
LP compressor
Type
Speed
Intake conditions
Air throughput
HP compressor
Type
Speed
Conditions after compression
Number of intercoolers
Number of after coolers
Drive power of both compressors
Air reservoir
Number of reservoirs
Height of reservoir
Reservoir diameter
Volume of reservoir
Depth of reservoir
Distance between reservoirs
Horizontal distance between reservoirs
and power station

axial
3000 rev/min
10oc/1 •013 bar
108 kg/s
centrifugal
7626 rev/min
48-66 bar/50°C
3
1
60 MW
2
200 m
30 m
135 000 m3
600 m
180 m
200 m

in the reservoir, which accelerates the turbine-driven generator to synchronous
speed. W h e n the generator is synchronised it can be run as a motor driving the
compressor. The turbine has then to be shut down and the clutch between turbine
and generator opens.
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The Huntorf plant is fully automated and remotely controlled from the loaddispatching station in Hamburg. No personnel are required at the power station.
The method of controlling an air-storage gas turbine is quite different from
that of a conventional gas turbine. In the latter case the output is regulated by
varying the turbine's inlet temperature, while the air throughput remains almost
constant. The result is a relatively high heat consumption at part loads. In contrast,
in an air-storage gas turbine the air flow rate is matched to the required output,
and the inlet temperature to the H P turbine is held constant together with the
exhaust temperature of the LP turbine. Part-load heat consumption is then much
better, so the air-storage gas turbine can also be used efficiently to regulate power.

7. 5.2 Mclntosh
It was recently announced [16] that the first completely new, commercially viable
generation option had been delivered to the US utility industry for 30 years. The
multistage, reversible McIntosh compressed-air energy storage system was
commissioned on the 27th of September 1991 by the Alabama Electric Cooperative
(AEC), after two years and nine months of construction.
The McIntosh CAES (MICAES) was intended to improve upon the technical
specification of the Huntorf CAES design as it contains a recuperator (not installed
in the HCAES). The recuperator uses waste heat to preheat air from the cavern
before it is heated in the combustor chamber, reducing this premium fuel
consumption by about 25 %. The remaining basic components of the M I C A E S ,
including its compressor, combustor and expansion turbine, are similar to those
found in HCAES.
It has a rated capacity of 1 I0 M W and can change load at a rate of 33 M W
(30%) per minute, which, on a percentage basis, is three times faster than any
other type of power plant. MICAES is designed to operate efficiently when partly
loaded; for example, it loses only 15% in efficiency when loaded at 20% of this
rated capacity. A conventional coal-fired power plant, in comparison, would lose
about 50% of its efficiency at such partial load.
Air storage for MICAES, located 500 m below ground in a massive subterranean
salt layer that is 8 miles deep and about 1.5 miles in diameter, was created by
solution mining. The volume of this vertical cylindrical shaped cavern, 300 m
tall and 80 m in diameter, is more than 5.32 x 10 6 m 3, Air pressure in the cavern
varies from 74 to 45 bars and compressed air flows through the turbine at a rate
of 170 kg/s.
Only three CAESs have been built to date, of which two have been briefly
described here. The third, a 25 M W demonstration CAES at Sesta, Italy, was
built in porous rock. At present it is out of action. A Japanese utility is currently
building a 35 M W 6 h commercial CAES unit using a porous rock medium for
storage; it is expected to be commissioned in April 1997. An Israeli utility plans
to build a 300 M W CAES based on salt domes, and there are also provisional
plans to build a 1050 M W CAES in Russia.
7.6 Dispatch

and economic l i m i t a t i o n s

The time required to bring the H u n t o r f C A E S to full load in the discharge regime
is around 6 min, which is less than that required for the equivalent industrial-
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type gas turbine but more than that achievable by aerobased peaking gas turbines.
The rapid start time at Huntorf is achieved by increasing the air flow from the
cavern beyond the nominal design value until the combustor reaches its nominal
temperature. In this case full load can be achieved earlier than the designed firing
temperatures. This leads to a slight reduction in turnaround CAES efficiency but
allows quite a modest increase in firing temperature, thus reducing blade and
rotor stresses and therefore increasing reliability and lifetime. The ability to
increase generation quickly, provided it can also be done reliably, makes CAES
plant more attractive than conventional gas turbines. Despite the fact that CAES
is not as effective for rapid loading--pumped hydro storage can be designed for
about 10 s response and flywheels can be even faster--the Huntorf plant, for
example, is regularly started up to five times per day to provide the necessary
assistance in power despatch in its 'home' power system.
Possibly the major drawback of compressed air storage is that it requires clear
fuel such as natural gas or distillate oil. These 'premium' fuels are likely to become
increasingly expensive. Their availability for power generation at present varies
from country to country and, in the long term, they are likely to become less
attractive for electricity generation. However, it should be mentioned that the
quantities required for this generation are not as great as might be supposed; it
has been estimated that CAES could smooth the load on the British system if 1.5%
of the total fuel burnt was high grade fuel to power CAESs [8].
Neglecting, for the moment, the possible shortage ofoil and gas, it is interesting
to compare the fuel costs for compressed air energy storage plant and widely used
pumped storage.
The first notable point is that a CAES scheme such as Huntorfhas a significantly
higher fuel cost than pumped hydro if distillate oil or natural gas prices are still
higher than the price of coal at the end of the century. This does not mean that
the overall economics of pumped hydro plants are better, since one must take
into account capital and operating costs, as well as factors such as the limited
numbers of sites that may be available.
CAES plants are less sensitive than pumped storage schemes to whether the
nuclear element of the system has grown such that nuclear power is available for
charging storage schemes at night.
Two-shift coal-fired plants are likely to have lower fuel costs than CAES plant
of the Huntorf type, but use of adiabatic CAES plant may become competitive
with pumped hydro plants.
It should be feasible to heat the expanding air not with gas or oil but with coal
or derived synthetic fuels. Coal substitution can be achieved in a number of ways.
Fluidised-bed combustion, promoted for gas turbine and combined-cycle
applications, could be used instead of oil combustion chambers. Separate
gasification or coal liquefaction could be employed to produce a substitute fuel
requiring no modification to the CAES turbine. In each case, the capital cost of
the conversion equipment is high; low-cost coal is needed to make the substitution
economically attractive. Alternatively, the promising concept of water electrolysis
may be considered for synthetic fuels generation. The best economic proposition
arises when a completely separate synthetic fuel production plant is employed,
together with fuel storage, so that it is loaded optimally even though the CAES
plant may demand only peaking fuel supplies. Such an approach can be applied
to any type of CAES and favours cycles with the smallest demand for fuel. Synthetic
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fuels will be considered in detail in the next chapter.
In summary, these features lead us to the conclusion that C A E S plants will
have a limited, but valuable, role in future power systems.
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Chapter 8

Hydrogen and other synthetic fuels

8.1 General considerations
Synthetic fuels are considered to be substitutes for natural gas or oil and are made
from biomass, waste, coal or water. Production of these fuels demands energy
which cannot be obtained from base-load power plants during off-peak hours.
Synthetic fuels are a type of energy storage, therefore, since it is possible to use
them instead of oil or gas for peak energy generation. The fuels themselves are
only a type of medium; as with any other storage concept, a power transformation
system and central store are also required. Storage media have to be produced
during off-peak hours in a chemical reactor or electrolyser-they have to be
considered as a part of a power transformation system used during the charge
regime.
During the discharge regime, the storage media have to be converted into
electrical energy, using any kind of thermal plant with an appropriate combustion
chamber. As mentioned in the preceding chapter, CAES is among the possible
consumers of synthetic fuels.
These storage media have to be stored in a special containing device-- a central
store. The use of synthetic fuels does impose some problems of safety and container
material, but is not very different from the infrastructure of storage and distribution
systems involving natural gas and oil fuels.

8.2 Synthetic storage media
Among synthetic fuels the most promising are methanol C H 3 O H , ethanol
C2H5OH, methane CH4, hydrogen H~, ammonia N H 3 and methylcyclohexane.
Production of methanol from coal requires conversion of the coal into carbon
oxides and hydrogen:
C + H 2 0 - - C O + H~
CO + 2H~--CH3OH
C O + H 2 0 - - C O 2 + H2
CO2 + 3 H 2 - - C H 3 O H + H 2 0
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The mixtures of CO, CO2 and H 2 can be reacted in the so-called Lurgi process
under 50 atm pressure and 250°C temperature, or in Cu/Zn catalysts fluidised
in liquid hydrocarbon.
Ethanol can be produced from COl and H l by upgrading the hydrogen
content in the same way as for methanol.
Biomass is an alternative basic raw material attractive in regions devoid of coal.
Methanol can also be produced from biomass:
C~HyO z + 2(x -

z/2) H20.-.CO2 + D'/2 + 2(x - z/2)]H 2

The process involves destructive distillation of organic solids in the presence of
water, and is catalysed finally by cobalt molybdate.
Ethanol can also be produced from biomass by fermenting simple sugars to
alcohol and carbon dioxide. The preliminary hydrolysis process to convert cellulose
into monosaccharides involves either a combination of heat and acid or enzyme
fermentation. The latter method has been chosen for a government research
programme in Brazil and has led to a 20% alcohol substitution in transport
applications.
One of the most promising synthetic fuel and energy storage media for the
foreseeable future is hydrogen. It can be derived from waste using any source
of low quality energy and can be used as a fuel in a very environmentally friendly
way; it can be combusted back to water in a simple and clean reaction without
any pollution.
The main drawback is the extreme flammability of hydrogen and the problem
of storing the gas under pressure. Liquefaction could simplify storage but no less
than 30 % of charged energy would thereby be consumed. Hydrogen is flammable
within a wide range of concentrations in air (4 to 75 vol%) whereas, for example,
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the range for methane is 5 to 15 vol%. Hydrogen also has a very low ignition
energy (about 0.07 times that of methane).
A brief comparison of synthetic fuels is given in Table 8. I.

8.3 Hydrogen production
Hydrogen can be produced by several methods:
-

-

Catalytic steam reforming of natural gas;
Chemical reduction of coal:
C + H20--CO+ H2
or
CO + H 2 0 - - C O 2 + H~

-

-

Industrial photosynthesis;
Ultraviolet radiation;

Table 8.1

Comparison of synthetic storage media

Fuel
type

Liquid
density

Energy density

Boiling
point

Mass
transport
efficiency
%

Comments

kg/m 3

107 J/kg

109 Jim 3 °C

Methanol

797

2.1

15.8

Ethanol
Methane

790

2.77
3.6

21 •0
15.12

Ammonia

771

1.85

14.4

-33

1.7

-252

100

Explosive gas

10.5

-252

100

Flammable
liquid

64

25

79
- 164

30
25

17.6

Flammable gas,
bad smell,
corrosive, could
be used as a
fuel
Flammable gas
Flammable gas,
could be used
as a fuel or
energy input to
release H 2
Toxic gas, bad
smell,
regeneration of
H2 requires
input of energy

Hydrogen
gas at 150 atm,20°C
14
liquid at - 2 5 2 ° C
71
14
metal hydride
up to
1•1

up to
0.021

H2 regeneration
requires
energy input
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Partial oxidation of heavy oils;
- Thermal decomposition of water with the help of thermochemical cycles;
- Electrolytic decomposition of water.
-

The last of these methods comprises two processes:
cathode reaction:
2 H 2 0 + 2e- --H2 + 2 O H anode reaction :
2OH---1/202+H20+2eAccording to Faraday's law of electrolysis the mass of hydrogen rn discharged may
be calculated:
1

A

rn = - - x - - x
F
Z

Ix

t

where F = 96 500 Cb/kg equivalent (Faraday's constant)
A = atomic weight
Z = valency
I = electric current through the electrolyte
t = duration of electrolysis.
The overall reaction enthalpy involving the transfer of two electrons per molecule
of hydrogen (atom of oxygen)
H 2 0 - - H 2 + 1/2 02 - 237 kJ/kmol
determines the theoretical minimum cell voltage: at 1 bar, 25°C, G = 237 kJ/mol
(2.016 gm of H2), requires 2 Faradays of electrons (193 kCb); this charge must
be passed through 1 • 23 V, which is the equilibrium voltage of the cell. At higher
temperatures the cell voltage will be lower since energy will have already been
supplied as heat; for example, at 1200°K the equilibrium voltage is about 0.9 V.
In practice, the equilibrium voltage has to be exceeded if any positive gas evolution
is to occur. Typically the voltage is in the range 1.5-2.05 V.
The amount of hydrogen which could be produced by a 60 kW power
transformation system is 25 g or 280 litres/min of gaseous H2 plus half that
amount of oxygen (in volume terms) at atmospheric pressure, neglecting thermal
losses due to the current flow through the electrolyte. The electric current required
is 40 kA and the cell voltage is 1.5 V.
Despite the fact that the predominant methods used now are catalytic steam
reforming of natural gas and partial oxidation of heavy oils, electrolytic and thermal
decomposition of water are more suitable for the use of hydrogen for energy
storage. In this case hydrogen will be produced from water using the energy
generated by either large hydro plants or base-load nuclear- or coal-fired power
plants. It is even possible to use renewable photovoltaic, solar or wind-generated
energy for hydrogen production. After transmission to the consumer, hydrogen
will be used as a primary fuel for peak energy generation or simply as an alternative
to other fuels. Combustion as a fuel would result in the recombination of hydrogen
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and oxygen to form water, thus completing the cycle. This hydrogen-based power
utility concept is shown schematically in Fig. 8.1 and is under consideration in
a n u m b e r of scientific institutions including the S E R f ; Rutherford Appleton
Laboratory, UK.
Methane may be formed from the reaction of hydrogen with carbon or its oxides,
and can be prepared from hydrogen by the Fisher-Tropsch process. This
exothermic reaction releases 205 kJ of heat and can be written as follows:
C O + 3H~ = C H 4 + H 2 0
U n d e r certain conditions, f ; O 2 m a y react in a similar way to form combustible
hydrocarbon fuel.
Methane may also be synthesised from hydrogen and carbon by the following
exothermic reaction, with 73 kJ heat release:
C + 2H 2 = C H 4

bH = - 73 kJ

Methane could probably be used as an energy source since it is already a major
fuel with an established distribution network, but would require condensation to
liquid for efficient transportation if produced at a location remote from an existing
natural gas distribution network.
Methane m a y be used by consumers as an ordinary fuel, releasing 890 kJ of
heat, or enriched with hydrogen by up to 5% to prepare a clean fuel with relatively
low C O 2 emission. It does not have such high flammability as hydrogen. T h e
reaction is as follows:
f;H 4 + 20 2 = f;O 2 + 2H20
If it is essential that there be no emission of oxides of carbon in the production
of a methane-based fuel, the following methods may be considered:
-

Decomposing methane to hydrogen and carbon with 73 kJ of heat added:
C H 4 = C + 2H2
It should be mentioned that this reaction produces carbon black which is difficult
to recycle.

-

-

Extracting C O and C O 2 from the exhaust gas of burnt methane;
Recovering hydrogen from methane by the two-stage decomposition process
given by:
(1)

C H 4 + H 2 0 = C O + 3H2

(2)

C O + H 2 0 = CO2 + H 2

T h e carbon monoxide (CO) reacts exothermally (42 kJ of heat released) with
water, generating hydrogen and carbon dioxide which have to be removed.
Carbon dioxide and carbon monoxide produced by the last two processes could
be re-used in the manufacture of methane from hydrogen, thus completing a
c y c l e - t h e carbon here acts as a hydrogen 'carrier'.
Methane is already widely distributed in the form of natural gas and can be
used directly as a fuel with relatively little carbon dioxide emission during
combustion, especially if enriched with hydrogen; its use does not require any
new technology.
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Ammonia is probably more attractive than methane as an example of a system
utilising a nitrogen 'carrier' which would not incur any return transformation costs,
as it would be re-cycled through the atmosphere. Gaseous ammonia is prepared
from hydrogen by direct combination with nitrogen, under 200-500 bar pressure
and at 720 K in the presence of a catalyst, using the H a b e r process:
N2+3H2=2NH3

exothermicfH= -90kJ

High temperature and pressure are essential to obtain a sufficiently high reaction
rate. The reaction results in an overall reduction in volume of the reactants. Fuel
is collected by the liquefaction of gaseous ammonia at its boiling point of 240 K.
The reaction is exothermic and generates 90 kJ heat. Heat would need to be
supplied to the reverse reaction--decomposition of ammonia to form hydrogen
and n i t r o g e n - w h i c h is endothermic and would require an input of the same
amount of heat (90 kJ). At 400°C and 10 bar, ammonia is dissociated to the extent
of 98%.
Dissociating ammonia into hydrogen and nitrogen is a simple process of passing
it, at relatively low pressure, through a hot tube. However, it is necessary to
establish to what extent the nitrogen would need to be separated from the hydrogen
before consumption.
The potential advantages of storing ammonia, relative to storing hydrogen, are:
- Safer storage
- Energy density is higher
- Easier to liquefy.
Such a system will be attractive where the site of energy generation is remote from
its place of consumption, since it is cheaper to transport ammonia than hydrogen.
Methylcyclohexane, formed from the direct hydrogeneration of toluene, is a
liquid which could be used in the same way as petroleum products. For example,
it could be consumed in engines instead of petrol or diesel fuels, but this would
be unattractive since the reduction in the emission of C O and CO2 would be
hardly noticeable relative to petrol. It may also be used to regenerate hydrogen,
but in this case the toluene 'carrier' would need to be returned for rehydrogeneration, thus reducing significantly the mass transport efficiency.

8.4 Storage

containment

for hydrogen

The options exist for the storage of hydrogen:
-

Compressed gas
Chemical compounds
Liquid hydrogen
Metallic hydrides

The relative capital and other specific costs for these alternatives are given in Table
8.2.
Since the cost of liquefaction is considerable, the most attractive concept for
the bulk storage of hydrogen produced from substantial non-oil-based primary
energy sources is compressed gaseous hydrogen in underground caverns, where
it can be stored in a similar way to natural gas. The relevant technology has been
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Relative costs of different hydrogen containments

Containment concept
Relative capital cost
Relative annual operating cost
Storage cycle relative cost per
volume, Nm3
Storage cycle relative cost per kWh

FeTi Hydride

Liquid

H2

Gaseous H2
50 bar

15.09
0.3

54.09
23- 2

13.72
3.42

2.54
0.82

20- 27
6' 72

3.0
1 •0

discussed in Chapter 7. The high diffusivity of gaseous hydrogen will probably
have little effect on leakage since most rock structures are sealed in their capillary
pores by water.
Alternative systems for using hydrogen include its chemical combination with
other elements to form compounds which are more amenable to storage. Table
8.1 lists the properties of a range of possible compounds, such as methane and
ammonia, containing chemically bonded hydrogen. They are compared with
hydrogen itself and were selected as representative of the three different approaches
discussed in the preceding section.
Liquid hydrogen has a mass energy density three times greater than oil; its
usage is particularly attractive for heavy surface transport and aircraft, allowing
improvement in payloads and extending range. Because of its low density, liquid
hydrogen may be less attractive than other materials for its energy storage density
on a volumetric basis. Ammonia and methane, as liquids, would appear to be
the most efficient materials (see Table 8.1) for storing hydrogen on both a weight
and volume basis.
To store liquid hydrogen and other cryogenic fluids, as well as gas under
pressure, reliable low-mass storage vessels will be necessary.
Interest in the use of low-mass composite materials to contain cryogenic fluids
arose around 1960 with the US Apollo programme. It was decided then to line
the composite vessel with a metallic permeability barrier, to prevent the loss of
hydrogen and also to contain the cryogenic liquid in the event of mechanical
damage, which could arise from the low temperature fatigue characteristics of
composite materials. While the room temperature fatigue properties of composite
materials are excellent there are uncertainties about their cryogenic performance,
particularly in a low temperature reactive environment such as hydrogen and
oxygen. At the Rutherford Appleton Laboratory, Dr D. Evans has shown that
the permeability to hydrogen of some modern advanced composite materials is
low, and therefore it is technically possible to use storage vessels made of these
materials without including barrier layers.
Other methods for 'fixing' hydrogen in order to store it more effectively would
include the preparation of hydrides or physical absorption on materials such as
zeolites ('molecular sieves'). Liquid hydrogen occupies about four times the volume
of hydrocarbon fuels so the concept of hydrogen dissolved in metals, the so-called
hydride concept, has been proposed. The idea is that a number of metal hydrides,
such as LaNis, TiFe and Mg~Ni, can absorb and release hydrogen at low
pressures and temperatures with small losses.
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8.5 The hydride

concept

Hydrogen molecules may be dissociated to atoms when they interact with a metal
or alloy. These atoms may be absorbed in the metal unless the limit of solution
is reached and equilibrium hydrogen pressure is established. When all the material
has changed into hydride the pressure may be increased steeply again. Depending
on the number of existing phases, pressure levels will rise and the process will
be repeated. The excess pressure at which hydrogen is released from the hydride
is orders of magnitude less than that of gaseous hydrogen stored in the pressure
vessel because of the dissociation of molecules into atoms and the bonding in the
metallic phases. For the same reason, the volume density of hydrogen in hydrides
is greater than in the gaseous and liquid form. An illustration of concentration
pressure isotherms at a given temperature is shown in Fig. 8.2.
The aim is to select a hydride which can be thermally decomposed in a reversible
manner so that hydrogen may be withdrawn or replenished from/to the vessel
when necessary. A suitable hydride store has to have the following features:
-

High hydrogen content per unit mass of metal;
Low dissociation pressure at moderate temperatures;
Constancy of dissociation pressure during the decomposition time;
Safe on exposure to air;
Low cost.

MeH~
I~H~

ff

i
i

MeH

o

1
atomic ratio H/al~y

Vig. 8.2

Relative pressure isotherms for different H 2 concentrations in a hydride
( T = constant)
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The exothermic chemical reaction of hydride formation from metals (Me) and
hydrogen (H~) may be given as follows:
Charging
(heat released)
H 2 + Mey__hydride + heat
Discharging
(heat added)
Low temperature FeTi hydride, with a low energy requirement for hydrogen
release, has been developed by Brookhaven National Laboratory, USA.
Magnesium-based high temperature hydride has attracted interest because it is
a readily available and rather cheap metal. Both materials release hydrogen
endothermically, thus creating no safety problems. The mass energy densities
(W,,) of hydrides based on Ti and Mg are:
FeTiH1.7-- FeTiH0. i

1.856

MgzNiH4--Mg~NiH0.3

4.036 x 106 J/kg

MgH2-- MgH0.005

x 10 6 J/kg

9. 198 x 106j/kg

A combination of hydrides with different plateau pressures offers a variety of
applications involving both hydrogen storage and thermal storage.
When hydrides are used as hydrogen storing vessels for heat engines or for
domestic heaters, the waste heat from them can be returned back to the hydride.
If the amount of waste heat is less than that needed for hydrogen release, then
the waste heat can be stored as thermal energy in the metal hydride (which acts
as a thermal storage device). A combination of hydrides with different release
temperatures may be used for different applications such as heat pumps, central
heating, air conditioning and even for renewable-storage systems. This possibility
has led to the so-called 'hydride concept' proposed by Daimler-Benz in Germany.
This concept is based on the separation in time and location between the
combustion process and the release of the waste heat produced during this process.
It is possible because:
•
•

The heat transfer per minute can be controlled by varying the rate at which
hydrogen is withdrawn from or added to the hydride;
The pressure/temperature characteristics of the hydride determine the
temperature.

Systems which comprise high and low temperature hydrides work as follows:
the exhaust gas from the hydrogen-fired machine passes over high temperature
hydride, releasing hydrogen which is then pumped to the low temperature hydride.
The exhaust then passes over the low temperature hydride, thereby releasing
hydrogen to the hydrogen-fired machine and increasing the temperature of the
hydride. Cooling water from the machine has to be used for hydrogen dissociation.
Fig. 8.3 gives a survey of the hydride energy concept, in which hydrides can
be used for mobile, stationary or electrochemical storage, or hydrogen/deuterium
separation.
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The hydrogen storage concept

1 primary energy sources-nuclear,
hydro or renewables
2 base power plant
3 electrolyser
4 hydrogen storage
5 H J D 2 separation from TiNi hydrides
6 natural uranium reactor
7 TiNi battery
8 hydride storage for automobile vehicles
9 synthetic chemical and fuels production

10 heat chemical processes
11 domestic heaters and hydride
domestic air conditioner
12 local thermal power stations
13 waste heat recovery
14 customers
15 electric current
16 H 2
17 D 2
18 heat
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Chapter 9

Electrochemical energy storage

9.1 General considerations
The most traditional of all energy storage devices for power systems is
electrochemical energy storage (EES), which can be classified into three categories:
primary batteries, secondary batteries and fuel cells. The common feature of these
devices is primarily that stored chemical energy is converted to electrical energy.
The main attraction of the process is that its efficiency is not Carnot-limited, unlike
thermal processes. Primary and secondary batteries utilise the chemical
components built into them, whereas fuel cells have chemically bound energy
supplied from the outside in the form of synthetic fuel (hydrogen, methanol or
hydrazine). Unlike secondary batteries, primary batteries cannot be recharged
when the built-in active chemicals have been used, and therefore strictly they
cannot be considered as genuine energy storage. The term 'batteries', therefore,
will only be applied for secondary batteries in this chapter.
Batteries and fuel cells comprise two electrode systems and an electrolyte, placed
together in a special container and connected to an external source or load. These
two electrodes, fitted on both sides of an electrolyte and exchanging ions with
the electrolyte and electrons with the external circuit, are called the anode ( - )
and cathode ( + ) respectively (see Fig. 9.1).
The anode is defined as the oxidising electrode; i.e. the electrode which is sending
positive ions into the electrolyte during discharge. When supplying positive charges
to the electrolyte, the anode itself becomes negatively charged and therefore may
be considered as an electron source for the external circuit. At the same time,
the cathode consumes electrons from the external circuit and positive ions from
the internal circuit. T o maintain electric current in the external circuit, electrons
have to be produced at the anode and used up at the cathode. Since no chemical
process can generate electric charge, the transport of charge in the electrolyte (in
the form of ions between the electrodes) has to take place at the same time.
It should be mentioned that no electron conductivity must take place as, in
that case, the battery will discharge itself through a short circuit.
The electromotive force (EMF), of a battery, which initiates the electric current,
is the difference between the electric potential of the electrodes. The terminal
voltage V equals the electromotive force minus the voltage drop in the battery
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due to its internal resistance R, which contains frequency and time dependent
components associated with the electrolytic processes, ohmic resistance against
the charge transport in the entire internal circuit components, an external load
dependence component and the remaining energy contents of battery component.
In other words, the internal resistance can be described in the form of a rather
complicated impedance. The smaller the value of internal resistance the lighter
is a battery's turnaround efficiency, since there is a linear dependence between
thermal losses in a battery and its internal resistance.
High reaction rate and good transport conditions will lead to a substantial
decrease in the irreversible thermal losses in any electrochemical battery. Both
factors can be met by working at high temperatures and with chemically active
electrodes. In both cases the electrolyte will be a limiting factor owing to problems
of stability and transport properties.
A common solution is to use different types of aqueous electrolytes, but
unfortunately they can only work at high temperatures under substantial pressure,
therefore requiring special vessels. The use of ceramic materials, which have a
suitably high specific conductivity for ions able to take part in the electrochemical
process, is a promising possibility. The development of these so-called solid-state
ion conductors has contributed to a breakthrough in battery technology.

9.2 Secondary batteries
Rechargeable electrochemical batteries have a long history of application in
electrical power systems. At the beginning of the century, diesel engines used for
generation in small, local DC power systems were usually shut down at night and
the demand was met by lead-acid batteries which had been charged during the
day. These batteries were also used in several US towns to feed DC electricity
to electric street cars during rush hour. The growth of large centralised AC power
systems and cheap coal- and oil-generated electricity relegated batteries to
emergency standby duty for DC auxiliaries. In this application they are still
invaluable today; over 100 M W of battery power capacity is currently installed
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for standby duty throughout the National Power and PowerGen power companies
in the U K .
Let us consider the cell reactions of the most p o p u l a r b a t t e r y systems, together
with a brief description of their m a i n p r o b l e m s .
T h e battery market is still dominated by the lead-acid battery invented by Plante
in 1859 (see Fig. 9.2). It is the oldest chemical storage device. T h e reversible
chemical reaction in the electrolyte d u r i n g the c h a r g e - d i s c h a r g e m o d e m a y be
pOWOr
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Lead-acid storage batter);
The battery consists of ahernate pairs of plates one lead and the other lead coated
with lead dioxide, immersed in a dilute solution of sulphuric acid which serves
as an electrolyte. Here only one pair of plates, or electrodes, is shown. During
discharge both electrodes are converted into lead sulphate (PbSO 0. Charging
restores the positive electrode to lead dioxide and the negative electrode to metallic
lead. The performance of such a battery deteriorates gradually because of
irreversible physical changes in the electrodes; ultimately failure occurs between
several hundred and 2000 cycles, depending on battery design and duty cycle.
Reaction at positive electrode
charge

Pb2SO~ + 21120

discharge

PbO2 + H2SO 4 + 2H~ + 2e-

Reaction at negative electrode
charge

PbSO++2H 2 + 2 e - ~

discharge

H2SO ~+Pb
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given as follows:
Am~dt'

Cathode

Discharge

Pb + 2H2SO 4 + PbO2

PbSO4 + 2 H 2 0 + PbSO4
Charge

Anode

Cathode

During the discharge mode the cathode is positive and the anode negative. The
main drawbacks of these batteries are comparatively low energy density, long
charge time and the need for careful maintenance. Nearly half the weight of a
lead-acid battery is occupied by inert materials, e.g. grid metal, water, separators,
connectors, terminals and cell containers, and attempts to reduce the weight, to
increase the energy density, have involved the use of low-density materials. The
use of carbon fibre in the positive electrode system has led to a reduction in weight
and also increased the power capability of lead-acid cells. The increasingly
widespread use of alloy negative electrodes, based on Pb/Ca, reduces H 2
evolution and water loss, thus minimising the requirement for maintenance.
As mentioned previously, the lead-acid battery has been the popular choice
as a power source both for traction and stationary purposes. Large 1-5 M W
lead-acid installations also have an established history in submarine use, routinely
achieving 2000 cycles.
Industrial development on alkaline electrolyte batteries such as Ni-Zn, Fe-Ni
etc, aims to produce improved energy storage systems for traction applications
in the foreseeable future. The nickel-zinc battery is currently considered as a
possible medium-term EV system. It is analogous to the much more expensive
nickel-cadmium battery. The cell reaction may be written as follows:
Cathode

Anode

2 N i O O H + 2 H 2 0 + Zn

l)ischarge

,

2Ni(OH)2 + Zn(OH)7
Charge

The N i - Z n cell's main drawbacks are its short life cycle, separator stability,
temperature control, high cost and mass production problems. Its short life cycle
is the result of the high solubility of the reaction products at the zinc electrodes.
Re-deposition of zinc during charging causes the growth of dendrites, which
penetrate the separators of the battery and cause an internal short circuit, and
also the redistribution of active material. Possible solutions to the problems of
dendritic growth and slumping of the Zn electrode in alkaline electrolyte are the
use of electrode and electrolyte additives and penetration-resistant separators.
Attempts have been made to suppress the growth of zinc dendrites during the
charge mode by vibrating the zinc electrode.
The robust, long-life nickel-iron battery has become popular again after a period
of 70 years during which its design remained practically unchanged from that
of Thomas Edison; the Westinghouse Corporation has developed an EV system
employing fibrous electrodes and electrolyte circulation.
The Ni-Fe battery is an alkaline storage battery using K O H as the electrolyte.
The cell reaction is:
Cathode

Anode

Discharge

2 N i O O H + 2 H 2 0 + Fe

2Ni(OH)2 + Fe(OH)2
Charge

The main drawback of Ni-Fe batteries for electric vehicle applications has been
their rather low energy density, although recent Japanese and Swedish
developments are fast making it as attractive as the N i - Z n system in this respect.
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The battery, however, also has a low peaking capability, and other drawbacks
are low cell voltage, which leads to more cells being needed for a given battery
voltage requirement, and the low hydrogen overvohage of the iron electrode, which
results in self-discharge and low cell efficiency.
Nickel battery systems will all benefit from improvement of electrochemical
impregnation of the active material. The long life cycle claimed for these
metal-metal oxide cells will lead to good economic characteristics even though
they possess high initial capital costs.
The iron-air battery comprises an anode made of iron and a cathode taking
oxygen from the air. The cell reaction between oxygen from the air and iron may
be given as follows:
Anode

Cathode

Fe+H20+I/202

Discharge

~

Fe(OH)2

Charge

The battery has a high self-discharge level for the iron electrode at low
temperatures, low charge efficiency and its power capacity is limited to
30-40 W/kg.
The zinc-air battery has highly concentrated K O H electrolyte and the
electrochemical reaction is between oxygen from the air and zinc metal. The cell
reaction can be written as:
Anode Cathode

Discharge

Zn + 1/2 02

ZnO
Charge

As with the iron-air system, the zinc-air couple has a poor overall charge-discharge
efficiency owing to polarisation losses associated with the air electrode.
Re-deposition of zinc during charging leads to problems of electrode shape change
and dendritic growth. All these lead to zinc-electrode instability, which is the main
technical problem in the development of this type of battery. The zinc oxide formed
during discharge dissolves in the electrolyte to give zincate ions. Cell lifetime and
efficiency are the main economic problems, which were greatly changed after the
introduction of high-speed circulation of electrodes which aimed to produce zinc
deposits.
Iron-air and zinc-air batteries suffer crucially from the low efficiency of the
air electrode which is also susceptible to damage during charge at useful current
densities. Nevertheless the iron-air battery is being developed for traction purposes
by Westinghouse and the Swedish National Development Corporation who use
wet-pasted carbon and dual-layer nickel materials, respectively, for the air
electrode, both employing silver as a catalyst.
The prospect for zinc-chlorine batteries appears commercially promising since
ZnCI 2 cells will overcome the replating problem of zinc by using an acid
electrolyte containing additional chloride salts. The cell reaction is given by:
Anode Cathode

Discharge

Zn + Clz. 6 H 2 0

ZnCI2 + 6 H 2 0
Charge

Energy Development Associated has proposed a module with an energy capacity
of 1.8 x 108j which stores the chlorine as chlorine hydrate, C12.6H20 below
9°C. Even after refrigeration and pumping losses, the overall efficiency is projected
to be about 0.65, which is comparatively good. The gradual oxidation of the porous
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graphite CI 2 electrode leads to CO 2 generation in the battery. Migration of CI 2
to the Zn electrode during charge, which also tends to evolve H2, leads to a
decrease in efficiency and is a serious problem.
The main problem with the zinc-chlorine hydrate battery is that the system
is too complicated. The auxiliary equipment for refrigerating, heating and storing
the chlorine creates many difficulties and places severe weight and volume penalties
on the system. For example, a 10tzJ storage device will require 60 tonnes of CI 2.
The safety problems of CI~ storage are perhaps the greatest drawback for this type
of cell.
The Zn-Br2 cell, using aqueous ZnBr 2 electrolyte, can avoid storage of free
halogen by using complexing agents to form B r f and Br 5 . General Electric have
developed a laboratory cell with carbon electrodes and a solid polymer membrane
which prevents the bromine-carrying ions reaching the zinc electrode. A system
using a microporous separator and long-life RuO-catalysed titanium electrodes
is under development by Could, USA. These systems will probably withstand
over 2000 charge-discharge cycles.
Advanced batteries, in particular the Na-S couple using a solid state electrolyte,
and the Li-S couple using a fused salt electrolyte, are still under development.
The sodium-sulphur (Na-S) battery is one of the most advanced high
temperature battery concepts. A battery of 106j energy capacity for EV
applications is under way at Chloride Silent Power, UK, in collaboration with
GE, USA. This system is also under development by British Rail in the UK,
Brown Boveri Co. in Germany and Ford in the USA. All these concepts use a
tube of Na-conducting beta-alumina ceramic as an electrode which is able to
conduct sodium ions with molten Na on one side, and a sodium polysulphide melt
on the other contained in a carbon felt for current collection (see Fig. 9.3).
An isomorph of aluminium oxide with the so-called beta-alumina crystal
structure has very high sodium ion mobility above room temperature, as discovered
by Weber and Kummer. Beta-alumina has a layer structure; four layers of closely
packed oxygen atoms contain fourfold and sixfold co-ordinated aluminium in the
same atomic arrangement as spinel, MgAI204. However, the formula of
beta-alumina, Nat + x A l l l O l 7 ÷ l/2x, is not compatible with an infinitely extending
spinel structure, as there is a relative deficiency in aluminium and every fifth layer
of oxygen atoms is only one quarter filled. The sodium ions are found in this
relatively empty layer. When the electrical conductivity of beta-alumina was
measured at 300°C it became clear that the charge carriers were exclusively sodium
ions and not electrons; the application of such materials to secondary batteries
was quickly realised. In the sodium-sulphur battery patented by Ford, rather than
solid electrodes separated by a liquid electrolyte (as in the conventional lead-acid
battery), sodium beta-alumina is used as a solid electrolyte, conducting sodium
ions between liquid electrodes of sodium metal and sulphur. The cell voltage
(2.08 V) is derived from the chemical reaction between sodium and sulphur to
produce sodium I~olysulphide. The theoretical energy density of these batteries
is about 2.7 x 10° J/kg, much higher than the 0.61 x 106J/kg of the lead-acid
battery.
The reaction can be given by:
Anode

Cathode Discharge

xNa + yS

.

NaxSy
Charge
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Fig. 9.3 Schematic diagram of the sodium-sulphur battery which uses a sodium beta alumina
solid electrolyte as the separator between liquid electrodes (sodium anode and sulphur
cathode). The operation temperature is 300-400°C
The first problem in developing beta-alumina electrolytes for sodium-sulphur
batteries includes research into composition, phase equilibria and the influence
of microstructure on the mechanical and chemical properties of beta-alumina.
The second problem is cracking of the ceramic tube and insulating seals, together
with corrosion at the sulphur electrode, leading to shortened cycle life. A third
problem is related to the overall design of the cells and the formation of insulating
sulphur layers at high charging current densities. Despite some progress, much
remains to be done, especially in the field of ceramic production technology, but
if these problems can be overcome the N a - S battery could be very attractive for
power system use.
The lithium-sulphur battery comprises liquid lithium, sulphur electrodes and
an electrolyte of molten LiCI-KCI eutectic at an operating temperature in the
380-450°C range. The cell reaction is given as follows:
Anode

2 Li

Cathode

+

I)ischarge

S

" Li2S
Charge

Highly corrosive liquid lithium attacks the ceramic insulators and separators and
shortens the cell's life. Efficiency is not very high because of self-discharge caused
by lithium dissolving in the molten LiCI-KCI electrolyte.
The use of iithium-aluminium alloys and iron sulphide as electrodes has led
to the development of more efficient Li-S cells with reasonable energy densities.
The reactions in the cell can be written as follows:
Anode

Cathode Discharge

4LiA! + FeS2

Fe + 2LizS + 4AI
Charge
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or
Anode Cathode Discharge

4LiAI + FeS

Fe + Li2S + 2AI
Charge

The Li-FeS battery studied at Argonne National Laboratory, USA, in
collaboration with Eagle-Picher and Gould, comprises multiples of vertical Li-AI
(negative) and FeS (positive) electrodes separated by boron nitrite felt or MgO2
powder. It employs a KCI-LiC1 high temperature eutectic melt as electrolyte,
for which a vacuum multifoil container vessel is needed.
A promising system is solid Li4Si coupled with TiS2/Sb2S3/Bi. Fine AI203
powder, with dispersed LiI, is used as the solid electrolyte. A voltaic pile would
be the best construction for this system with thin-film technology providing the
possibility of low-cost production.
The lithium-titanium disulphide cell has a lithium metal anode and an
intercalation cathode of TiS2. The insertion of lithium ions between adjacent
sulphur layers leads to the electrochemical reaction:
Anode

Cathode Discharge

xLi + TiS2

LixTiS2
Charge

The intercalation reaction proceeds without any change in the host matrix except
for a slight expansion of the c-axis. The charge-discharge process is perfectly
reversible and operates at room temperature. Although the battery is still not
commercially available it attracts considerable attention because of its high energy
density, long life, a leak-proof seal and the ability to indicate the level of its charge.
Redox cells are of considerable promise for power system use, including the
rechargeable flow cell TiCI3TiCI4FeCI3FeCI2. This cell comprises two electrolyte
compartments divided by a membrane. During the discharge mode, FeCI 3 is
reduced to FeCl2, while TiCI3 is oxidised to TiCI~. Chlorine ions (CI-) can
penetrate the membrane between the electrolyte compartments, which preserves
the electroneutrality of the cell. The redox flow cell operates at ambient temperature
and the overall efficiency is 70%. Unlike conventional batteries, there are no
apparent cycle life limitations due to changes in the active electrode materials.
A solid-state battery concept is very attractive for power system applications.
Containment of reactive materials would be an integral part of the battery itself
and corrosion should be eliminated, thus increasing the total life.

9.3 Fuel cells
Fuel cells, distinguished from other secondary batteries by their external fuel store,
have an even longer history than the lead-acid battery. The first hydrogen-oxygen
fuel cell was demonstrated in principle by the English lawyer W.R. Grove in 1839,
although the bulk of the fuel cell's development has been in the last 40 years and
the major application has been in the space industry.
Most research activity in secondary batteries worldwide is concerned with
materials research for advanced batteries, in particular materials for solid solution
electrodes and for solid electrolytes. It should be noted that solid electrolytes are
equally applicable to electrochemical fuel cells.
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The mobile positive ions in the electrolyte m a y be metal ions, produced by the
metal anode supplying electrons to the external circuit in the battery, while in
a fuel cell they may be H ÷ ( H 3 0 ÷), produced by the hydrogen supplied to the
anode. A very simplified transport model is shown in Fig. 9.4.
Let us consider an electrochemical concentration cell with a reaction given by:
electrode 1
X (al)

=

solid electrolyte
conducting X as
an ion

"-'-

electrode 2
X (a2)

The E M F of such a cell may be calculated with the help of the Nernst equation:

E = R T ln(al/a2)/(nF )
where n is the n u m b e r of electrons needed to get one atom or molecule of X into
its ionic form in the electrolyte, and al and a2 are the activities at electrodes 1
and 2.
We can make use of such a cell in the following ways:
(i)

I f a l > a 2 and X is continually added on the left, and removed on the right,
we have a source of e n e r g y - a concentration fuel cell;
(ii) If we apply a greater voltage than E in the opposite sense we can drive X
from one side to the o t h e r - h e n c e we have an ion p u m p or an electrolyser.

As a fuel cell is an electrochemical cell which can continuously change the chemical
energy of a fuel and oxidant to electrical energy with high efficiency, it is not
surprising that a variety of synthetic fuels have been proposed, such as hydrogen,
methanol, a m m o n i a and methane.
H y d r o g e n - o x y g e n fuel cells have attracted special interest mainly because of
the concept (previously mentioned) of hydrogen economy.

waste

Fig. 9.4

~

waste

Schematic diagram of an electrochemical fuel cell
The essential functions of a fuel cell are:
(1) The charging (or electrolyser) function, in which the chemical AB is
electrochemically decomposed to A and B
(2) The storage function, in which A and B are held apart
(3) The discharge (or fuel-cell) function, in which A and B are reunited, with
the simultaneous generation of electricity.
In secondary batteries, the electrolyser and fuel-cell functions are combined
within the same cell. This is a convenient arrangement but is not essential.

140

Energy storagefor power systems

These fuel cells have the overall reaction
H2+1/202~H20
and are attractive because of their high energy density, lack of pollution and high
cell efficiency. As seen from the overall equation, a good hydrogen or oxygen
conductor has to be used as the electrolyte.
The H2-O 2 fuel cell system usually comprises a separate electrolyser and a fuel
cell itself with the gases stored at 25 atm in underground tanks. There is a clear
advantage in combining the fuel cell and electrolyser in the same installation.
Development in this direction is perhaps promising in relation to the solid polymer
electrolyte NAFION, proposed by General Electric, USA. The related H2-C|2
and H2-Br 2 systems appear more promising still and a laboratory H2-Br z cell
(using a NAFION membrane) has demonstrated good efficiency at a useful current
density.
A particular feature of H2-halogen fuel cells, and also redox systems, is that
the capital cost of extra energy storage capacity is independent of the cost of
electrodes but is very clearly related to the electrolyte and battery vessel costs.
These can be quite low, particularly for the H2-CI 2 system, and, if there is
substantial reliance on renewable energy sources (i.e. more than 20% for the UK),
such battery storage could be attractive for application in the power system.
However, their relatively large size would probably create siting problems and
mean that few could be placed close to load centres, thus the desired transmission
savings would not be available.

9.4 Storage unit assembly
As can be seen from Table 9.1, cell voltages Vc are generally quite low. Cell
current is constrained by voltage and inner resistance R c. To create a powerful
storage system special series-parallel cell connection is needed. This strategy was
first developed for large load-levelling installations for power systems but also offers
similar benefits for present-day applications.
If storage rated power capacity P~ and voltage V~ are known, the number of
parallel connected cells np in a module and the number of series connected
modules n, may be calculated from:
,,=

v,/vc

% =L/Ic = (PsRc)/( V, Vc)
It is necessary to add a certain number of redundant cells to each module to
minimise the impact of cell failure on store maintenance; one redundant cell in
five is recommended, i.e. 20% spare capacity. This level of redundancy reduces
the expected number of module repair operations to one per installation per 10
)'ears, as compared to 60 with no spare cells and 8 with 10% spare capacity.
The cells in each module have to be arranged in two rows and are supported
by a conductor beam located between the two rows. Each cell has to be attached
to the beam with the help of a cell-shaped band welded to the beam. A number
of bands have to be placed at the end of each module to receive 'booster' cells.
These are the means of repairing a module in situ should this be necessary at

I

'

:~

--

~0

u

.-N

I

o~e"

o

•

EP
E'6
0
>.

~0
>,

~

0
"~

=o~

~

~,~-

o

~=

~.,.-

E
O0
>
"0

"6

C

c~E

0~

o

0

°,~Eo
c~

° - ~ - ~ c~
13-

3

0

~

tf~

I-0

~o~,
0

0

_

~o~,
0

o o

0 0 0 0

O~

Ckl

~---

oooo
~I

~

~

O0

~--

,~

9~9

t,~

.~o

LO
0 0 3 0

_

~o~o

oo~-

~
o

•

,oOO~O

~

~-

~

e0

Electrochemical ener#y storage 141

Oo~o,
0

0

I

0

~

= ~ ~

~ ~

~ ~

+o~~

0
tO

I

0

0

o2oY6

142

Energy storagefor power systems

any time over the battery's lifetime. This maintenance concept minimises battery
repair time since defective modules do not need to be removed for change, and
considerably simplifies the central store support frame, which comprises columns,
longerons and lateral interties. The module support beams are cradled on the
longerons and are electrically isolated from the main frame. The central store
comprises interconnected cell modules, intermodule busbars, module separators,
the support frame and an insulated enclosure. This is shown conceptually in
Fig. 9.5.
Each cell has to be provided with an external fuse for protection of the central
store against cell failure during a short-circuit mode. A fuse has also to be provided
at any central store terminal to protect the cell fuses from an external system fault.
Power contactors and manual circuit breakers have to be used to disconnect the
central store from the DC bus for the holding mode or for maintenance.
A simplified electrical schematic of a central store is shown in Fig. 9.6.

9.5 Thermal regime
Lead-acid cells do not require any special temperature regime, but if advanced
b a t t e r i e s - s u c h as sodium-sulphur or lithium-sulphur c e l l s - a r e involved,
maintenance of the temperature regime becomes important. The thermal control
equipment comprises electric heaters within the central store's core, and heat
exchange panels which form the interior ceiling of the CS enclosure. Natural
convection currents within the CS could be promoted by an inclination of the
interlayer separators and enclosure ceiling, as shown in Fig. 9.7. The strip heaters
include module bypass and reserve units providing redundant capability for
maintaining a minimal cell temperature under all conditions.
Owing to the cells' internal resistance there is significant waste heat rejection
during the battery charge and discharge modes. Internal heat dissipation increases
over the life of a cell due to increased internal resistance with age.
Dissipation is also greater at the end of discharge owing to entropic heating
and to reduced cell voltage, and, hence, greater battery current for the same
delivered power.
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Battery thermal losses are approximately linear with cell/ambient temperature
difference and, despite the significance of these losses, they are comparable to
the waste heat rejection rates of the cell during both charge and discharge regimes.
During charge the waste heat rejection exceeds the thermal loss and the battery
temperature rises without heater operation. Normally, a keeping regime will follow
the charge period. Operation of the heaters during this idle period can then
complete the recovery of battery temperature to the required level.
The internal heating rates are substantially greater on charge than on discharge.
This is due to the higher charging rates required for recovery from extended
discharge and is only slightly compensated by entropy effects within the cells.
So special heater operation, and therefore energy consumption, is needed during
the discharge regime. To reduce the need for heater operation on discharge it
would be reasonable to use heat accumulated in the core of the central store during
the charge regime, allowing the battery to cool down only to a certain temperature,
say 300°C for sodium-sulphur cells, for example. This certainly restricts the
permissible duration of the storage keeping regime, but for daily regulation storage
no additional heat is needed.
It should be noted that thermal losses do not affect the system's peak power
requirement. Once the battery is fully charged the available system power is more
than enough for heater operation. Also the thermal losses do not impact on the
required storage energy capacity. At the beginning of storage life the redundant
cells provide the necessary energy capacity to satisfy the heater requirements for
extended discharge at the rated energy output. At the end of the cell's life no heater
operation is required at all for extended discharge.

9 . 6 The power e x t r a c t i o n

system

Any secondary battery, or cell, uses direct current. Since all power systems are
AC, a power transformation system for this kind of storage has to convert DC
to AC. The most efficient way of doing this is by the use of a thyristor-based rectifier
and inverter. Since, during their operation, both the rectifier and inverter consume
reactive power, special reactive power compensation equipment is needed. The
AC/DC rectifier/inverter has to be coupled to a power system with the help of
an AC transformer since the system voltage is usually much higher than the storage
working voltage. Hence the PTS for battery storage has (at least) to comprise:
AC/DC rectifier/inverter, reactive power compensation equipment and AC
transformer.
There are two different types of AC/DC convertor design:
- Line-commutated
- Force-commutated
A line-commutated convertor has a lower capital cost and, in addition, no special
precautions are needed to protect the storage plant from faults on the AC system.
The main advantage of the more expensive force-commutated convertor is
allowing the storage at, for example, an 11/33 kV substation to supply consumers
on the 11 kV side even after disconnection on the 33 kV side. If not specially
designed, the battery alone would hardly be able to support the substation load,

Electrochemical energy storage 145
but it is extremely valuable for power system stability maintenance as well as for
so-called uninterruptible power system designs.
Battery storage is shown schematically in Fig. 9.8. Thyristor-based PTS will
be considered in more detail in the next chapter.
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Capacitor bank storage

10.1 Theoretical

background

Energy can also be stored in the form of an electrostatic field. Let us consider
an electrical capacitor, i.e. a device which can collect electric charge which is
establishing an electric field and hence storing energy. The capacitance C of a
capacitor is defined by the amount of charge q it can take up and store per unit
of voltage:

C= q/V c
where Vc is the voltage of the capacitor.
As an example, let us take a plate capacitor with plate area A and distance d
between its plates, as shown in Fig. 10.1. From the definition of capacitance it
follows that the capacitance of the capacitor is:

C = K A/d
So-called dielectric materials can be polarised and, if used as a medium, the total
charge stored in a capacitor using such a material will be increased.

t

\

4-

Fig. 10.1

Parallel plate capacitor
1 capacitor charge
2 electric field
3 dielectric material
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T h e properties of this m e d i u m m a y be described by the constant K called the
permittivity, which is m e a s u r e d in f a r a d / m since both A and d have metres as
the basic unit. T h e electric field E is h o m o g e n e o u s inside the plate capacitor only
when tile distance between the plates is small. In o r d e r to keep the charges at
the plates divided, and thereby to m a i n t a i n the electrostatic field, the dielectric
m e d i u m must have a low electronic conductivity; so we are looking for dielectric
materials with high permittivity.
Let us consider a series R C circuit which is connected to a constant voltage
source V as shown in Fig. 10.2. W h e n the switch is closed a transient process
which can be described by Kirchhoff's circuit equation begins:
V - i(t)R - Vc = 0

A c c o r d i n g to the basic definitions voltage and charge are described by V, = q / C
and q = i(t)dt; then K i r c h h o f f s circuit equation will be given by:
V - i(t)R - i(t)dt/C = 0

After differentiation and r e a r r a n g e m e n t , K i r c h h o f f s circuit equation can be
rewritten as:

or

- Rai(t)/~t - i(t)/c = o
I di(O/i(t) = - I dt/Rc

T h e solution of this equation is shown in Fig. 10.3 and m a y be given as follows:

i(t) = I,,~ ,~ecl
where i(t)= circuit current at a given time t
I 0 = circuit current at a zero time
R = total circuit resistance, c o m p r i s i n g capacitor i n n e r resistance Ri,
c o n n e c t i n g lines r e s i s t a n c e R c a n d s o u r c e r e s i s t a n c e R,:
R = R i + R c + R,.
T h e current at t = 0 is limited by the total resistance R
I 0 = V/R

circuit
current, I reactance, R

caimans, C

electromotive
force, V
]-,

Fig. 10. 2

Series R C circuit
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Transient response of a series R C circuit

According to the definition the time constant r is the time taken to end the process
if the rate of change was constant. The time constant can be calculated by
differentiating the expression for current, taking into account that the value of
i(t) at t = 0 is I 0. Hence the time constant is the capacitance times the total circuit
resistance:

r=RC
It follows from the solution of Kirchhoffs circuit equation that the current at t = 7"
is 0"3710. The time it takes to charge a capacitor equals 5 r since, by that time,
the whole charging process has effectively been completed. T h e time constant for
discharging is exactly the same as for charging, but the current, b6ing equal to
zero at the beginning of the discharge regime, becomes equal to I 0 at the end
of the process.
Let us calculate the amount of energy stored in the capacitor. Since voltage
is defined as work or energy W per charge unit:

V= dW/dq or d W = Vdq
Kirchhoffs voltage equation can be transformed to an energy equation by
multiplying each term by charge. The energy equation will therefore be as follows:

Vdq - i(t)Rdq - qdq/C = 0
or

dW, = dW, + dWc
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It is clear from the energy equation that, of the total a m o u n t of energy d W t
consumed by the power source, a certain part d W , is wasted as heat in circuit
resistance and a certain part dWc is stored in the capacitor. T h e increment of
stored energy is given by:
d W c = qdq/ C

So the energy stored in the capacitor m a y be calculated as:
W~ = O. 5q~/C

or, since by definition q = C Vc, this solution can be rewritten as:
wc = c v~/2
or

w~ = q vc/2

T h e total a m o u n t of energy W~ supplied to the capacitor by the extremal source
during a charge period is q V~. So it is not difficult to calculate the charging
efficiency ~, which will be given as:
~, = W / W ~ = O. 5q V / ( q V,)

Since at the end of the charge period V~= V, this efficiency is exactly 50%, which
is not particularly impressive.
T h e only possible way to increase the charge efficiency of capacitor-bank storage
is to control the power source voltage V, so that the charging current is constant.
By definition the volume energy density is given as follows:
w = dW/d(Vol)

In the case of a homogeneous field w is constant and therefore
w = W/(Vol) = 0.5 CVc2/(dA)
At a given voltage V~, the energy contained in the electric field is proportional
to the capacitance, which again is dependent on the m e d i u m in which the field
exists.
Using the relationship between the electrostatic field and the voltage, E = V/d,
as well as formulae for the parallel plate capacitor's capacitance
C = x.4/d

we get
w = O. 5 r.AE2el2/(d2A) = O. 5KE 2

10.2 Capacitor storage media
The quantity of energy stored is dependent on the ability of the material to polarise
when placed in the electric field between the plates of the capacitor. Most insulators
have a relative permittivity (Kr) of 1 tO 10 c o m p a r e d to that of vacuum or dry
air (K0), the relationship being
K = KoK r
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All materials which comprise dipoles may be polarised and they have a relative
permeability, also called the dielectric constant rr, greater than unity. Teflon, for
instance, with a rr value of about 2, will double the energy content when placed
between the plates of a capacitor. Some compounds, such as titanates, have K~
values up to 15 000, and they are therefore often used as dielectric materials in
capacitors, especially where small size and large capacitance are required. It should
be noted that the farad is a rather large unit and, in practice, capacitance is
measured in units of picofarads (1 pF = 10-17 F) or microfarads (1 mF = 10 -6 F).
The whole Earth as a spherical capacitor has a capacitance of much less than 1
inF. In order to calculate how much energy the radial field of the earth contains,
if the Earth were charged to thousands of volts relative to deep outer space, the
energy stored in its radial electrostatic field would be of the order of magnitude
of one joule.
Calculations show that ordinary capacitors can store only very limited amounts
of energy because of their small capacitance. For example, let us take a 10 7 V / m
field in a good insulator with K = 10-I1 F/m. For these conditions the volume
energy density will be
w = 0.5~E ~ = 5 x 102 J / m 3
This, of course, is a low value compared to chemical storage.
The development of solid ionic conductors in recent years provides the prospect
of capacitance in the range of 1 farad in a volume of only 1 cm 3, many orders
of magnitude more than the best dielectric materials.
Most capacitors have extremely small internal resistance R i. This means that
the power density can be quite high when a capacitor is short-circuited compared
to chemical storage with high internal resistance. Therefore capacitor-bank energy
storage will find valuable applications where a source of very high power is
required. Where electrochemical processes are also involved, such storage media
will be of importance in future in vehicle regenerative braking systems, for
example, where the energy requirement is moderate but the power.requirement
is essential.

10.3 P o w e r extraction
The power transformation (extraction) system for capacitor-bank storage is
practically the same as for chemical storage. It uses a thyristor-based A C / D C
convertor and all the relevant devices: AC transformer, reactive power sources
etc. A circuit schematic for a PTS is shown in Fig. 10.4. The main requirement
for a capacitor-bank energy storage PTS is the necessity to change the polarity
of the central store when changing working modes from charge to discharge. This
requirement doubles the PTS size, and therefore cost, compared with that for
a magnetic energy storage system (which will be considered in the next chapter).

Capacitor bank storage 153

2

3

£.

\
I
I
I
L_

8

Fig. 10.4

7

Circuit diagram of a capacitor bank energy storage system
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polarity switchgear (CDCS)
capacitor bank (CS)
control system (CDC8)
reactive power compensation
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Chapter 11

Superconducting magnetic energy storage

11.1 Basic principles
Completely novel, based on the development of superconductors, is the possibility
of storing significant quantities of energy in magnetic fields.
Let us consider a series R L c i r c u i t - a simplified diagram of superconducting
magnetic energy storage (SMES) as shown in Fig. 11.1. Here R is the total
resistance of the electrical circuit between the source of the power supply of voltage
V and the magnetic coil of self inductance L. The total resistance, comprises the
internal resistance of the source and resistance of the coil. When a coil is connected
to a constant voltage source, the electric current varies with time: it is zero at
t = 0 and it stabilises at I=ox when the magnetic field has been built up. If the
switch in Fig. 11.1 is closed a transient storage process will start and electrical
current i(t) through the circuit will rise during charging and fall during discharging.
The transient process equation may be written as follows:
i(t) = ( V + e,)/R

where e~ is the induced electromotive force (EMF)
e, = - L di(t)/dt

current, I

circuit
reactance, R

i

I

self-fnduclance
coefficient, L

T
Fig. 11.1

Series R L circuit

Superconducting magnetic energy storage

155

Since i(t) = 0 while t = 0, ihe solution of the transient process equation will be given
as follows:
i(t) = Im,x { 1 - e ( - l+ t/L) ]

and is shown in Fig. 11.2. Here Ira, x = V/R. T h e time constant is L / R and its
form is shown in Fig. 11.2.
Multiplying each term of the transient process equation by i(t)dt we can get
the energy equation:
Vi(t)dt - fl(t)Rat - Lai(t)/at i(t)at = o
or

aw+ = d w , + a w , .

T h e energy supplied from the external source, dW+, divides into two parts, one
of which is the energy content of the magnetic field (dWm) and the other is the
energy losses. It takes energy to build up the magnetic field and that energy can
be released again during discharge as an electric current in a circuit containing
load.
The energy stored in the magnetic field, dW,~, is given by:
d W , . = Li(t)di(t)

Since L is a constant it follows that
IV,, = L I I...... i(t) di(t) = 0 • 5L/ma
2 x
0

i(l)

0.631,.

I

I

I

I

I
I"

Fig. 1 1 . 2

't

l

Time variation of current in an R L circuit
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The energy content in an electromagnetic field is determined by the current I
through the N turns of the coil of" the magnet. The product N I is called the
magnetomotive tbrce. Using another expression for induced E M F in the coil,
e, = - N drb/dt
W,,, =

So

Ni(t) dO =

o

i

l A H dB = Vol
o

i

H dB
0

Since there is an approximately linear relationship between H and B the solution
will be given from:

w,,,=o.5

rot ~ H ~

or
IV,,, = O. 5 Vol B"Ig

where 4~ = magnetic flux
B = induction
l = length of the magnetic field
A = area of the magnetic field
N = n u m b e r of turns of the coil
B = permeability
L = self-inductance
Therefore, at any moment of time, the stored energy is given by half the product
of the inductance and the square of the current, or by half the product of the flux
density and the magnetic field integrated over the whole volume in which the field
is significant. The volume energy density can be obtained from these equations
as follows:
w=0"5

~t H 2 = 0 . 5 H B = O ' 5 B 2 / ~

The energy density that can be achieved in a magnetic field of, for example, B = 2T
is approximately 2 x 106 J / m ~, which is an order of magnitude or more greater
than that attainable in an electrostatic field. However, it is still not too impressive
in comparison with chemical batteries.
A superconducting coil can be connected to a constant D C power supply. As
the current of the coil (which is pure inductance with inner resistance equal to
zero) increases, the magnetic field also increases and wholly electrical energy is
stored in the magnetic field. Once /max is reached, the voltage across the coil
terminals is reduced to zero. At this stage the coil is fully charged and the energy
can be stored as long as is desired. In contrast, a conventional coil made of copper
windings with a particular resistance would require continuous power input to
keep the current flowing.
The idea of storing electricity in a very large superconducting magnet is, at
first sight, very attractive and might be arranged as shown in Fig. 11.3. H a v i n g
negligible losses, such a storage system would have a very high efficiency, could
feed straight into the electrical system and, theoretically, could be built on a very
large scale.
The following specific problems need to be resolved before S M E S can be in
widespread use for storage in power systems:
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Experimental SMES composition

- C o m p e n s a t i o n for stray fields
- Effects of electromagnetic forces on conductors and support elements;
Protection against sudden a p p e a r a n c e of n o r m a l l y c o n d u c t i n g zones.

-

Let us now consider these in m o r e detail.

11.2

Superconducting coils

S u p e r c o n d u c t o r s are able to carry very high current in the presence of high
magnetic fields at low t e m p e r a t u r e s with zero resistance to the steady flow of
electrical current. Unless their critical v a l u e s - t e m p e r a t u r e T~, induction B c and
current density So--are exceeded, s u p e r c o n d u c t o r s show no resistance and thus
are able to c a r r y high direct current without any losses. T h e high current density
allows a device to be considerably m o r e c o m p a c t c o m p a r e d with conventional
devices designed for the same application. All these factors suggest that
superconductors will find useful applications in power systems.
Technical superconductors are normally made of NbTi or Nb3Sn
multifilaments e m b e d d e d in a copper or a l u m i n i u m stabilisation matrix, as shown
schematically in Fig. 11.4. At present, Nb:~Ti s u p e r c o n d u c t o r s are m a i n l y used
tor reasons of ease of manufacture. T h e critical values of Nb47%Ti range from
zero up to
T, ( B = 0 , S = 0 ) = 9 . 2

K,

Be(T= 0, S = 0 ) =

15 T

and

S,(B = 0, 7"= 0) = 104 A / m m 2
C u r r e n t density Sc decreases with increasing values of B and T; for e x a m p l e

S,(B = 5T, T = 4-2 K) = 2300 A / m m 2
If the s u p e r c o n d u c t o r becomes n o r m a l l y conducting, the current transfers to the
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Superconductive wire seen in cross-sectional view

stabilisation matrix thus avoiding destruction of the superconductor by
overheating.
Since ferromagnetic materials do not apply to inductions higher than 3T, coil
arrangements used for superconductor magnetic energy storage are usually placed
in such media as air or vacuum with ILl= 1. In order to obtain high values of W,,
with a given coil current I, which is limited by the applied superconductor, the
total self-inductance L of the storage has to be made as high as possible by choosing
a suitable coil geometry.
There are three concepts of superconductive magnetic energy storage (SMES)
design:

-

Circular shape single solenoid;
Series connection of coaxial solenoids;
Circular, oval or D-shape torus comprising series-connected single coils.

Solenoids are characterised by the length/diameter (aspect) ratio P. Long solenoids
with P~. 1 store magnetic energy mainly inside the coil, flat solenoids with P < 1
in the exterior space of the coil. Flat solenoids make more efficient use of a given
quantity of superconductor. The electromagnetic forces of a solenoid, as shown
in Fig. 11.5, are work-expansive in radial and work-compressive in axial directions.

Fig. 11.5

Winding stress diagram
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Toroidal storages, composed of single coils, have a minimal external field, but
use about double the amount of superconductor. The electromagnetic forces are
dependent on the circumference co-ordinates of the single coils, which causes a
resulting radial force towards the centre of the torus.
Some values of superconducting coils for different SMESs are given in Table
11.1. All the data are for a working temperature of 1 "8 K, a current of 757 kA
and a magnetic field of 6 T.
All SMES projects for power system application suggest coils with a high
magnetic field. A field of 5 T, for example, is equivalent to a pressure of 100 atm.
The design of large coils is therefore dominated by the enormous electromagnetic
forces tending to burst them and, for solenoids, also to crush them axially. The
cost of a self-supporting structure to contain these forces would almost certainly
make an SMES extremely expensive, so all proposals for large SMES systems
suggest placing the windings in circular tunnels cut in bedrock. If the installation
is deep enough, the weight of the overbearing material ensures that the forces
in the rock remain predominantly compressive, and therefore compensate the
SMES electromagnetic forces. Since the thickness of the winding and its enclosing
vacuum and helium jackets will be small, only a relatively small amount of rock
needs to be excavated.
To store the energy applicable in the power system, a very large coil of about
100 m diameter is needed and, in general, the minimum amount of material for
a given energy will be required.
SMESs in the range of 10 l~ J should be designed according to the concept of
series-connected coaxial solenoids. SMESs up to 109j are preferably designed
to be circular shape single solenoids or circular shape toruses, which are more
suitable.
A schematic arrangement for a 10 000 M W h or 36 x 1013 J SMES, based on
work done at the University of Wisconsin, is shown in Fig. 11.6. Dividing the
winding into three, in a stepped arrangement as shown in Fig. 11.5, helps to reduce
the field and the axial compressive forces at the ends of the winding, and provides
additional rock ledges for their support. Some typical values for the dimensions
and operating parameters of this type of store are given in Table 11.2. A sound
and stable geological formation is needed, but the scale is not large by mining
standards.
11.3 Cryogenic

systems

The cryogenic system of a SMES device comprises a refrigerator, where a coolant
has to be prepared, and a cryostat-storage vessel where a superconducting coil

Table 11.1

Parameters of coils

Energy capacity
Outer radius, m
Inner radius, m
Height, m
Number of turns
Inductivity, Hn
Force, N

3.6x10 ~3J
100.5
146.2
16.2
2675
2920
6.85x10 ~1

3.6x1012 J
74.5
68.0
7- 5
1240
292
1.48x101~

3"6x1011J
34.6
31.6
3.5
576
29.2
0'319x101~
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Fig. 11.6 Cross-sectional view of a conceptual 10 000 MWh undergroundsuper-conducting
energy store with the main winding divided into three sections
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guard coil
rock base
access shafts
windings
cryostats

is placed to be refrigerated and thermally isolated from the environment.
The cooling system is usually based on liquid helium as coolant, either in a
helium bath or by forced circulation. This removes all heat entering the cryostat
and thus ensures the superconductor temperature does not exceed its critical value
anywhere. With regard to the limited efficiency of the refrigerating plant, the heat
input through supply leads, mechanical supports and radiation should be as low

Table 11.2

Typical parametersfor a large superconducting magnetic energy storage system

Total stored energy
Available energy
Discharge time
Maximum power
Maximum current
Maximum field (occurs at the conductor)
Mean diameter of winding
Total height of windlngs
Mean depth below surface
Efficiency (assuming one complete charge/discharge
cycle per day)
Converter losses
Refrigerator drive power

10 000-13 000 MWh
9000-10 000 MWh
5-12 h
10O0-2500 MW
50-300 kA
4-6 T
300 m
80-100 m
300-400 m
85-90O/o
2% of mean power rating
20-30 MW
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as possible. It can be minimised by providing intermediate cooling, so-called
thermal shields. Thermal effects caused by the SMES electrical current are
normally small compared with the heat transfer mentioned above.
The refrigerator consumes electrical energy, thus decreasing the SMES
efficiency. The refrigerator's power consumption P,-~.tranges are approximately
300-1000 times the cooling power (thermal output); the refrigerator's cycle
efficiency ~,r, is given by:

~,:,,

=

E,/(E, + t~,, P,~/)

where E, = stored energy
t~, = cycle duration
A value for cycle efficiency is essential to calculate the total efficiency of a SMES
system.
Coil refrigeration and thermal insulation are extremely difficult technical
problems, since low temperatures (around 1.8 K) are needed to enhance the
superconductor's current-carrying ability and take advantage of the improved heat
transfer provided by superfluid helium II.
Circular-shape vessels containing the superconducting coil must be placed in
a vacuum stratum to prevent any heat transfer from outside to the cooled part.
At the same time, mechanical stresses have to be transmitted from the coil to the
supporting rocks through special struts with as low a thermal conductance as
possible. It has been proposed to use a corrugated arrangement of both conductor
and vessel walls; such an arrangement reduces the tensile forces in the conductor
and allows for movement caused by magnetic pressure and thermal contraction.
In addition, it becomes possible to use thin walls for the cryostat, which usually
comprises a number of thermal shields, as shown in Fig. 11.7. Each of these is
refrigerated to a certain temperature in order to reduce the heat load at the lowest
temperature, 1.8 K, as much as possible. One or more points on each of the
supports must also be refrigerated (see Figs. 11.7 and 11.8).

~-4

Fig. 11.7

Cryostat in cross-section
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80 K temperature screen
20 K temperature screen
4.2 K temperature screen
cryostat support
shaft
1.8 K liquid helium
superconductive winding
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Power

extraction

A superconducting coil is, in fact, a source of variable direct current. T o couple
this source to a constant voltage AC power system a special power transformation
system is required. Rectifying and inverting systems of this type arc already in
use for coupling DC connection lines to the AC power system. By adjusting the
thyristor's delay angle, smooth and rapid change of charge or discharge rate, and
even a quick change of regime, becomes possible within one cycle of the power
system frequency.
A typical SMES configuration comprises two 6-pulse thyristor G'reatz bridges
series-connected to the superconducting coil on the DC part of the bridge and
coupled through an AC transformer to a power system on the AC side of the bridge,
as shown in Fig. 11.9.
Since any convertor is a considerable consumer of reactive power, its
compensator is an essential part of this type of PTS for SMES.
An attractive feature of such a PTS is its high efficiency: losses attributable
to the solid-state bridge conversion (AC/DC and DC/AC) are estimated to be
between 3% and 8% of the total stored energy. At a given coil current (I~), the
proper delay angle is calculated for the required active and reactive convertor
power, P and Q; this calculation is typically performed at 30 ms intervals.
When the phase delay angle p is less than 90 °, the bridge operates in rectifier
mode and acts as a load of S = P +jQ for the AC power system. Alternatively,
ifp is set above 90 °, the average convertor voltage becomes negative, the active
power P changes sign and the bridge becomes a kind of power source for the AC
system. This is caused by the fact that only unidirectional flow of current is possible
through the convertor. Therefore, with p > 90 °, the 3-phase bridge operates in
inverter mode. The rectifier/inverter behaviour of the convertor can easily be
explained by its circular PQ diagram which describes the operating conditions
in the vohampere plane.
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Proper control of the delay angles of these bridges makes it possible to control
the rate of active-power consumption/generation and reactive-power consumption
independently, rapidly and smoothly at the bus where an SMES is placed, and
therefore all thyristor convertor-based storages can be applied to power system
stabilisation.
Line-commutated convertor bridges have a limited delay angle ofPma, = 140°,
thus avoiding the risk of commutation failure. It is clear that this limit substantially
reduces the operational range of the convertor bridge when working in the inverter
mode. An additional limitation may arise from the harmonic impact of AC bus
currents. This limitation is difficult to quantify in terms of the thyristor delay
angle because the total harmonic distortion ( T H D ) of the AC bus voltage and
current depends on the AC network parameters and scheme.
Simultaneous control of both active and reactive power can only be achieved
using thyristor Greatz bridges over a limited range, and this, of course, limits
the effectiveness of SMES applications for power system stabilisation. On the other
hand, recent developments of the gate turn-off thyristor ( G T O ) allow us to design
a convertor which has the ability to control power within a circular range containing
four quadrants in the active and reactive power domain. It is in this way that
it is likely that the effectiveness of using SMES as a stabiliser in power systems
will be improved.

11.5 Environmental and safety problems
An obvious problem associated with solenoidal magnetic coils is the compensation
of external stray fields. The field falls off approximately as the inverse cube of
the distance from the centre of the coil, but one must go 1 km from the centre
of the SMES shown in Fig. 11.6 before the field has dropped to a few millitesla,
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and even this is not enough since, for example, the Earth's field is about one
twentieth ofa millitesla. Since sufficient reduction cannot be obtained by reasonable
distance and depth alone, a guard coil with a magnetic moment e q u a l - b u t in
the opposite s e n s e - to that of the SMES central store has to be added to the SMES
system, as indicated in Figs. 11.6 and 11.11. By using a much larger radius, fewer
ampere-turns are required and the decrease in stored energy is a few per cent
only. The strav field then falls offroughly as the inverse fourth power of the distance
and at 1 km would be down to.just a few tenths of a millitesla. The exact level
to which the outer field must be reduced in order to avoid negative effects on
people, power transmission lines, aircraft and bird navigation, nearby ferrous
metals and so on, has not been investigated yet, but it does not seem that the
problem differs seriously from that of high voltage transmission lines.
As any other superconducting device, operational SMES always runs the risk
of the sudden appearance of normal conducting zones and their expansion; socalled 'quenches'. To reduce the probability of quenches to a minimum, it is
recommended that well-stabilised superconductors are used with a short distance
between the superconductors and cooling tubes. Normal conducting zones are
then suppressed by removing all ohmic heat by thermal conduction and by coolant
without increasing the temperature of the adjacent sections above their critical
values. Single quenches cannot, however, be excluded totally, and an external
protection system is therefore needed. As materials at low temperatures have very
small heat capacities, loss of superconductivity leading to ohmic heat release may
cause a dangerous rise in temperature and destroy, if not blow up, the
superconducting coil. The detection and handling of quenches is an essential part
of any SMES system.
A superconducting coil is an inductance without resistance which, in normal
operation, is equal to an EMF only. Any additional voltage rise is likely to be
caused by normal conducting zones and therefore indicates a quench. Quench
detection systems, therefore, should be based on measurement of the single coil
voltage for a torus, or coil section voltage for a solenoid, and of the time derivation
of the current. If the measured value of V differs from the EMF calculated on
the basis of the first derivative of current with respect to the time measurement,
a quench has taken place and protective measures must be started.
However, eddy currents can cause parasitic voltages by magnetic coupling and,
in this way, can simulate a quench. Therefore it is better to compare the voltage
difference with a particular threshold voltage which allows consideration of the
uncertainties in measurement and the effect of eddy currents.
A thermal supervision system which controls both coil temperature and magnetic
induction at the maximum points should also be added to the electrical quench
detection system (Fig. 11.10). This will enable control of storage current to the
maximum permissible at any time, and avoidance of quenches caused by exceeding
the superconductor's critical values (if the actual values are known).
After detection of a quench, the damaged coil must be protected against local
overheating by discharging it promptly; otherwise the zone with normal resistance
would expand quickly along and across the coil windings causing ohmic heat release
which can seriously affect the cooling circuit.
There are two methods to get the coil quickly discharged: (i) discharge of all
central store coils; and (ii) discharge of the affected coil only.
De-excitation according to the first method can be done either by discharging
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Fig. ::.~0 Principle arrangement of a control and protection system for SMES (network
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back the stored energy into the power system or by converting it into heat through
the resistance situated outside the refrigerated storage vessel. Since the total
inductance of the central store is high, prompt discharge requires high voltages,
which are strictly limited by the power transformation e q u i p m e n t - A C transformer
and AC/DC convertor--and by the supply leads into the refrigerated storage vessel,
a cryostat.
An alternative method which guarantees very fa~t de-excitation and a
homogeneous distribution of released heat by means of internal ohmic heaters
is not recommended, since all the stored energy is released inside the cryostat.
The temperature of the coil does not exceed the limiting values, but it would be
necessary to evaporate the helium before it expands and blows the cooling tube
to pieces. The consequence is a long cooling down period during which the SMES
stands idle.
The coils of a toroidal central store can be discharged separately using by-passes
like psn-diodes or thyristors. The superconducting dipole and quadrupole magnets
of the accelerator plants H E R A and C E R N are by-passed by diodes. Since an
SMES coil has considerably higher coil reactance voltages, thyristors are needed
to by-pass it.
By-passing keeps the central store functioning and enables the damaged coil
to be recooled. In torus-shaped coils each by-passed coil decreases the total
inductance of the central store, which leads to a current increase, since the magnetic
field cannot be changed immediately. If the current is going to exceed the limit,
which may be either the actual critical current of the superconducting winding
or the maximum permissible current of the supply leads and the AC/DC convertor,
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no additional coil may be by-passed, even if it is affected by a quench itself.
As the current commutates more rapidly to the by-pass thyristor at higher coil
voltages which are caused by the normal zone's resistance, it would be reasonable
to fire the coil's heaters, thus creating a normal homogeneously conducting coil,
to avoid hot spots in the starting region of the quench. A residual current keeps
flowing in the coil, increasing as the coil's temperature decreases and thus
preventing it from becoming superconducting. The central store must be
discharged in any case, whether or not the coil is by-passed. However, by-passing
enables the protection system to save almost all the stored energy.
By-passing is also applicable to solenoid-shaped central stores, if the coil is
divided into a certain number of sections. The magnetic connection between the
sections, being higher than between the single coils of a torus, improves the current
commutation from the coil section to the by-pass.
To ensure short outage time and full energy saving in the case of failure, SMES
protection systems should be designed to be selective. By permanent control of
current and coil voltage it is possible to detect a quench immediately. By measuring
the temperature and obtaining the magnetic induction, this fixes the actual
permissible current, and, by keeping a secure difference between it and the
superconductor's critical values, reduces the probability of quenches. In the case
of a quench, the protection system first fires the by-pass thyristor and the heater
of the affected coil and switches the AC/DC convertor to inverter mode, thus saving
the stored energy or discharging it into the power system. If the power system
is not able to absorb the energy, the SMES should be separated from it, and the
stored energy will be exhausted through the discharge resistance. If more coils
become normally conducting, they are by-passed unless the current exceeds its
permissible value. In that case all the heaters are fired and the stored energy is
exhausted by the total resistance of all the storage coils.

11.6 Projects

and reality

A number of companies in the UK, USA, Germany, France, J a p a n and Russia
started SMES R&D work in the early 1970s. Since that time many SMES projects
have been proposed, but only some have been put into practice. The leading roles
belong to the USA, Russia and Japan. As reported by the Soviet Academy of
Science, the first Russian experimental SMES of 104J energy capacity and with
a rated power of 0,3 M W was connected, through a 6-pulse thyristor inverter,
to the Moscow power system in the 1970s. This experimental SMES was
constructed by the High Temperature Institute (IVTAN), which has subsequently
been involved in a number of other SMES projects. Since 1989 this work has
been done within the framework of the Russian State Scientific 'High Temperature
Superconductivity' Programme. IVTAN's latest achievement is a 100 MJ 30 M W
SMES installed in the Institute's experimental field, and is connected to the nearby
11/35 kV substation owned by Moscow Power Company. The electrical proximity
of the 22 M W and 100 MW synchronous generators, as well as a specially designed
load simulator, provides possibilities to conduct full-scale experiments on an
SMES's influence on power system behaviour under normal and fault conditions.
The main particulars of this SMES design are given in Table 11.3. The
superconducting coil is able either to store or release 50 MJ in normal mode, and
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up to 100 MJ in a so-called forced regime; its time constant is up to 3 s. In order
to extend the experimental facilities, the coil design permits variations of the SMES
parameters over a wide range. For that purpose, the coil is sectioned and each
section can be connected with the others in either parallel or series.
The line-commutated, thyristor-based reversible convertor comprises four
6-pulse Greatz bridges, each operating at 1 kV 5 kA, which permits overloading
up to 8 kA. Each Greatz bridge is connected to the grid through its own AC
transformer. This scheme provides the required flexibility and consumes minimal
reactive power.
If the attractiveness of such devices is confirmed, a commercial pilot SMES
construction, the main details of which are given in Table 11.4, will be proposed
for different roles in a power system.
The first SMES for both experimental and commercial use has been designed
by LASL and built for the Bonnevile Power Company in 1982. It was in use for
some five years and was then dismantled for research purposes. Its main
parameters are given in Table 11.3 and may readily be compared with the I V T A N
scheme. The 30 MJ unit has been used as a stabiliser for power system damping
of oscillations in a 1500 km long transmission line.
LASL has also proposed a large SMES for load-levelling purposes, as shown
schematically in Fig. 1 I. 11. Its parameters are given in Table 11.4 and can be
compared with the Russian pilot project.
According to the LASL reports, the costs of SMES construction are roughly
distributed as follows:
- Superconducting winding,

Table 11.3

45%

Leading parameters of small-scale SMES projects

Parameter
Energy capacity, MJ
Rated power, MW
Maximal current in the winding, kA
Available energy under periodic
oscillations at 0.35 Hz
Bridge number
Bridge voltage, kV
Bridge current, kA
Working temperature, K
Inductance, H
Magnetic field, T
Mechanical pressure, MPa
Mean radius, m
Height, m
Current density, A/m 2
Refrigerator load, W
Liquid helium consumption, m3/h

LASL project
30
10
5.0
11
2
2.5
5
4.2
2.4
3.92
280
1.29
0.86
I •8 x 109
150
1 • 5 x 10- 2

IVTAN project
rated
forced
50
20
3
18
4
1
5
4.2
11 - 1

80-100
32
7.1
25-30
4
1
8
4.2
3.96
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Table 11.4

SMES for load levelling

Parameter

LASL project

IVTAN project

Energy capacity, GJ
Maximal current, kA
Rated power, MW
Discharge duration, h
Nominal voltage, kV
Inductance, H
Magnetic field, T
Working temperature, K
Coil diameter, m
Coil height, m
Coil thickness, m

46 000
50
2500
5.1
110
37 000
4.6
1 •85
300
100
1 •3

3600
110
500
2
220
595
3.5
4.2
890
8.8
1 • 59

Fig. 11.11

General plan of the concept of a 10 000 M Wh underground super-conducting
energy store with the main winding, c.f Fig. 11.6
1 refrigerator
2 converter
3 transmission line
4 guard coil (not shown)
5 rock
6 access shafts
7 superconducting windings
8 cryostat
9 liquid helium

Superconducting magnetic enerey storage 169
-

Support construction,
On-site assembly,
Convertor,
Cooling system,

30%
12%
8%
5%

Since the major portion of the expense is due to the cost of the superconducting
winding, it appears extremely attractive to apply the effect of high temperature
(HT) superconductivity to SMES design. Unfortunately the current-carrying
ability of these H T materials is still too small for use in SMES construction. In
addition, recent publications by Musuda in J a p a n and Bashkirov in Russia have
shown that, although H T superconductors may introduce a reduction in thermal
and insulating problems, the economic impact will be small, since capital cost
savings are only 3 to 8% of the total capital cost.
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Chapter 12

C o n s i d e r a t i o n s on the choice
of a storage system

12.1 Comparison of storage techniques
In summarising the information given in the preceding chapters it is necessary
to review the status of large scale electrical energy storage and to make a
comparison of storage plants with very different characteristics, as well as
considering conventional alternatives.
Pumped hydro is the only type of storage with a well-developed and highly
reliable technology. There is up to 50 GW in widespread commercial use in power
systems around the world and a further 10 G W is under construction. The main
problem with this type of storage is that it is not always easy to find sites suitable
for two reservoirs separated by at least I00 m, which are not remote from the
power grid and yet have suitable physical characteristics. Massive civil engineering
works are required, and since these locations are often in areas of scenic
importance, great care has to be taken over the environmental effects of such
schemes. For this reason, there are a number of proposals to establish one of the
reservoirs hundreds of metres underground.
A conceptually simple way to store energy in a form convenient t0r power
generation is to pump compressed air into an underground reservoir. Compared
with pumped hydro this method has apparent advantages: the air storage cavern
can be in either hard rock or salt, providing a wider choice of geological formation,
and the density of the energy stored is much higher, i.e. a smaller size for an
economically viable installation. For a given volume of the underground reservoir,
it would be better to store compressed air, since, to yield the same power output
as a CAES, the reservoir for pumped hydro would have to be very much deeper
and could encounter appreciable geothermal temperatures. When the cavern is
constructed from salt, it is likely that the cost of extending the storage period of
weekly storage will not be so great as with pumped hydro and other schemes.
It is clear that a CAES of comparatively small size (up to a million kWh) and
short construction time (up to 5 years) presents a much smaller financial risk to
a utility than even the smallest economically reasonable pumped hydro plant of
about ten million kWh. There is, however, one complication: since air gets hotter
when it is compressed, it must be cooled before it is stored in order to prevent
fracture of the rock or creep of the salt. The stored air must then be reheated
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by burning a certain amount of fuel as the air is expanded into the turbine which
drives the electricity generator; the need for thermal storage is clear. Against
CAES, there is also the need to use premium fuels like oil distillates or natural
gas to power the gas turbine. It is possible to overcome this drawback using
synthetic fuels--methanol, ethanol, ammonia or h y d r o g e n - i n s t e a d of natural
ones. Methanol has half the volumetric energy density of petrol, is very corrosive
and has a high temperature of vaporisation. Ethanol has cold start problems and
therefore requires manifold heating. Methanol and ethanol are best used as petrol
extenders but it has been considered that methanol itself would make an excellent
turbine fuel. Ammonia is the least suitable synthetic fuel for internal combustion
engines.
Hydrogen, generated from water by electrolysis, could be stored as compressed
gas, liquid or metal hydride, and reconverted into electricity either in a fuel cell
or through the conventional gas turbine-generator chain. Hydrogen energy storage
systems would have considerable flexibility with respect to the location and
operation of the storage plant; its transportation exploits well established technology
for natural gas and, moreover, pipeline transmission over very long distances is
cheaper and less objectionable on environmental grounds than electricity
distribution.
The principal disadvantages of gaseous hydrogen as a storage medium are that
it requires large volumes, it is explosive and it is difficult to ensure leak-tight vessels.
The inconvenience of a highly cryogenic and inflammable medium such as liquid
hydrogen, the sophisticated engineering required for production and transfer to
and from the storage vessels, and the cost of these operations make liquid hydrogenbased storage rather unattractive.
There are some drawbacks to metal hydride hydrogen; the greatest being its
weight and the high price of'host metals'. For stationary energy storage, the price
of the metal is the crucial factor, whereas, in the case of transportation and use
as a fuel for vehicles, it is a combination of price and weight that forms the deciding
factor. Overall hydrogen-based storage appears to be rather expensive, complex
and relatively inefficient.
Today, the bulk of hydrogen is produced from low-cost oil and natural gas,
and is used almost exclusively for chemical purposes such as the synthesis of
ammonia, methanol, petrochemicals, and for hydrocracking within oil refineries.
Hydrogen as fuel amounts to less than 1% of its annual production, and therefore
it is difficult at present to define the cost of hydrogen for large scale applications.
It is clear that it cannot at present compete economically with fossil fuels, and
this situation is likely to continue until, owing to the current tendency of organic
fuel prices to rise, alternativ+ primary energy sources become substantially cheaper
than fossil fuels. There are major technical problems to be solved in the production,
utilisation and storage of hydrogen, but, nevertheless, it is the most promising
concept for future environmentally benign power systems.
Thermal energy storage is either part of the thermal subsystem of a power system
or a secondary source of heat for a consumer. In its first function T E S is not a
'standalone' device but has to be directly linked to the steam generator. Swings
of up to 50% may be achievable with thermal energy storage designed to raise
steam, which is passed through a peaking turbine to avoid overloading the main
turbine plant. Long charge times are then desirable to ensure that the main turbine
runs as close as possible to its design load. TESs are therefore ideally suited for
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load-levelling purposes in a power system. Coupling TES to a modern coal-fired
plant requires the steam reheater to be eliminated from the cycle to avoid excess
reheater tube temperatures. This implies a considerable power-related cost and
performance penalty, which could be avoided either by designing coal-fired plant
together with TES or using PWR plant for this form of storage.
The use of a peaking turbine during discharge periods, for the steam that
normally performs feedheating duties, and the use of direct live steam extraction
for charging the store minimise off-design steam flow variation in the main
turbines. This requires TES installation in the basic cycle of feedwater heating,
which will have limited flexibility since it is restricted to operation with power
swings of less than 20%.
There are advantages and disadvantages of being an integral part of a thermal
power plant. Apart from the requirement to be less expensive than peaking
capacities, the following practical issues have to be carefully evaluated; plant safety,
availability, reliability, flexibility, stability of operation and maintenance.
Various TES concepts have been studied in conjunction with the thermal power
station steam cycle, and some have been used for many years, but according to
modern calculations for steam generation, only pressurised water in lined underground caverns and above-ground oil/rock heat storage in atmosphere pressure
vessels are found to be economically viable.
Thermal energy storage is an essential part of a modern CAES concept, and
is well known to many of the population of the Northern Hemisphere as a source
of secondary heat at a consumer's premises. It also becomes extremely viable as
a store of cold, and in this capacity is very competitive.
The other types of storage equipment, such as flywheels, chemical batteries,
capacitor banks and SMES, give the following common advantages:
•
•

•

They are environmentally benign with no requirements for cooling water, no
air pollution, minimal noise and moderate siting requirements;
They have extremely small power reverse times so that power can be delivered
or consumed practically on demand, offering increased flexibility in meeting
area requirements;
Power reverse capability can aid in responding to emergency conditions.

Flywheels are under active development, mainly for vehicle applications and for
impulse power generation for large-scale storage applications; it seems likely that
they will be provided in relatively small modules. They offer a number of
attractions for energy storage. First for short durations of the charge-storedischarge cycle, they are highly efficient. Secondly, due to limitations of their
materials, they are only available in relatively small modules, but this drawback
for large power systems is an advantage for small-scale applications-they can
be made at different sizes and can be installed anywhere they are required in an
electricity distribution system. They do not constrain the number and frequency
of charge-discharge cycles, and they are environmentally benign. Flywheels are
capable of absorbing and releasing energy quickly but recent studies indicate that,
even using advanced designs, they will remain too expensive for large-scale power
system applications. Within power system applications, the field of usage for
flywheels is likely to be in distribution.
Chemical batteries are very attractive for a number of storage applications in
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both the supply and demand sides of a power system. Batteries have the following
excellent properties:
•
•
•
•
•

They store and release electrical energy directly;
Being modular, they can be used flexibly;
They are largely free of environmental problems;
They have no mechanical ancillaries;
They can typically have a short lead time in manufacture.

Estimates show that currently available Pb-PbO2 and NiO-Fe batteries have
costs commensurate with target figures for load-levelling with a nuclear base-load.
Many other systems, such as Na-S and Zn-CI z batteries, which are both at an
advanced stage of development, Zn-Br2, Li-FeS and the solid-state Li-Sb2S3,
show possibilities for considerable savings, and are therefore promising. Also
promising is solid Li4Si coupled with TiS2-Sb2S3-Bi, the solid electrolyte being
LiI dispersed in fine AI203 powder. Containment of reactive materials would be
accomplished in the battery itself and corrosion should be eliminated. Thin-film
technology used in voltaic pile construction will provide the basis for production
of this low-cost system.
The modular construction of batteries permits factory assembly, which leads
to low site costs and short construction lead times. Since chemical batteries have
a minimal environmental impact associated with their modest site requirements,
high safety, low pollution and low noise, this allows them to be dispersed optimally
in essentially small units close to the consumer, thereby providing savings in
transmission costs compared with other schemes.
Batteries situated close to the consumer are able to smooth the load on the
distribution network, thus decreasing the required capacity of substations. They
could also be used as an additional source of thermal energy for a district heating
scheme, utilising waste battery heat generated during the daily charge-discharge
cycle, thus working together with TES at the consumer's premises. Considerable
research and development effort is aimed towards creation of a low-cost, high
energy density and reliable electric vehicle battery.
Battery storage for solar electricity is one of the fastest developing areas of
application. In most present applications a rechargeable chemical battery is linked
with solar cells to cover periods of insufficient sunshine. Reduction of production
costs for mass-produced solar cells have raised significant interest in solar-cell
batteries.
Like batteries, capacitor banks have a modular structure and therefore allow
factory assembly of standard units, providing a short lead time from planning
to installation and thereby reducing capital costs. The main drawback of capacitor
bank storage is its low energy density in comparison with batteries, but since
capacitors have very low internal resistance, the power density is very high; they
could be used for power multiplication where necessary.
Superconducting magnetic energy storage schemes can store electricity directly,
and therefore with high efficiency, but they are still extremely expensive. SMES
only seems to have the potential to become economically attractive on a very large
scale. Although this is a high-technology area, there are no insoluble technical
problems. However, the necessity to work with large units requires experience
which can only be gained by exploiting small and economically unjustifiable
devices. The development and launch costs will therefore be high.
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The main quantitative details of different storage equipment are given in Table
12.1. One may conclude that such forms of storage as TES, CAES and pumped
hydro have a relatively large reverse time, and therefore their possible applications
are limited compared with flywheels, chemical batteries and SMES whose reverse
time is very small. On the other hand, as is clear from Fig. 12.1, TES, CAES
and pumped hydro are suitable for large-scale applications in power systems while
flywheels, owing to their limited size, or chemical batteries and capacitor banks,
owing to their modular construction, are better for comparatively small-scale
applications at the supply side, or as dispersed storage at the demand side, of
the power system. Only SMES can be used anywhere in the power system but
economic considerations make the prospects for application of this technically very
attractive type of storage rather remote. Fig. 12.2 shows possible locations for
energy storage installations in the power system.
From the environmental point of view the CAES concept looks very attractive.
It includes hydrogen generated from renewable energy sources, which is then used
as a storage medium and for fuel for the CAES. Unfortunately it is somewhat
expensive at present, but fuel price rises could improve this position. More
promising still is the idea of combining different types of storage equipment to
make better use of their properties. The first example should be an adiabatic CAES
of which TES is an essential part. A combination of CAES and flywheel or pumped
hydro and chemical batteries, in order to get large-scale storage on the one hand
and quick response on the other, is also promising. However, all of them have
to be justified economically; the cheapest and simplest of all could be the storage
of additional hot water in the boiler circuit of a thermal power plant.
It should be mentioned here that all these devices are artificial secondary storage.
Surprisingly, however, the power system itself, if properly controlled, can also
act as a storage device itself, without any additional investment.

12.2 Energy

storage in the power

system

itself

If there is any change in electricity demand in the power system it is first
accompanied by a slight drop in voltage as energy is extracted from, or supplied
to, the electricity grid's equivalent capacitance while equivalent inductance is trying
to maintain the current unchanged. The power system acts as capacitor bank
storage, but with limited opportunities since there are certain requirements on
voltage deviation. The same concept may be applied to the power system's ability
to act as a magnetic energy storage device.
The amount of energy stored in the grid's electromagnetic field is substantial
but can only be used within tens of milliseconds. After that time, if the change
in electricity demand continues, the frequency starts to deviate. This means that
energy is extracted from, or supplied to, the rotating parts of the generating
s y s t e m - t h e power system acts as a flywheel storage device. This property of the
power system, however, is limited by the permissible frequency deviation, so one
can use only a small part of the energy accumulated in the rotating machinery.
However, because there are many generators, the capacity of such a flywheel is
substantial enough to cover changes in load demand for a few seconds.
The volume of stored energy available in Russian, Ukrainian and Kazakhstan
utilities due to the permitted frequency deviation is shown in Table 12.2.
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Costs of energy storage systems
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hydrogen
thermal
flywheel, superconducting magnet
compressed air-gas turbine
underground pumped hydro
advanced batteries
advanced batteries with credit for dispersed siting

The main feature of these kinds of storage, being series-connected to the system,
is that they react immediately to any change in load demand, providing an
adequate power response.
If the frequency deviation exceeds that permitted by the power system's
regulations, the steam governor opens or closes the valves and additional energy
is extracted from, or supplied to, the enthalpy of the steam in the thermal power
station's boilers. There is enough thermal energy stored in the boilers to cover
changes in load demand for a few minutes, so the power system, too, is able to
act as a thermal store.
To summarise the above, a power system has an ability to act as a capacitor,
magnetic, flywheel or thermal energy storage device without additional investment;
generators play the role of power transformation systems, while thermal
equipment, rotating machinery and transmission lines play the role of a central
store. The capacities of these stores are limited, however, and therefore the power
system's built-in storage can only accommodate short time fluctuations in load
demand.
The situation may be changed considerably if the so-called longitude effect is
used. As is well known, there is an hour's time difference for each thousand
kilometres of longitude. The shape of the daily load curve suggests that, for loadlevelling purposes, the beginning of an energy storage charge regime must be from
two to eight hours away from the required beginning of the discharge regime.
If there is a power system comprising, say, two regions, one of which has
predominantly nuclear or thermal-based generation capacity while the other has
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predominantly hydro-based generation, and if these regions, being at least 2000 km
away from each other, are connected by a powerful enough transmission line,
it is possible that the system can have a built-in pumped hydro storage which
can be used for load-levelling within the interconnected system.
To illustrate this, let us consider an interconnected system comprising two
separate parts where, owing to the time difference, peak demands do not occur
simultaneously. When peak demand in hydro-based system 1 starts (or is already
in process, depending on the time difference between the two systems) it is already
a demand trough in the thermal or nuclear-based system 2. In that case, water
required for energy generation can be stored in the hydro plant's reservoirs in
system I, while the necessary energy will be generated by spare capacity of thermal
or nuclear plants in system 2 and transmitted to system 1. This is a charge mode
of the built-in pumped hydro storage system.
When peak demand in system 2 starts the thermal and nuclear plants, being
constantly loaded, are feeding consumers in system 2 while hydro plants in system
1 (where the demand trough occurs), using the stored water, are supplying peak
energy to system 2. This is a discharge mode of the built-in pumped hydro storage.
In such a built-in pumped hydro system, the transmission lines act as waterways
in a real pumped hydro system, the thermal or nuclear power plants play the role
of pumps, and the hydro plant itself acts as a generator while its reservoir is used
as a central store.
European and Russian utilities, were they interconnected by powerful
transmission lines, provide the possibility of exploiting built-in pumped hydro
properties. The majority of generating capacity in the European utilities (Russia
included) is concentrated on base-load coal-fired or nuclear power plants, whereas
in eastern Siberia and northern Europe more than 80% of the installed capacity
is concentrated in large hydro plants. The time difference between London and

Table 12.2

Power system as a flywheel

Utility

Installed
capacity

GW

Discharge energy due to frequency
decrease from 50 Hz to:
4 9 . 8 Hz
4 9 . 6 Hz
4 9 ' 0 Hz
f = 0 . 2 Hz*
f = 0.4 Hzt
f = 1 Hz:l:
GJ
GJ
GJ

Central
Mid Volga
Urals

53.4
21.6
40.4

1.31
0.69
0.95

2.61
1.37
1 • 89

6.5
3.41
4.69

North-West
South
North Caucasus

32.8
55.5
10.7

0.87
1 - 34
0.31

1 • 74
2.67
0.62

4.31
6.63
1 • 55

Kazakhstan
Siberia

12.0
42.4

0.28
1 • 34

0.56
2.68

1 - 40
6.67

268.8

7.52

1 • 50

3.73

United System

According to the electricity quality regulations:
*Normal deviation
tMaximal allowed deviation
:l:Deviation allowed for 90 hours per annum
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Krasnoyarsk is nine hours. All utilities are electrically connected: a cross-Channel
link connects the U K and France, which,, via Germany and the so-called 'Mir'
system, is connected to the Russian 'Central' utility, and then is connected via
the Urals to the 'Siberia' utility. This transcontinental connection link has never
been used for this purpose, but theoretically it is possible to imagine the following
scenario: when there is an evening peak demand in the U K it is night time trough
demand in Siberia, so its hydro plants generate peak energy for British consumers.
When there is peak demand in Siberia there is a trough in demand in Europe.
European base-load plants, instead of decreasing their load, supply energy to
Siberia, where local hydro plants are storing water and generating only the
environmentally constrained minimum to maintain river flow. The same may
probably be applied to the northern Europe hydro plants and Russian 'Central'
utility, since there is also a sufficient time difference and the relevant transmission
lines could be erected.
The Siberian utility may also be connected to the North American power system.
As is clear from Fig. 12.3, the difference in the load curves owing to the significant
time difference provides the possibility of using Siberian hydro plants for peak
generation in the USA and use of American base-load plants for peak load coverage
in Siberia. T h e difference in the nominal frequencies could easily be overcome
by using a DC transmission line.
200,
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The main technical problem to be solved is the necessity to transmit large
amounts of power over long distances. The most promising type of line for this
purpose, high voltage direct current (HVDC) transmission lines, are under
development in the USA, Canada and Russia.

12.3 Further reading
R.: 'Survey of energy storage techniques'. IEEE Region Six
Conference, 1976
'An assessment of energy storage systems suitable for use by electric utilities'. EPRI/ERDA
Report EM-264, Vol. 1, 1976
DAVIDSON, B.J. et al. : 'Large scale electrical energy storage', lEE Proc., Pt. A 1980,
127(6)
MAWARDI, O.K.: 'Advanced concepts of energy storage systems'. Proc. IEEE, Sept.
1983, 71
BARINOV, V.A., GUROV, A.A., KORCHAK, V.U., MANEVITEH, A.S. and
MITIN, U.V. : 'Supply of consumers having a sharply varying load from power system'.
Electrichestvo, 1990, (1) pp. 1-5
ASTAHOV, YU.N., VENIKOV, V.A. and TER-GAZARIAN, A.G.:'Energy storage
in power systems' (Higher School, Moscow, 1989), (in Russian)

1 RAMAKUMAR,

2
3
4
5
6

Part 3
Power system considerations
for energy storage

Chapter 13

Integration of energy storage systems

13.1 P r o b l e m f o r m u l a t i o n
Energy storage is necessary because the demand side in a power utility is
characterised by hourly, daily and seasonal variations, whereas the installed
capacity of the supply side is fixed. To facilitate this varying demand at minimum
cost and acceptable reliability, the utilities plan and operate their generation
resources to match the load characteristics. During the decision-making process
of planning, information regarding the effect of an energy storage unit on power
system reliability and economics is required before it can be introduced as a
decision variable in the power system model. The main objectives of introducing
energy storage to a power utility are to improve the system load factor, achieve
peak shaving, provide system reserve, and effectively to minimise the overall cost
of energy production. Various systems constraints must also be satisfied for both
charge and discharge storage regimes.
Factors related to the cost of this newly introduced unit have to be considered,
including an economic evaluation of its performance characteristics. The impact
of dispersed energy storage integrated within the system has to be considered,
including the effects of distributed units on system stability and spinning reserve
requirements.
The economics of storage devices have an influence on both the initial capital
investment in the system and the operating and maintenance costs. This is shown
schematically in Fig. 13.1, from which it is clear that there is a certain storage
rated power (and also energy capacity) usage which leads to minimal cost of
electricity. To provide a low-cost electricity service, the life-cycle cost of an energy
storage system must be competitive with more conventional power sources, for
peaking and intermediate applications, such as gas turbines and combined cycle
units. Turnaround efficiency and the expected life time also have an effect on
the economic evaluation. Successful integration of energy storage into the utility
grid depends on ES type and design, the balance of system requirements and
associated capital and operating costs.
The effects of introducing energy storage into a power system originally designed
without it are not merely financial; all aspects of generation expansion planning
need to be considered. A key aspect of this work is evaluation of cost benefits
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Power system annual charge with respect to installed capacity of the energy storage
1 energy storage optimal installed capacity

for varying levels of energy storage system penetration and sensitivity analysis
of the following parameters:
- System average daily load factor and load density facor;
Capital costs for power equipment, transmission lines and storage means and
escalation;
Fuel price and its escalation;
- Energy storage efficiency
-

-

The addition of energy storage to the power system will certainly lead to a new
mix of generation structure. ES will possibly displace part of the peaking capacity
and will require more base capacity, which in turn will displace intermediate
capacity. Any composition of the generating units in the supply side of the power
system has to satisfy the main requirement of the demand side: to cover its load
curve.
Let us consider that, for coverage of the load curve, there are installed:
Nh0 = capacity of base power sources, Nlo = capacity of intermediate power
sources and Np0 = capacity of peak power sources. Storage is not included in this
structure at all. Let us increase the base capacity by 8Nb. This capacity will
generate excess energy E, which may be calculated as
b,

E, -- E
i=1

(Nb° + 6Nb - Li)ti
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where th = duration of demand trough
This excess energy could be used for storage charge and then for discharge during
peak demand, thus decreasing the capacities required for peak and intermediate
power sources. The installed capacity of the intermediate power sources may be
decreased by the same 6Nb.
The peak capacity could be decreased by energy storage discharge capacity P~a
which can be calculated on the basis of energy balance in the storage unit:

where tp = duration of peak demand
So the introduction of storage leads to a completely new mix of the supply side
structure; this change of structure can be given by the following set of equations:
Nbl = Nbo + 6 N o
NIl = Nlo - 6 N 6

up, = Npo - ~U~td( ~tp)
If the storage is sited close to the power plants then the above structural changes
are the only ones necessary.
Since for certain storage techniques there is the possibility to site them close
to the consumers, all the power flow in the transmission lines will be changed.
1t, t0r example, the energy storage is placed at the end of the ith transmission
line, the introduction of storage will also affect substation and transmission loads.
These changes will lead to changes in energy losses (hopefully decreases). All
this means that the introduction of energy storage into the power system may
completely change the structure of its supply side.
So we have a clear optimisation problem which can be formulated as follows:
minimise the annual charge for the power system as a function of the installed
capacities of its elements and its fuel consumption, subject to the set of system
constraints which may be written in the form:
min f ( x ) = C X
subject to A x < b
where f ( x ) = power system cost function
X = vector of variables
A = matrix, resulting from the set of constraints
b = right-hand sides of constraints equations
It is therefore clear that, for quantitative evaluation, we need a special
mathematical model of the power system including energy storage.

13.2 P o w e r system cost f u n c t i o n
To start, the model has to be represented by a nonlinear annual charge dependence
on power system capital cost, amortisation cost, price for the fuel necessary to
generate a predetermined quantity of energy, including losses in the storage, and
above all a storage capital cost.
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Each of the terms mentioned is a function of a number of variables; let us
consider them carefully.
The capital cost of a power system Kp~., comprises the cost of power plant Kpp,
cost of substations K , and cost of transmission lines Ka:

Kp,,.,= Kpp + K, + Ka
The capital cost of power plants on the supply side of the power system depends
on the generation structure and may be given by
nl

Kt,p= ~

n2

K~Nbi+ ~

i=1

n~

K~iNli+ ~

i=1

K;-Npi

i=1

where K~, K~, K ~ = specific cost per unit of rated capacity for ith base, inter
intermediate and peaking power sources, respectively
Nbi, N1i, Npi = standard installed capacity for ith power source used for
base, intermediate and peak load coverage.
The necessary reserve capacity N, has to be included in the power system
installed capacity; therefore
nl + n2 + rl~

Nt,,,., =

~

Ni + Nr = L~ + Nrb + Lt + Na + Lp + N~p

i=1

where

L6, Lt, Lt~ = base, intermediate and peak parts of the load curve,
respectively

N~b, Nrt, N,p = reserve capacity installed on the base, intermediate and
peaking equipment, respectively.
For long term planning purposes, reserve capacity evaluation is usually simplified
and defined as 13% of the power capacity required for load coverage. It should
be mentioned that the reserve capacity has to be more than the installed capacity
of the largest unit in the reference utility system.
The capital cost of substations depends on several factors: substation voltage
class, rated power flow, substation type and many others. Introduction of energy
storage affects power flow in the system and thereby affects the capital cost of
substations. Therefore there are variable and constant parts of the substation capital
COSt:

where

p

p

t=l

i=1

p = number of substations in the power system
C,i = constant part of the ith substation (voltage and scheme)
K,*, = specific cost per unit of rated capacity of the ith substation
P, ..... = rated capacity (maximal calculated power flow) of the ith
substation.

The capital cost of the transmission lines is a significant part of the overall cost
and therefore must be included. But in the first stage of the planning process it
is possible to simplify the corresponding part of the power system model using
specific cost Kt~' per kilometre of length and per megawatt of rated power flow.
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The transmission line model may then be given as follows:
m

Ktt =

I2

KthliPtti
*

i=1

where l,, Prti, K~i = length, rated power flow and specific capital cost per kilometre
per M W of the ith transmission line, respectively.
All the above-mentioned elements of the power system econometric model are
independent of the electrical regime of the reference power system and comprise
the constant part of the annual charge. The variable part comprises fuel cost,
cost of compensation for energy losses (usually included in the fuel cost),
amortisation and maintenance costs, staff salaries, etc.
Maintenance cost also depends on the loading of thermal units, but this
dependence is still somewhat uncertain, so in the present model this dependence
has not been taken into account. Therefore, maintenance and amortisation costs,
together with salaries, are represented in the model as a linear capital cost
dependence and are given as follows:
•2

nl

A=

E

abiK~'Nbi+

i=1

E
i=1

n~

aliK~N'i+

i=1
p

+

E

E

p

a~,C,i +

E
i=!

apiK;Npi+

i=1
m

a,,K,,Pm~x
i+
*

E

atliKthliPtli
*

i=1

where abi,ali , api, ath., a~si= amortisation coefficients for the ith base, intermediate
and peak unit, transmission line and substation,
respectively.
Fuel cost is more than 60% of this variable part and depends on the regime of
the power plant units, and particularly on the fuel consumption curves of each
unit and their current load. The problem is that the fuel consumption curve is
a linear function of the unit's load only to a first order. In reality, it has a nonlinear
dependence, and to calculate the influence of energy storage on the reference power
system economics it is necessary to take this nonlinearity into account.
Energy losses in the transmission line depend on their regimes too, and are
nonlinear functions of the corresponding power flow of line current. In the present
model the fuel consumption curve is represented by a quadratic approximation
and may be given as follows:

b/= A ( N - Nmi.) 2 + B ( N - Nrni,,) + C
where

bf= fuel consumption, tons/h
N = current generated electric power, MW
N,,,i. = technically limited minimal generated power
A, B, C = approximation coefficients, different for different types of the
power units. Table 13.1 reflects this difference for the power units
installed on the Russian power systems.

This approximation is only valid for base and intermediate coal-, oil- or gasfired power plants. The fuel consumption for nuclear plants is assumed to be
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Table 13.1

Approximation coefficients for the fuel consumption curves

Fuel
type

Rated
capacity
MW

Minimal
load
MW

C
t

Coefficients
B
t/MW

A
t/MW 2

Oil
Oil
Coal
Gas
Oil
Coal

800
300
300
200
200
200

350
150
180
120
120
120

120"44
4t'16
56
42
38
48

0"266
0'239
0.3
0.295
0.330
0.259

0 ' 4 9 6 x 1 0 -4
0 " 6 5 x 1 0 -4
0 . 3 6 x 1 0 -4
0 . 5 x 1 0 -4
0 . 1 5 x 1 0 -2
0 . 8 5 x 1 0 -3

constant because of their constant loading. Fuel consumption for gas turbines is
a linear function of their load. For hydro plants, and practically all kinds of
renewable sources (except small biomass-fired thermal installations), fuel
consumption and corresponding fuel cost is not applicable.
The cost of fuel, Ky, required for load curve coverage for a given period of time
may be given by the following expression:
n

7"

,i= ! i=l
where C/).= specific fuel cost per ton for the jth unit
bj). = fuel consumption for the jth unit
Ni = current generated power
ti = time duration when Ni is constant
T = period of time
n = n u m b e r of units
Obviously the econometric model of energy storage itself also has to be included
in the power system model. In the form of annual charge, the overall power system
econometric model can be written as follows:
f(x) =

RppKpp+ n . < .

R,,K. + A

+

+ K: + R.,(&?. + K'E.)

where each different R is the rate of return required on the corresponding capital
cost K. In full form, using all the above-mentioned expressions:

f(x) = Rpp

(

K~iNbi +
i=!

+ R,,

C,i +
i*l

Kllil,Ptt, +
i=l

if2

nl

E a,,K,.'N,,+ E

i=I

i=l

m

E

+ Ra

i=l

+E

i=l

+
i=!

K,,,Pima×

~11

+

K~iNli +
i=l

i=1

p

atliKdil~Pth
+
"

E
i-I

....

.)+
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T

~-~

E

j=l

i*l

CSb~(Ni)ti+(R"+a")K~*E~+(RPts+aPt')K;P~

This econometric model of the supply side, including storage, may be used for
power system analysis only if the set of system constraints is formulated in the
form of equations and non-equations.

13.3 System

constraints

All the power system regime parameters mentioned in the econometric model have
to satisfy certain requirements of the demand side or system constraints.
First of all, the power balance has to be achieved in the total system and in
each node. This means that, for any ith moment of time, the energy balance
equation has to be satisfied:
tl I + ~12÷ 713

j=l

rtl

k

i=l

l-t

In the above formula, N i represents the power generated by a corresponding unit
which is more than the consumer requires. The difference between the generated
and consumed power is the so-called 'power losses'
k

i=l

i=l

where n, k = number of generation units and consumers, respectively
~ = power losses during the jth period of the reference time.
Since information on the demand side of the power system load curve is the main
data available, it is necessary to calculate power losses; otherwise it is impossible
to obtain the required power generation. Power losses in the average utility grid
are about 7-12 % of the total load demand, and they depend mostly on the electrical
regime of the power system.
The location of energy storage has a considerable influence on the power flow
in the utility grid, so power losses depend on the site and regime of the ES, and
must therefore take into account the siting of the storage concerned.
Power losses in a utility grid are the sum of corresponding losses in all its
elements. The two different types of grid elements usually considered are
transmission lines and transformers. Power losses in the transmission lines, ~Pa,
may be given by:

bPa = 6P, o, + 6Vwr = U2gcor+ (S2/U'2)rtl
where 6Pco, = losses due to corona phenomena
6P~.r = losses in the wires of the transmission line
U = network voltage
g(.,,r = effective conductance associated with corona losses
ra = resistance of the line
S = total power (active and reactive) at the demand end of the line
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Power losses in the transformer,

6Ptr, may

be given by:

~8, = ~Po, + ~Pw = ~Poc+ ~P,S/s2,,
where

fiPo,,fiPsc,fiPw=open
S,

circuit, short circuit and wiring power losses,
respectively, in the transformer
S,t = current and rated apparent power via transformer

For ease of computation, both these expressions are usually simplified: linearisation
is required to use standard LP packages.
The installed capacity of all the generating units, including the energy storage,
has to be larger than the maximal load demand:
n2

n3

k

i=l

i=1

i=1

n I

ENb,+EN,,+EN,,+P,>E',,
i=1

Since the energy storage is charged during the night-time trough, the installed
capacity of the base units minus storage capacity has to be larger than the minimal
load demand:
nl

k

E

N b i - Psc~> ~

i=1

Limin

i=1

The installed capacity of all the base units has to be less than the average load
demand
rt I

T

E N'i<I/TE Liti
i=l

i-I

The isoparametric conditions for hydro plant water consumption 0ke, and fuel
consumption for certain thermal power plants, B,.g, are

~

O~(N~) - O~g = o

j=l
rn

j=l

The energy balance in the storage for a given period of time T is

~

(E,,-E,t,-fE)=O

j=l

The energy-storage power limitations for each time interval are

Pdmin<-Pa<-Pamax
The storable energy limitations of energy storage for thejth charge-discharge cycle
are

Eo<-Edl<-E,
J
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The ith power plant capacity limitations for each time interval are

Nimin<-Ni<-N, max
where Nimln, N/max are the minimal and maximal capacity technically permitted
for the ith power plant.
The permitted voltage limits in the ith node for each time interval are

Vimin~ l Vil ~- Vimax
The heating conditions for the transmission line wires are

I/tl----Itmm
where Ilperm = maximal permitted current through the lth transmission line
The system stability limitations for the/th transmission line for each time interval
are
I/,/I <<-"/'lmax
where

etlmax =

maximal allowed power flow through the /th line under power
system stability conditions.

The economic model formulated above for a power system with storage,
comprising the power system cost function and a set of system constraints, allows
us to investigate possible structural changes in the supply side due to the
introduction of energy storage and to find out the optimal mix of power sources
and storage for a given power utility.
As is clear from the economic model, the optimal values of rated power and
energy capacity of the storage unit to be introduced in the supply side structure
depend on a number of parameters such as: specific cost for base, intermediate
and peak power equipment; fuel costs for that equipment; load curve parameters;
storage efficiency etc. In considering the economic value of storage, four main
factors should be taken into account.
First, there is an enhancement factor related to the uniqueness of the energy
made available by the storage unit. Secondly, there are generating capacity credits
arising from the possible displacement of otherwise needed power sources by
storage. Thirdly, there are energy utilisation credits resulting from imported-power
dispatch and energy management in consumption, including credits from
postponement of system development. And, finally, there are production cost
credits owing to use of lower cost fuel or higher generating efficiency being achieved
by the use of storage.
These four factors represent the annual benefits of the use of storage, B~, and
in fact are the sum of the following:
- Value of recovered energy;
- Displaced capacity credit;
Utilisation and postponed investment credit;
- Maintenance credit;
- Energy production cost credit.
-

The introduction of energy storage is justified if these annual benefits are no
less than the annual charge for storage. Using the storage economic model, we
can obtain the target specific cost per rated power as a function of its target specific
cost per energy capacity:
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Kpu-

E - (n + a)K,E,

Ps(R + a)

Fig. 13.2 shows this dependence, but it should be mentioned that precise calculation
of B, for each set of storage parameters requires a special algorithm, which could
be considerably simplified by using the design criterion for the introduction of
storage.

13.4 Design criteria for the introduction of a storage unit
The optimal solution of the design problem, the so-called generation expansion
plan, has to satisfy certain requirements, the principal three of which are:
•
•
•

To generate the amount of energy during a given time as required by the
demand side of the power system;
To be capable of covering the maximal demand;
To be flexible enough to cover the minimal demand.

8= 0.6

/3=0.7

g

ui
0
0

8= 0.8

8

i

specific cost for power transmission system,
currency units/kW

13.2

Target specific costfor the CS with respect to target specific costfor the PTS
for different minimal load factors/3
Areas under the curves represent economically reasonable storage specificcosts.
Storage efficiency is 0.8.
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It should be mentioned that the rest of the power system requirements may be
calculated on the basis of these three.
Let us consider the two-step approximation of the load curve given in Fig. 13.3,
where Lmin, Lmax, train, tmax represent the minimal and maximal loads and their
durations, respectively. Energy E / consumed by this load is
Et=

L m i n t m i n + Lma×tmax

As is clear from Fig. 13.3, the load similarity period T ( d a y , week etc.) consists
of/rain and /max, so that tmin = T-/max'
Using the definitions of the load curve parameters, namely minimal load factor
fl = Lmin/ Lma x
and minimal load duration factor
"y = t r a i n / T

it is possible to rewrite the energy equation as follows:
flLma,,V T + Lm~,,( T - "y T) = Et
or

Lmax

=

Et/[ T(1 + ~'y - 7)1

131-,,

,r
Fig. 13.3

Two step load model

J

T

I
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It is clear from the latter equation that the three p a r a m e t e r s - e n e r g y consumed,
minimal load factor and minimal load duration factor--can describe completely
the two-step load diagram, which contains all the information and could therefore
be used as initial data for solving the storage integration design problem instead
of using the daily load curve.
For this purpose the simplified load diagram has to satisfy the following
requirements:
- The maximal load step Lma~ equals the maximal load of the daily load curve;
"/'he coefficients 13and 3' coincide with the minimal load factor and load density
factor, respectively;
Both diagrams cover the same duration of time T, or in other words:
-

-

n

El=

~.~ Lit,
i=1

We are now able to estimate the maximal required rated power capacity for energy
storage to perform the load-levelling function. Since, for the load curves of the
utilities, 3'>/3, this will be given by
Pj = (1 - 3')Lrnax
To find out the relevant energy capacity, the value of required discharge time
Td has to be calculated according to the criterion described below.
Let us consider two different expansion plans: with and without the introduction
of storage. The cost function for a power system without introduction of storage
units will be given by
f ( x ) = R K o + Uo

The cost function for the power system with a newly introduced storage unit will
be given by
f(xi) = RKi + Ui

where Ko, Uo, Ki, Ui = capital and fuel costs, respectively, for the power system
without and with introduction of storage units
R = discount rate for power equipment.
It is clear that, if the difference between these two functions 6f(x) =f(xi) -f(x0) is
positive, then the introduction of a storage unit into a power system will be
cost-effective:
Of(x) = R(K, - Ko) + U,. - Uo > 0

This allows us to formulate the criterion: unless the first derivative of this difference,
with respect to the capacity of a new storage unit N . is not negative, it is
reasonable to increase the capacity. Hence the equation
dl6f(xi)l/dN,,. = dI R( K,, - Ki) + ( Uo - Ui)l/ dNsi = 0

or
RdKi/dN, i + dUi/dN~i = 0

is the design criterion for introduction of a new storage unit.
Using the two-step approximation of the load curve and the econometric model

Integration o[ energy storage systems

197

of the power system with a storage unit it is possible to rewrite the above criterion
as follows: the introduction of energy storage ill a conventional power system will
be efficient if its turnaround efficiency ~, satisfies the non-equation given by

R K ( + KfbT Tdf/(Ph)/dN~
KfpT Tdf/(Pp)/dN, + R(Kp - Kt,,s- Ketd)'~/(T - 1)
It is clear that the target efficiency, which m a y be defined as the result of solving
the non-equation, is sensitive to a n u m b e r of parameters such as: power sources
and storage unit specific costs, fuel costs, shape of fuel consumption curves and
variation of load curve parameters. According to the results of sensitivity analysis,
storage target efficiency is about 75%.
A special algorithm, based on the use of the above-mentioned criterion, allows
us to find the optimal storage parameters for introduction into the supply side
of power systems using standard power system expansion planning software.
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Chapter 14

Effect of energy storage on transient
regimes in the power system

14.1 Formulation of the problem
Any power utility suffers from regimes in which power swings take place, the
so-called transient regimes. In these regimes undesirable oscillations of frequency
and voltage take place, decreasing or removing the utility's ability to transmit
generated power to consumers. The problem arises of how to damp these
oscillations.
For the purposes of power system analysis, the problem is usually divided into
two subproblems which may be solved independently. First, generated power has
to be transmitted stably through the existing transmission lines, so there is the
subproblem of steady state stability, given the necessity of ensuring the quality
of the transient regimes under the small disturbances. This problem occurs with
any normal regime and may be considered as a permanent problem in a power
utility; it is therefore included in the set of system constants given in Chapter 13.
Secondly, the power system has to recover promptly after strong disturbances
like short circuits, so the subproblem of transient stability endurance has to be
considered carefully in the design stage of power system planning.
This division is reasonable since it takes into account different durations of
oscillations, and therefore allows use of different methods of analysis and a different
range of simplifications for the description of a power system.
The problem of damping of oscillations can be solved quite successfully by using
so-called power system stabilisers (PSS), static VAr compensators (SVC) and,
in the case of strong disturbances, by the application of shunt resistor brakes.
Certain types of storage systems with a small time of reverse could also have an
effect on solving these subproblems. Active power may be generated or consumed
by a storage unit using the deviation of equivalent generator angular velocity as
a feedback signal, thus damping the active power oscillations. Using the deviation
of voltage as a feedback signal, it is possible to maintain the desired level of voltage
by controllable generation or consumption of reactive power. All types of storage
except TES may be used for these purposes provided they are equipped with
appropriate regulators with properly chosen feedback gains.
The main problem in these cases is to find the essential parameters of the storage
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unit--its rated power, energy capacity and time of reverse--to ensure damping
of oscillations caused by the relevant power swing.
The configuration of the model power system generally used to analyse the
effectiveness of the introduction of storage instead of PSS and SVC is the most
basic one machine-double circuit transmission line-infinite bus system corresponding in full scale to a 200 km long, 500 kV transmission line connecting
a 2000 MW conventional thermal power station, comprising four 500 M W units,
to a large power system. It is not a purely academic example since there are many
schemes of such configuration in Russian, Canadian and American utilities.
To investigate the role of energy storage in the transient regimes of the power
system, an adequate mathematical model is needed. The model we consider has
to comprise elements which describe the transient properties of the electromechanical and electromagnetic parts of the power system.

14.2 Description of the model
The utility to be analysed consists of the following elements:
•

•
•
•
•

Equivalent generator, the mechanical input P,, of which is regarded as
constant by neglecting the effect of the governor. This supposition, in fact,
sets the limitation of storage discharge t i m e - it should be within a few seconds;
Automatic voltage regulator (AVR), represented by the block diagram in
Fig. 14.1, and the relevant voltage;
Double chain transmission lines, represented by pi-diagram circuits;
Energy storage unit, represented by its mathematical model, as described in
Chapter 2;
Infinite bus, represented by constant voltage and frequency.

The mathematical model of this utility will be a set of equations describing the
performance of each element and their interaction in a system.
The model comprises four equations describing the mechanical and
electromagnetic transient processes as well as the active and reactive power balances
in the reference utility. They are:
(i)

Equivalent generator rotor movement equation, or torque equation:

~.d26/dt 2 + D~,d6/dt

voltage
detector

Fig. 14.1

-

(P,.

current
derivative
controller

-

N e,) = 0

generator
exciter

Block diagram of an automatic voltage regulator
7~/, 7",., T~:: voltage detector's, derivative controller's and exciter's time
constants, respectively
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(ii)

Electromagnetic transient processes in the rotor w i n d i n g s - t h e change in
the flux linkage of the field winding equation:

r J F 4 m + V 4 - Eq, + I X x a - x~) = 0
(iii)

Active and reactive power balance equations in the node with the energy
storage unit:

Ng,- N,b±Ps=O
Q~,- 0.,~- 0~ = 0
(iv)

Active and reactive power flow between the generator terminal and the
storage node, and between this node and the infinite bus, given by the well
known equations:

N e~.= Eq Vs sin(6 - 6,)/x,
0~, = [ - ~ + v,E~ cos(~ -

~,)]/x,

N~b = V, Vb sin 6Ix 2
Q~ = ( v ~ - v, vb cos 6~)/x~

where

Tj = inertia constant of generator

Tao = d-axis open circuit transient time constant of the equivalent
generator
Dm= d a m p i n g factor of generator
P,, = mechanical input of generator
N~,~, N~l,, Qo, Q,.h = active and reactive power flows between generator terminal,
storage node and infinite bus, respectively
± P,, Q~ = active and reactive power flow from (to) the storage unit,
respectively
6 = torque angle based on the infinite bus
6~ = phase (angle) of storage node voltage
Ia = d-axis stator current projection
xa = d-axis synchronous reactance
xd = transformer reactance
x/1 = reactance of the line between generator and storage
t

t

X I = X d + X t + Xll

x2 = x/z--reactance of the line between the storage node and
infinite bus
Vg = generator terminal voltage
V, = storage node voltage
Vb = infinite bus voltage
Eq = voltage behind x~
Vq = q-axis projection of Vg

E~ = Vq + Iux~
Eq~ = field winding circuit voltage.
With the help of this model, and applying a reasonable level of simplification,
it is possible to analyse the influence of storage on the steady state and transient
stability of the power system.
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14.3 Steady

state stability

analysis

Let us consider the schematic diagram of a power system with an energy storage
unit, as shown in Fig. 14.2.
A storage unit with appropriate parameters, regulator and properly Chosen gains
has to maintain the steady state stability of the power system under consideration,
and maintain constant voltage in the node in which it is located. Suppose we know
the whole set of essential parameters and gains. Then, using well known software,
it is possible to find out whether the power system is stable with a storage unit
and what the value of the voltage deviation is. By varying the parameters and
gains we may find out the marginal parameters of the storage unit and the crucial
values of gains to ensure a desirable voltage deviation and the possibility of
transmitting generated power through the transmission line stably.
In that case the model can be simplified with the following suppositions:
•
•

Electromagnetic transient processes in the stator circuits, damping circuits and
transmission lines are not considered;
Since the AVR is a highly efficient means for the provision of steady state
stability, our particular interest is to investigate the stability of systems in which
generators are not equipped with AVR, where the storage unit has to perform
the function of that regulator.

Linearising the above-mentioned set of four equations around an operating point,
on the assumption that Pm and Eq are constant, we obtain:
(i)

Torque equation
[ TiP ~ + dNg,/d(6 - 6,)16(6 - 6,) + TIP266, +
+ dNe/dV, 6V~ + dNg,/Eq 6Eq = 0

(ii)

Equation for change in the flux linkage of the field winding:
T3dEUd(6

-

6,) 6(6 - 6,) + TeoPdEUdV, 6V, +

+ (TdoPdEq/dE q + 1)6Eq = 0
(iii)

Active power balance equation

6N~ - 6N~ ~ ~'~ = o
(iv)

Reactive power balance equation
6Q~, - 60.,,

- 60., = 0

,,

Np

Fig. 14.2

Q~ I N~, Q~

t@,Q,
I

Schematic diagram of a simplified power system with energy storage
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where 6 denotes the variable representing the deviation from the operating
point.
The Jacobian of these equations is given by

a,,

a,2 a,3 a14{

a21 </22 a2s a241
D(/')--a31 a3~ dss ds, I
d4,
where a,, =

-

6,)

a~, = T~oPaE; /a(6 -

6,)

T+P2aU/aO

a42 a4s <t44

d12 = TjP ~
dr3 = d N g / d V ,

d14 -- dNgs/dE q
d22 = 0

a2s = T~oPaE; l a Y ,
d24 = TaoPdE~ /dEq + 1
d31 = dNg/d(6 - 6 , ) 4 - d P / d ( 6 - 6,)
d32 = dN, b/d6 s 4- dP / d 6 ,
dss ,: d N g / d V , + dP,/dVs - dN~o/dV,
ds4 = d N g / d E q
at, = d ~ , l a O - 6,) - dQ, l a O - 6,)
d42 = - dQ, b/d~, - dQ,/d6,
d4s : aQ~,/av~ - a Q , / a v , - a Q , / a v ,
d44 = dQ~,,/dEq

The power system requirements for a storage system, which is assumed to ensure
steady state stability and is acting instead of AVR, are given in Table 14.3.
The significance of introducing a storage unit is that it is capable of controlling
active and reactive power simultaneously in order to follow the desired active and
reactive power 6P, and (~Q, which may be varied freely. Let us assume, for
simplicity, that the active and reactive power of the storage can be altered
instantaneously. This is justified, since the time constants of these power controls
are sufficiently small in comparison with the period of the power swing.
The reactive power of the storage is used for constant voltage control of V,,
as in the conventional operation of power system stabilisation by means of SVC,
i.e. tIQ, is generated by
6 Q = - K,,6V,

Eliminating 6ITs, 66, and 60., in the linearised mathematical model of a power
system, we obtain the system state equations
T~66" + D,,66' + a ' ~ 6 = b ' 6 P ,

In order to increase the damping of the power swing in the latter equation, the
active power of the storage is controlled in such a way that 6P, is generated by

6p, = - X~6'
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The feedback gains Ka and K~ may be determined by eigenvalue analysis. The
eigenvalues of the system state equation, derived from the linearised mathematical
model, can be calculated. The eigenvalues corresponding to the power swing modes
for various values of K~ and Ka are shown in Fig. 14.3, where the storage is
located at the generator terminal. (The conjugate pair is omitted in Fig. 14.3.)
Other eigenvalues have little significance on the discussion of steady state stability.
The effectiveness of simultaneous control of active and reactive power may be
compared with reactive power control by SVC (the case of Ka = 0) and with active
power control (the case of K v = 0); a comparison is shown in Fig. 14.3. In the
case of pure reactive power control by SVC, the synchronising power is reinforced
by the increase of the gain Kv. This is illustrated by the eigenvalue movement
in the upper direction in the complex plane of Fig. 14.3. As seen from this figure,
the improvement in damping is small.
In the case of pure active control, the damping of the power swing is improved
as the gain K a increases, which is illustrated by the leftward eigenvalue movement
in the complex plane of Fig. 14.3, while the synchronising power is practically
unchanged.
Comparing these results with each other, the synchronising power, as well as
the damping, can be reinforced at the same time by choosing Kv and Ka
appropriately when active and reactive power control is applied. Variation of the
real part of the eigenvalue is shown for different power outputs of equivalent
generator in Fig. 14.4. As shown in References [2, 7] the stability effect of
simultaneous active and reactive power control by a storage unit may ensure power
system steady state stability up to 1.4 p.u. provided the gains K~ and K~ are
chosen appropriately.
Digital simulations, as well as experimental data already reported [2, 6, 7],
demonstrate that the effect of simultaneous active and reactive power control by
storage is more significant than that by SVC, and that transmission throughput
may be increased significantly with the proposed stabilising control by storage
means.
Varying the rated power of a storage unit, it is possible to find the minimal
value which still ensures stability; this value is about 5 % of the relevant generator's
output [1]. The required discharge time may be estimated on the basis of the
frequency of irregular power oscillations, which is about 1 Hz. The energy capacity

0
K~=0.170.085
V/~~

6.,

(a) ~ ~ ~

m

6.0
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_;

realpart,s-~
Fig. 14.3
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~
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Variation of eigenvalues with respect to control gains
(a) active power control
(b) reactive power (voltage) control
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1~

Variation of the realpart of the eigenvaluefor different outputs of equivalentgenerator
1
2
3
4

without storage
with voltage control only
with active power control only
with combined active power and voltage control

of a storage unit may be obtained by multiplying the rated power and discharge
time.

14.4 Storage parameters to ensure transient stability
Transient stability is defined as the ability to restore the normal regime after a
large disturbance in the power system. A large disturbance is considered to be
either a short circuit or any unplanned connection or disconnection of power system
e l e m e n t s - s u d d e n loss of load, generators, transformers, transmission lines etc.
Energy storage can play the same role as the shunt resistor brake so far as
transient stability improvement is concerned. But there is a difference--the shunt
resistor brake is only able to consume energy, while energy storage has the
possibility to work in three regimes: charge (consumption), store and discharge.
In addition the power consumption of shunt resistor brakes depends on the power
system voltage and decreases in proportion to the second order of the voltage drop.
In contrast, energy storage is able to control the voltage in the node in which
it is placed so that active power consumption or delivery can be controlled
independently.
Therefore it is possible to say that the effectiveness of energy storage for
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increasing transient stability is always more significant than that of a resistor brake
of the same size.
Let us consider the effect numerically. Suppose that the energy storage is
connected to the power system at the generator terminal, as shown in Fig. 14.5,
and it is normally in the store mode. The active power/~.1/~j,rmtransmitted through
the transmission line in this normal regime, as a function of torque angle 6, is
given by
N, = V~,Vh sin 6olx . = Po
where V~ is the
Vh is the
6o is the
x, is the
P0 is the

voltage at the generator bus
transmission line voltage (at the infinite bus)
normal torque angle
power system reactance between Vx and Vb
mechanical power from the turbine.

Let us consider a f a u l t - a 3-phase short circuit in the line between the node where
the ES is placed and the infinite bus. In this case no active power can be transmitted
through the undamaged chain since all the generated power is diverted through
the point of short circuit. The fault is localised and the damaged part is
disconnected from the power system in a certain time t,.u,,,~. The undamaged
chain of the line is able to transmit less active power than in the normal regime
and the transmitted power N after a fault is given by
N 4 = VxVh sin 6/x,, u
where 6 is the changing torque angle after the fault and xuu is the power system
reactance including the undamaged part of the transmission line.
At the same time, or even earlier after recognition of the fault in tr,.,., the energy
storage is switched to the charge mode and works in this regime for a period of
time t, (see Fig. 14.6). The active power balance in that case may be written as
tollows:
N,/+ P~ - Po = 0
Then after time t~, when the ES is again in store mode, it is switched to the
discharge mode for a period of time td (see Fig. 14.7). The aim of the storage
is to return the equivalent generator's rotor to the stable position with the torque
angle 6,I and with the angular speed equal to zero.
To solve this problem it is necessary to find the time dependence of torque angle
using the power system mathematical model in full without any linearisation.
Mathematically, the aim of ES usage means simultaneous satisfaction of the two
short

Yg

Fig. 14.5

vb
1

Simplified electrical schematic diagram of a power system with energy storage
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Generator active power output with respect to torque angle during and afterfault
regimes (energy storage is charging)
1
2
3
P0
~50
~1
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normal regime characteristic
regime after the fault characteristic
fault characteristic
turbine power
normal regime angle
cut-off fault angle
storage is disconnected, end of charge regime

Pa

"1
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Fig. 14.7

Generator active power output with respect to torque angle during and afterfault
regime (energy storage is discharged and then cut off)
62 energy storage is disconnected, end of charge regime
6:~ beginning of discharge regime
b4 end of discharge regime, storage is disconnected
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following conditions:
6(to + t, + t u) = 6,,

d~ I
dt

=0

t = t~ + t~ + td

First, the ES has to consume all the spare energy discharged from the accelerated
generator's rotor. Using the square equality rule it is possible to find the maximal
required power capacity of the storage unit
P~ = Nq(cos 6~u,off- 6c,) - P0(6rev - 6,,)

where

6rev= torque angle corresponding to trey, the time when the fault was
recognised and storage was reversed to the charge mode
6,utoff = torque angle corresponding to tcu~ofr, the time when the damaged
part was disconnected from the transmission line.

~re~ may coincide with C$cutoffin the case when the storage unit is switched to the
charge mode at the same time as the fault is localised; in particular this is correct
for the shunt resistor brake:
8cr = 7r - arcsin( Po/Na] ) = crucial torque angle

As is clear from this expression, the maximal required value of Ps depends on
a number of p a r a m e t e r s - the equivalent generator's moment of inertia, torque
angle in a normal regime, time of power reverse, fault cutoff time, value of active
power which may be transmitted through the undamaged chain etc. The relevant
functions are shown in Figs. 14.8 to 14.10.
As is clear from Fig. 14.8 the desired value of P~ increases as Wmfa~decreases.
Since in the 'after the fault' regime the undamaged chain has to transmit all the
generated power, i.e. WmJ~,> P,~, it is possible to define the maximal value of the
desired power capacity of storage unit as a function of Tj, t~v and tc,toff.
The value of P~ increases, as is clear from Fig. 14.9, with decrease of the
moment of inertia Tj. This means that more powerful generators require
relatively more powerful storage for provision of stability; their rotors are relatively
lighter than those of small generators.
The fault's time of cutoff has a strong influence on the desired P~; the smaller
t~toff the less P~ is required. A particularly sharp increase in P~ is observed from
t~utoff>0" 16 s.
As is clear from these figures the time of power reverse should be no more than
the fault cutoff time

trey ~/cutoff
For the shunt brakes, t~v cannot be less than tc~toff. For fully controlled ES, trey
could be equal to the fault recognition time, which is in the range 0 . 0 6 - 0 . 1 s.
In addition to P~ and tre. it is necesssary to find the required energy capacity E~
provided that the storage unit works according to the curves given in Figs. 14.6
and 14.7.
Suppose the storage unit's power consumption P~ is constant during the charge
and discharge mode, and it is necessary to find out the value of P~ and the energy
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Required charge capacity with respect to response time for different transmitted
power in the after fault regime of an energy storage device
Inertia constant of generator = 8 s; cut-off fault time = 0.12 s

capacity E~ required to ensure stability:
E, = max [ P~t~, P~t~)
T h e result of solving this problem, given in Table 14.1, is the function
E, =f(P~) which satisfies the above conditions. T h e shape of this function also
depends on a n u m b e r of power system parameters: the generator's m o m e n t of
inertia, fault cutofftime etc. The relevant functions are shown in Fig. 14. I 1, from
which it is seen that there is a point on the curve where the derivative dE/dP s
is negative. This means that the storage cost function will have a m i n i m u m value.
This value will reflect the optimal energy storage parameters, E ffpt and pffpt, to
ensure transient stability.
T h e system requirements for a storage unit intended for ensuring transient
stability are given in Table 14.3.

14.5 Energy storage siting
Generally speaking, there are four possible sites for energy storage in a bulk power
system; these were shown schematically in Fig. 12.3:
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Required charge capacity with respect to response timefor energy stores with different
generator inertia constants Tj
Cut-off fault time = 0.12 s

T h e generator's terminals
- Load centres
- Intersystem transmission lines
- At the consumer.
Depending on the site of a storage unit, its effectiveness varies with the values
of its required parameters. It is therefore possible to formulate a siting criterion
as follows: the difference between the annual benefits of using storage and its annual cost

should be maximised:
B~ - (R + a)(K,E s + Kpt~P,)-- max
subject to the above-mentioned s y s t e m constraints•
Control of the stability of a power system is not the only function of an energy
storage device, but can be seen as added value to the primary purpose of loadlevelling. From the economic point of view, energy storage for load-levelling should
be located near to the load-centre on the demand side, but it is valuable to evaluate
the effectiveness for stabilising control too, for various locations.
T h e optimal location of storage used for stabilising control can be derived by
evaluating the effectiveness of the control of active power and reactive power
separately.
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As is clear from Section 14.4, improvement of damping by means of active
power control is most effective near the generator terminal. Voltage control by
means of reactive power is most effective at the centre of impedance in the
transmission system (proved through investigation of the power system stabilising
control using SVC). Considering these effects together, it may be concluded that
the region between the generator terminal and the mid-point of the transmission
line is a reasonable location for storage in a long-distance bulk power transmission
system.
In order to evaluate the effects of location of storage quantitatively, the damping
component exp( - at) may be calculated, based on the power oscillation mode with
a frequency of about 1 Hz which is dominant in the oscillations of torque angle
c5. Table 14.2 shows the increment of o (s- 1) in the case without any control.
It can be concluded from Table 14.2 that technically the most effective storage
location is at the generator's terminal.
It is now possible to bring together information on all the different power system
requirements for storage as it performs different functions in a power utility•

14.6 Choosing

the parameters

of a multifunctional

storage unit

Considering the power system requirements for the energy storage parameters
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given in Chapters 13 and 14, one may conclude that, with appropriate choice
of these parameters, the relevant storage unit may be used as a muhifunctional
device able to solve a wide number of problems in a power utility.
The following order of choice of parameters is proposed for a multifunctional
storage unit:
(i)

(ii)

(iii)
(iv)

Nominate the desired functions of the storage unit and order them in increase
of process duration to find the maximal required discharge time for the
storage unit;
Find out the rated power and relevant energy capacity required for
load-levelling and to ensure transient stability, and select the maximal rated
power;
Find the required time of reverse to ensure transient stability, using the
rated power selected previously;
Find the rated energy capacity and the energy capacities required for
load-levelling and to ensure transient stability.

It should be mentioned that the most crucial parameter for the use of
multifunctional storage is the time of reverse, the desired value of which may be
obtained only from flywheels or thyristor convertor-based SMESs, batteries and
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Table 14.1 Energy storage power and energy capacity required to ensure transient stability
for different moments oj¢ inertia
~(s)
P.,(MW)

Power capacity, MW
10
7.5
5
300
500
800
70
80
90
100
110
120
130
140
150
160
170
180
190
200

n/s
n/s
90
100
110
120
130
140
150
160
170
180
190
200

n/s
n/s
n/s
n/s
n/s
n/s
130
140
150
160
170
180
190
200

Energy charged, MJ
10
7.5
5
300
500
800
78.4
n/s
n/s
66' 4
n/s
n/s
60" 3 107" 1
n/s
55- 0 87' 0
n/s
45" 1 79" 2
n/s
46" 8
74" 4
n/s
48'1
71"5 135"2
49'0
68'6 112"0
51'0
67'5 102'0
51 "2
64'0
96'0
52"7
61 "2
91 '8
54"0
59"4
90'0
55'1
49'4
87'4
58" 0
50' 0
86" 0

Energy discharged, MJ
10
7.5
5
300
500
800
8" 4
9" 4
10' 8
11 •0
11 •0
10' 8
11'2
11'0
10"5
11 "2
10'6
10"8
11 '4
10' 0

n/s
n/s
7' 2
7' 0
7' 7
7' 2
7"8
7'0
7'5
8'0
6'8
7'2
7'6
8" 0

n/s
n/s
n/s
s/n
n/s
n/s
3"9
4"2
4"5
4"8
5'1
5'4
3'8
4' 0

n/s means not stable

capacitor banks. The remaining p a r a m e t e r s - r a t e d power and energy capacity,
and required discharge t i m e - may be obtained from any type of storage equipment
provided they are appropriately chosen.
It is reasonable, therefore, to amalgamate different types of storage equipment
in one complex, where the parameters of SMES or battery storage, for example,
may be chosen for ensuring stability while the parameters of CAES or pumped
hydro may be chosen for load-levelling purposes.
The system requirements for a multifunctional storage unit or complex are
summarised in Table 14.3.

Table 14.2

Evaluation of storage location
Control

Location of storage
(equivalent distance from
the generator)
I, km

By SVC

By combined
controlled energy
storage

o, s -~

O', S - 1

0
50
100
150
200

0.5
0.7
0.6
0.4
0.2

Source: KOVADA et al. [7]

2.4
2.1
1.4
0.7
0' 35
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Tabh' 14.3

System requirements for energl, storage parameters

Application

Improvement of
steady state stability
and voltage
stabilisation
Spinning
reserve and frequency
regulation
Transient stability
ensurance and
countermeasure against
blackout
Load-levelling
Multifunction
usage

Energy
capacity
J

Rated
power
p.u.

Charge/
discharge
time
s

Response
time

Between
generator's
terminal and
electrical centre
Load centre

107

005

0.02

0.02

108

0.13

0.36

Generator's
terminal

108

0.4

0.36

0.12

Load centre

1013

0.37
04

2x104
2x104

120
0.12

Location

1013

s

0.12
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Chapter 15

Optimising regimes for energy storage in
a power system

15.1 Storage

regimes

in the power

system

There are three possibilities for the use of storage in the power system:
- Compulsory regime
Optimal regime
- Reserve regime
-

A compulsory regime arises when the planned load curve coincides with the rated
load c u r v e - there is a necessity for the energy storage unit to ensure power balance
in the system. It may arise in two different ways:
(i)

(ii)

During the trough period, when load demand is less than the technical
minimum of the total installed generation equipment. The energy storage
is charged so that stored energy can then be used during peak demand;
During the peak period, when load demand exceeds the total generation.
In this case the energy stored has to be discharged at its rated power capacity.
The necessary energy was accumulated by the ES during the previous load
trough.

The situation when the total rated power and energy capacity of the ES are used
in a compulsory regime is quite rare, since the storage unit parameters have been
chosen under 'cover the winter peak demand and summer trough demand'
conditions. It may be considered as an unplanned regime when all the reserve
capacity is already used and there is still a shortage of generating power.
An optimal regime arises when part of the rated power and energy capacity
of the storage is not used for compulsory load coverage. Usage of the rest of installed
capacity of the energy storage unit allows us to change the load on generating
units in an optimal way, making it possible to minimise the fuel cost for the energy
consumed.
Unused or spare energy storage capacity may also be used as spinning reserve.
Use of the reserve regime provides fuel saving whenever there is a need for
spinning reserve. Table 15.1 shows how constant loading decreases the fuel
consumption necessary to generate a given amount of energy.
Nevertheless, the use of storage in an optimal regime provides fuel savings only
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Table 15.1 Fuel consumption, g/kWh
Type of turbine

Fuel

Rated output
MW

Average loading per year
100%
80%
60O/o

K-215-130-1.2

Coal
Oil
Gas

200

339
326
322

343
330
325

359
342
337

K-320-240-3

Coal
Oil
Gas

300

329
317
313

336
325
320

350
336
331

K-500-240-4

Coal

500

322

337

355

K-800-240-5

Coal
Oil
Gas

800

330
316
312

336
322
317

351
333
328

under certain circumstances--dependent on the type of power source involved,
its generation curve and storage efficiency. So, to decide in what regime it is most
efficient to use storage, it is necessary to solve the following problem:
Maximise

FSt(P~t) + FS,(P~)

subject to

P,t + P,, + PC- P~= 0

and the set of system constraints mentioned above,
where

FSi, FSr=fuel savings due to optimal and reserve regimes,
respectively
P,t, P,r, P, = storage power capacity used in the optimal, reserve and
compulsory regimes, respectively.

It is clear that making a decision on whether to use energy storage in a particular
regime is an optimisation problem. The main difference between this problem
and the energy storage design problem is that, for this stage, all the rated energy
storage parameters are already known and are therefore acting as additional
limitations to the set of constraints.
If an optimal regime of energy storage is involved, the cost function will be
given by the cost of fuel used in the thermal power plants (supply side of the power
system) to generate the energy required by the consumers (demand side of the
same power system) for a given period of time.
The main purpose of optimal energy storage dispatch planning is to find a regime
for the ES for which the fuel cost in the reference system is minimal.
This problem may be formulated as follows:
Minimise

K t= ~
j=l

t) ~

F~o.(N~j)

i~l

subject to the system and storage constraints above, and
where tj = duration of the time intervals in which the consumers load curve is
approximated by a c o n s t a n t L i
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n = number of generating units (equal to the number of generating node,,
in the reference power' system)
F,.i,( N#) = KiB~i( N~i )

where Ki= price of fuel in the ith unit. It should be mentioned that if/(,-= 1, th~
fuel cost function becomes the fuel consumption function.

15.2 The optimal regime criterion
Let us consider two steps in the generation curve of a power utility with a storage
unit: (i) the peak part with capacity Np; (ii) the trough part with capacity Nh.
In each step there is a certain composition of loaded generation units. As is well
known, their loads are determined according to the criterion:

= K,/(1 - o3
where o"i relative increment of the ith power losses
~i = relative increment of the fuel cost function for the ith power unit
# = Lagrangian multiplier
=

Let us assume that at each step there is an equivalent generation unit which has
loads Np and N h and relative increments xl and K~, respectively. T o charge the
energy storage let us increase the generation load at the trough step Nh by ~Nh,
which, in fact, is power charged to storage, P,c = 8Nh.
In that case it is possible to decrease the generation load at the peak step N l
by ~Np, equalling the power discharged from storage, 6Np = Psi. The energy
accumulated in the storage unit during the charge period to which is the duration
of the step Nh, may be given by
Ec=N~ct,

The discharge energy may be given by
Ea = N,~t~

Following from the mathematical model for energy storage

or

6N: = ~Nh~,tc/ta
N~. = N~cLt,/t.

where t a is time duration of the step Np and t is the time interval between steps
N h and Np.
The function for possible fuel saving may be given by the difference in fuel
cost between regimes with and without energy storage loading:
6Kj(P,.) = K/,~(Np)t a - K a ( N p - Pd)ta - [Kyl(Nh)t c - K f t ( N h + Pc)tel

= [Kj~(Np) - K z ( N p - ~,PdSta)]td - [Kl,(Yh) - Kf,(Nh + Pc)ltc
It should be mentioned that Pc and Pa are constrained by storage parameter
limitations:

Optimising regimes for energy storage 217

o<-Pc<-P,
o<_Pd<_C
Energy storage usage can be justified economically if the decrease in fuel cost during
9eak generation (when the ES is discharged) is more than the increase in fuel
zost during trough generation (when the ES is charged).
The first derivative of the difference between these fuel costs, with respect to
P, may be given by

4[6KI( P,)]/dP , = [~,dKj2(Np - ~,P, tr/ta)/d(Np - ~,Pd,/td) - dK/,(N h + P,)/d(Nh + Pc)lt,
An extremum condition will be given by

d[fKI(P,)]/dP ~ = 0
This condition may lead to different results: the value of Pc may reflect maximal
or minimal fuel saving due to use of storage. The difference depends on the sign
of the second derivative, d[6K,(P,)]/dP,. In the starting regime, when storage does
not participate in load coverage, if this derivative is negative then use of energy
storage will lead to an increase in fuel cost. If the derivative is positive, storage
participation is reasonable. Hence, (only) when the first derivative of the fuel cost
difference, between peak and trough intervals of the load curve, with respect to
energy storage charge capacity is positive, the condition

~,dKf2(N.2, P,)/aP, - dK/t(N,, P,)/aP,: o
is the optimal energy storage dispatch criterion. This may be used as a basic
principle of the algorithm for optimal energy storage dispatch; namely, increase
the energy storage charge capacity unless the criterion is not satisfied with given
accuracy. The problem is to calculate this derivative numerically.
All the thermal stations in the power system can be represented by an equivalent
generating unit with a corresponding fuel cost function. The increment of this
function due to energy storage participation in load curve coverage may be given,
according to the differential definition, as follows:

*K+ = PflKJd(N, + Is)
However, this function is also the sum of n terms which represent n fuel cost
functions:

~Kj= ~

~N,,dKJdNi= ~

i-I

xi~Ni

i=1

where Ki = relative increment for the ~'th unit
6N i= increment generation for the ith unit.
As shown in Reference [3], it is possible to use the following simplification with
reasonable accuracy

where fi2~'i= average generation increment of those generation units which
apprehend the load changes
m = number of units, m<n.
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Thus the increment of the cost lunction may be given by
m

m

t=l

i=1

and hence we have an equation
m

dK//d(N, + P,) = 1/m ~

xi or

dK//d(Nl + P,) =

i=1

where k is the average value of the relative increment for those units which
apprehend the load changes on the given step of the generation curve.
Then the practical form of an optimal energy storage dispatch criterion may
be given as follows:
~2~, - ~t = 0
where K2, Kt = average relative increment for the generation units which are
additionally loaded due to the participation of storage in the
relevant steps of the generation curve.
This criterion may be used as a basis for calculation of the optimal regime
algorithm which uses the calculation of the standard optimal power system regime.

15.3 C r i t e r i o n for a s i m p l i f i e d o n e - n o d e s y s t e m
For a simplified one-node system, where grid power losses do not exist and oi = 0,
the calculation may be carried out as follows:
"~i

=

Ki

and the required derivative may be given by

di~Kj(Ps)I/dP, : - 2P, tc(A, + A2~2tJQ)

- dKfl

(P,)/dP~ + ~,t, dK:(Ps)/dP , : 0

The expression for optimal charge capacity may be written as:
popt = ~,dKd2( P,)/ dP, - dK/l ( P,)/ dP,
2(At + A2~2tc/td)
The second derivative of the function 6Kj(P,) is:

d2[*Kj(P,)]/dP 2, = - 2t~(At + A 2 ~ t J t d )
The approximation coefficients Ai, A 2 are positive since the fuel consumption
curves are convex. Then the second derivative is negative and the extremum
condition suggests the m a x i m u m for the fuel cost function difference. Therefore
p,,pt represents the optimal regime for energy storage, i.e. the regime in which
fiJel cost for generated energy is minimal.
It should be mentioned that, according to the definition of the relative increment,
it is possible to rewrite the optimal charge expression in the following form:
p:,pt

=

svs!
K2
~, -

K~ ''~'

2(A I + A2li2, t/td)
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Only in very rare cases is it possible to calculate in advance the coefficients K[y~l
and K~TM for a given power system, so the expression is not useful for direct
calculation. However, it may be used for construction of an algorithm.
Let us suppose that, at the beginning of the calculation, the generation curve
steps N h and Aft, have corresponding increments Kff0
.w~t) and Kz(0)
~wl such as
sVSl

SVSI

- Kff0) >

Since 6 ~ 0 it is efficient to use energy storage. Let us increase the charge capacity
by 6P~ and the corresponding discharge capacity by 6Pa = 6Pc~stJta, then calculate
the new values of system generation capacities Nh(0 and Nt~l) and corresponding
relative increments KI~]'jand K~O
~,,.,t). If, for these new values, 6 ~ 0 it is reasonable
to increase the charge capacity once more, unless the value of 6 becomes, with
given accuracy A,, equal to 0.
Hence expression
6 = K~Y~'t~,- K~y~l - A< = 0
is the optimal storage regime criterion.
This expression may also be used to find the minimal permitted energy storage
efficiency under fuel saving conditions, and may also be recommended for use
when an expansion planning problem is under consideration. The target efficiency
may be given by

4, ~ ,,~~'/,<;; >'~'
If the installed energy storage has an efficiency less than the relative increments
ratio of the proposed charge and discharge steps, its usage in the optimal regime
is unreasonable, and therefore it should only be introduced in the reserve regime.
The value of minimal storage efficiency depends on the fuel consumption curve
of the generation units, their loads and cost of fuel used for base and peak
generators.

15.4 Algorithm

for the optimal

regime

Let us consider an optimal regime for energy storage in a thermal power system
where it is used for daily regulation. The given information is:
(i)
(ii)
(iii)
(iv)
(v)

Daily load curve stepwise approximation: the load curve is divided into m
steps with t/= duration of each step; usually m = 24 h, tj = 1 h;
For each step the total load demand Lj is given, assumed to be constant
during a period tj;
Structure of generation units and generation curve stepwise approximation
(same number of steps and their duration);
Fuel consumption curve and fuel cost for each unit;
Energy storage efficiency, rated power and energy capacity.

It should be mentioned that, if the power system comprises energy storage in
addition to conventional sources, the load curve coincides with the generation
curve only in one case: when energy storage is not used at all. If energy storage
is used these curves do not coincide, and from the economic point of view they
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represent the different terms in the power system econometric model. The load
curve reflects credit for the energy supplied, and the generation curve reflects fuel
cost for the energy generated.
If the multistep generation curve is under consideration, the energy storage
charge, as well as the discharge, regime may take place in several steps.
During a given period of time, the power system's generating structure may
be changed, and therefore the equivalent characteristics of the relative increments
of the fuel cost will also change.
The algorithm comprises six steps:
(i) To start the calculation it is necessary to compare those two steps of the
generation curve with the minimal and maximal relative increments Kmin~'~and
t
K,~,~,. If the optimal regime criterion 6 < 0 then usage of energy storage for this
particular load curve is unreasonable and the spare capacity has to be used for
spinning reserve duty only.
(it) If the optimal regime criterion is positive then it is reasonable to increase
generation in step with Kmi,~"~tby 6Kml,. For a value of
svst
syst
t, syst
K m i n ( i ) = Kmi n + O K m i n

it is possible to find new generation for all the units which are loaded during a
corresponding step. The new load for all generation units, Nj, will be found from
the condition

dKfi(Ni)/ dNi = dKy2(N2)/ dN2 . . . . .

dKf,( N,)/ dN,

Technically this means that, for ES charge, the most economical generation
structure is additionally loaded. The energy storage charge capacity for this step
equals the difference between total load and the generation, and has to be compared
with its rated power capacity P,.

Pd= Nj- Lj
If Pd>P~ then decrease of the OKmi
n "syst is required. The energy supplied to the
storage is

and the energy charged to the central store may be given by

It should be mentioned that ES charge may take place in several steps of the
generation curve, so it is necessary to check all the intervals where charge is
possible. Let us call these intervals 'possible charge steps'. They can be described
as follows:

The second step of this algorithm has to be carried out for all the generation curve
intervals where
+

s~st

•
~_~ Kmin(1)
KjS','st
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(iii) The energy charged to the central store has to be calculated for all the intervals
where energy storage is charging
m

E~= E

E':i

j= 1

Then this energy has to be compared with the rated energy capacity E+, and if
syst and repeat step (ii).
Ec>__Es it is necesssary to decrease oK,,,i,,
syst The new
(iv) It is necessary to decrease the maximal relative increment for /i
vX,,,a,¢
value of relative increment +¢~,~x(1)
syst may be given by
syst
syst
s','sl
Kmax(l) = Kmax(0) -- (~K~v/ax

According to the principle of 'relative increments equality', for the new value of
v~v~'t0)it is possible to find the new generation Nj on the corresponding load curve
step.
Technically this means the least economic generator units are deloading during
peak demand.
The energy storage discharge capacity may be found from

P+-L,-N,
E+ = (Li]'he discharge regime may take place over several intervals too so it is necessary
to check all the steps where discharge is possible. They may be described by

%>

rJ

t,
~l-I

Step (iv) has to be carried out for all the intervals where ~j>K .... (0'
(v) Energy discharge from the central store has to be calculated for all the intervals
where the storage is discharging:
m

E~= ] ~

Egj

j=l

Then this energy has to be compared with the stored energy according to the energy
balance:

Eu- ~,E~=A,
where A~ is of given accuracy. The value of 5Km~x has to be changed and steps
(iv) and (v) have to be repeated or energy balance will not be satisfied.
(vi) The achieved regime has to be checked by the optimal regime criterion
= Kmax(k)~s

- -

Kmin(k)

-

-

Ac > 0

If <5>0, steps (ii)-(vi) have to be repeated until <5 becomes equal to 0.
Fig. 15.1 shows the result of an optimal regime calculation for Zagorsk pumped
hydro near Moscow.
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Fig. 15.1

Result of storage independent regime optimisation for a typical winter-day load
demand for a typical power utility
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Conclusion

The problem of integrating energy storage into a power system is one of the most
interesting ones facing power utilities today. In any scenario of power system
expansion there needs to be efficient storage of generated electricity. It is equally
essential both for nuclear or coal-fired power plants and for large scale exploitation
of intermittent renewable sources.
The economics of storage plant depends on the mixture of other plant on the
system: in particular, whether the proportion of large base-load coal-fired or
nuclear plants in the system has grown to more than is necessary to cover nighttime demand, so that low-cost coal or nuclear-based stored energy becomes
available. In this case storage is complementary to a large nuclear programme,
but since storage is an essential part of any large scale renewable programme it
is also a competitor to a nuclear programme.
As power utilities are evolving, large central generating stations are being built
progressively further from load centres. Construction of new generation in urban
and suburban areas is increasingly limited by environmental concerns and
competition for land use. Any form of modular power plant appears to be ideally
suited for urban generation, particularly if it is located at established generating
stations, as older units are retired, and also at transmission and distribution
substations. In particular, energy storage units, which can be charged at night
load times and require no external fuel supply, appear to be well suited for
installation in overpopulated urban areas.
It is convenient to group all proposed storage duties according to the required
duration of their discharge regimes. In the following areas, energy storage will
work as a buffer compensating any load fluctuations of several hours duration:
- Utility load-levelling: to improve load factors, reduce pollution in populated
urban areas and to make better use of available plants and fuels;
- Storage for combined heat and power systems: to improve overall efficiency
by offering optimum division between heat and power irrespective of load
demands;
Utilisation of renewable energy in its various forms to relieve the burden on
finite fossil fuel resources and to improve the living environment;
- Storage for remote users;
Storage for electric vehicles: to replace petrol in the long term, reduce urban
air pollution and improve utility plant factors.
-

-
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The range of several minutes of fluctuation will be covered by the following two
means:
- Storage for industrial mobile power units: to provide better working conditions;
- A part of uninterruptible power supply systems: to improve the reliability of
supply, especially in confined areas such as warehouses, mines etc.
The 'seconds' range will be represented by diesel-wind generators for output
smoothing, and storage of necessary energy between pulses of a high energy particle
accelerator.
Millisecond range energy storage units will be used for the improvement of
stability, frequency regulation, voltage stabilisation, and as a countermeasure
against blackout.
M a n y different types of storage equipment, with very different characteristics,
have been developed, and therefore it is necessary to make a comparison between
storage plants as well as with conventional alternatives.
There is up to 50 G W of pumped hydro storage in widespread commercial use
in power systems and a further 10 G W is under construction. The main problem
with this type of storage is that it is not always easy to find sites suitable for two
reservoirs separated by no less than 100 m, not remote from the power grid and
having suitable physical characteristics. Massive civil engineering works are
required, and since these locations are often in areas of scenic importance great
care has to be taken over the environmental effects of such schemes. For this reason,
there are a number of proposals to establish one of the reservoirs hundreds of
metres underground.
A conceptually simple way to store energy in a form convenient for power
generation is to pump compressed air into an underground reservoir. Compared
with pumped hydro, this method has apparent advantages: the air storage cavern
can be in either hard rock or salt, providing a wider choice of geological formation,
and the density of the energy stored is much higher, i.e. there is a smaller minimal
size for an economically attractive installation. For a given volume of the
underground reservoir, it would be better to store compressed air, since, to yield
the same power output as a CAES, the reservoir for pumped hydro would have
to be very much deeper and could encounter appreciable geothermal temperatures.
When the cavern is constructed from salt, it is likely that the cost of extending
the storage period of weekly storage will not be so great as with pumped hydro
and other schemes.
It is clear that a CAES of comparatively small size (up to one million kWh)
and short construction time (up to 5 years) presents a much smaller financial risk
to a utility than even the smallest economically reasonable pumped hydro plant
of about ten million kWh. There is, however, one complication: since air gets
hotter when it is compressed, it must be cooled before it is stored in order to prevent
fracture of the rock or creep of the salt. The stored air must then be reheated
by burning a certain amount of fuel, as the air is expanded into the turbine which
drives the electric generator. There is a need for thermal storage. Against CAES
there is the need to use premium fuels like a distillate oil or natural gas to power
the gas turbine. It is possible to overcome this drawback using synthetic
f u e l s - m e t h a n o l , ethanol or hydrogen instead of natural ones. Methanol has half
the volumetric energy density of petrol, it is very corrosive and has a high
temperature of vaporisation. Ethanol has cold start problems and therefore requires
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manifold heating. Methanol and ethanol are best used as petrol extenders but
it has been considered that methanol would make an excellent turbine fuel.
Hydrogen generated from water by electrolysis could be stored as a compressed
gas, as liquid or in metal hydride and reconverted into electricity either in a fuel
cell or through the conventional gas turbine-generator set. Hydrogen energy
storage systems would have considerable flexibility with respect to plant location
and operation; its transportation exploits well-established technology for natural
gas and, moreover, pipeline transmission over very long distances is cheaper and
less objectionable on environmental grounds than electricity distribution.
Today, the bulk of hydrogen is produced from low-cost oil and natural gas,
and is used almost exclusively for chemical purposes such as synthesis of ammonia,
methanol, petrochemicals, and for hydrocracking within oil refineries. Hydrogen
as fuel amounts to less than 1% of annual production, and therefore it is difficult
at present to define the cost of hydrogen for large scale applications. It is clear
that it cannot at present compete economically with fossil fuels and this situation
is likely to continue until, owing to the current tendency of organic fuel prices
to rise, alternative primary energy sources become substantially cheaper than fossil
fuels. There are major technical problems to be solved in the production, utilisation
and storage of hydrogen but, nevertheless, it is the most promising concept for
future environmentally benign power systems.
Thermal energy storage Can either be a part of the thermal subsystem of a power
system or a secondary source of heat for a consumer. In its first function TES
is not a 'standalone' device but has to be directly linked to the steam generator.
Swings up to 50% may be achievable with thermal energy storage designed to
raise steam, which is passed through a peaking turbine to avoid overloading the
main turbine plant. TESs are ideally suited for load-levelling purposes in the power
system.
There are advantages and disadvantages of being an integral part of a thermal
power plant: apart from requirement to be less expensive than peaking capacities,
the following practical issues have to be carefully evaluated: plant safety,
availability, reliability, flexibility, stability of operation and maintenance.
Various TES concepts have been studied in conjunction with the thermal power
station steam cycle, and some of them have been used for many years, but
according to modern calculations only pressurised water in lined underground
caverns and above-ground oil/rock heat storage in atmosphere pressure vessels
(both for steam generation) are found to be economically attractive.
Thermal energy storage is an essential part of a modern CAES concept, and
is known to many as a source of secondary heat at the consumer's premises. It
also becomes extremely viable as a store of cold and in this capacity is very
competitive.
The other types of storage equipment-flywheels, chemical batteries, capacitor
banks and S M E S - - h a v e the following advantages in common:
- They are environmentally benign: no requirements for cooling water, no air
pollution, minimal noise and moderate siting requirements;
- They have extremely small power reverse time so that power can be delivered
or consumed practically on demand, offering increased flexibility in meeting
area requirements;
- Power reverse capability can aid in responding to emergency conditions.
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Flywheels are under active development, mainly for vehicle applications and for
impulse power generation for large-scale storage applications. They offer a number
of attractions for energy storage: for short durations of charge-store-discharge
cycle they are highly efficient; owing to limitations of materials they only come
in relatively small modules but this drawback for a large power system becomes
advantageous for small-scale applications, since they can be made at different sizes
and can be installed anywhere they are required in an electricity distribution
system; they themselves do not constrain the number and frequency of
charge-discharge cycles; and they are environmentally benign. Flywheels are
capable of absorbing and releasing energy quickly, but recent studies indicate that
even with advanced design they will remain too expensive for large-scale power
system applications. Within the power system, application of the flywheel is likely
to be in distribution.
Chemical batteries are very attractive for a number of storage applications on
both the supply and demand sides of a power system. Batteries have the following
excellent properties:
- They store and give up electrical energy;
Being modular, they can be used flexibly;
They are largely free of environmental problems;
They have no mechanical ancillaries;
- They can typically have a short lead time in manufacture.
-

Containment of reactive materials can be accomplished in the battery itself and
corrosion should be eliminated. Thin-film technology used in voltaic pile
construction will provide the basis for low-cost production systems.
The modular construction of batteries permits factory assembly, which leads
to low site costs and short construction lead times. Since chemical batteries have
minimal environmental impact associated with their modest site requirements,
high safety and low pollution, and low noise, this allows them to be dispersed
optimally in essentially small units close to the consumer, thereby, providing a
saving in transmission costs compared with other schemes.
Batteries situated close to the consumer are able to smooth the load on the
distribution network, thus decreasing the required capacity of substations. They
could also be used as an additional source of thermal energy for a district heating
scheme, utilising waste battery heat generated during the daily charge-discharge
cycle, thus working together with TES at the consumer's premises.
Battery storage for solar electricity is one of the fastest developing areas of
application. In most present applications, a rechargeable chemical battery is
associated with solar cells in order to cover periods of insufficient sunshine.
Considerable research and development effort is being paid to the creation of a
low-cost, high energy density and reliable electric vehicle battery.
Like batteries, capacitor banks have a modular structure and therefore allow
factory assembly of standard units, which provides short lead time from planning
to installation, thereby reducing capital cost. The main drawback of capacitor
bank storage is the low energy density in comparison with batteries, but since
capacitors have very small internal resistance, the power density of these storage
schemes is very high-- they could be used for power multiplication where necessary.
Superconducting magnetic energy storage schemes can store electricity directly,
and therefore with high efficiency, but they are still extremely expensive. SMES

Conclusion

227

seems to have the potential of becoming economically attractive but only on a
very large scale. Although this is a high-technology area there are no insoluble
technical problems, but the necessity to work with large units requires sufficient
experience which could be gained only by exploitation of small and economically
unjustifiable devices. The development and launch costs will therefore be high.
One may conclude that storage types such as TES, CAES and pumped hydro
have a relatively large time of response, and therefore the possibility of their
application is limited compared with flywheels, chemical batteries and SMES,
whose time of response is very small. On the other hand, as it is clear that TES,
CAES and pumped hydro are suitable for large-scale applications in the power
system, flywheels (owing to their limited size) or chemical batteries and capacitor
banks (owing to their modular construction) are better suited to comparatively
small-scale applications at the supply side of the power system, or, which is very
promising, as dispersed storage on the demand side of the power system. Only
SMES may be used anywhere in the power system but economic considerations
make the prospects of the application of this technically very attractive type of
storage rather remote at present.
The idea of combining different types of storage equipment, to make optimum
use of their varying properties, holds much promise. The first example should
be an adiabatic CAES of which TES is an essential part. Also promising is a
combination of CAES and flywheel, or pumped hydro and chemical batteries,
in order to have large-scale storage on the one hand and quick response on the
other. But all of them have to be justified economically. From the environmental
point of view, the CAES concept, which includes hydrogen (generated by
renewable energy sources) used as a storage medium and for fuel for the CAES,
looks very attractive. Unfortunately it is somewhat expensive in the foreseeable
future, but fuel price rises could make the concept less pessimistic. The cheapest
and simplest of all could be the storage of additional hot water in the boiler circuit
of a thermal power plant.
All these devices are artificial secondary storage. Surprisingly, however, the
power system itself, if properly controlled, holds the possibility of acting as a storage
device without any additional investment.
If there is any change in electricity demand in the power system it is first
accompanied by a slight drop in voltage as energy is extracted from, or supplied
to, the electricity grid's equivalent capacitance while equivalent inductance is trying
to maintain the current unchanged. So the power system acts as capacitor bank
storage but with limited opportunities since there are certain requirements on
voltage deviation. The same concept may be applied to the power system's ability
to act as a magnetic energy storage device.
The amount of energy stored in the grid's electromagnetic field is substantial
but can only be used within tens of milliseconds. After that time, if the change
in electricity demand is still occurring, the frequency starts to deviate. This means
that energy is extracted from, or supplied to, the rotating parts of the generating
system, so the power system acts like flywheel storage. This property of the power
system, however, is also limited by the permissible frequency deviation, so one
can only use a small part of the energy accumulated in rotating machinery.
However, because there are many generators, the capacity of such a flywheel is
substantial enough to cover changes in load demand for a few seconds.
The main feature of these kinds of storage is that, being series-connected to
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the system, they react immediately to any change in load demand, providing an
adequate power response.
If the frequency deviation exceeds that permitted by the power system's
regulations limit, the steam governor opens or closes the valves and additional
energy is extracted from, or supplied to, the enthalpy of the steam in the thermal
power station's boilers. There is enough thermal energy stored in the boilers to
cover changes in the load demand for a few minutes. So the power system, too,
is able to act as a thermal store.
To summarise the above, it is necessary to outline that a power system's ability
to act as a capacitor, magnetic, flywheel or thermal energy storage device is
effectively built-in, and therefore a 'free' property: generators are playing the role
of power transformation systems, while thermal equipment, rotating machinery
and transmission lines are playing the role of a central store. The capacities of
these stores are limited, however, and therefore the power system's built-in storage
can only compensate for short-term fluctuations in load demand.
The situation may be changed considerably if the so-called longitude effect is
used. As is well known, there is an hour's time difference for each thousand
kilometres of longitude. The shape of the daily load curve suggests that, for
load-levelling purposes, the beginning of an energy storage charge regime must
be from two to eight hours away from the required beginning of the discharge
regime. If there is a power system comprising two regions, say, one of which has
predominantly nuclear or thermal-based generation capacity while the other has
predominantly hydro-based generation, and if these regions, being at least 2000 km
apart, are connected by a sufficiently powerful transmission line, it is possible
that such a system can have built-in pumped hydro storage which can be used
for load-levelling in the interconnected system.
In such a built-in pumped hydro scheme, the transmission lines are acting as
waterways in a real pumped hydro, the thermal or nuclear power plants are playing
the role of pumps, and hydro plants themselves are acting as a generator while
their reservoirs are used like a central store.
The main technical problem to be solved is the necessity to transmit large
amounts of power over long distances. The most promising type of line for that
purpose is the high voltage direct current transmission line ( H V D C ) under
development in the USA, Canada and Russia.
There is clearly a limit to the amount of storage plant that is needed to provide
daily smoothing. It is clear that the higher the percentage of the total capacity
of the generating park allotted to storage, the smaller is the convenience of installing
more storage capacity. This is because those means are required to provide longer
operating times, with higher costs owing to the larger storage capacities needed,
and because the advantages to be obtained from the dynamic services become
less important as these services are already provided by the existing means.
The other important aspect is the problem of the choice of the most appropriate
characteristics for storage plant; first the choice of its rated power and energy
storage capacity. The ratio between the storable energy and a unit's rated power
represents a compromise between specific plant cost, which evidently increases
with increasing specific storage capacity, and the number and quality of the services
it is able to provide. These qualities improve with increasing specific storage
capacity.
In general, it will be convenient for the highest peak services to use those methods
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with specific costs which rise rapidly with storage energy capacity and to use others
tot longer durations.
The problem of choice of storage parameters appears to be the first to be solved.

In order to define the requirements for storage units, power system analysis should
be carried out on the following topics:
Different types of energy storage means in operation at the design stage of the
supply side of power utility expansion planning;
Operating experiences and criteria in electricity power systems with storage
plants.
-

-

This book should be considered as an introduction to this multidisciplinary
problem, solution of which requires considerable work by scientific teams in
industry and academia.
With the problems that await the penetration of storage into the supply side
structure of the power utilities, it is necessary to start work now. Only in that
way can we have genuine hope for environmentally benign power utilities
comprising reasonably distributed 'clean' energy sources in the visible future.
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