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I FINITIONS

STATISTICAL MEASURES

Generation capacity

u Net maximum capacity - MW
This is the maximum power w ch could be produced, transmitted or distributed
continuously throughout a prc »nged period of operation. All the equipment is
assumed to be fully operational. The power is measured after deducting the
power supplies for the power station auxiliaries and allowing for the losses in
generator transformers.

= Nominal capacity - MW
This is the maximum capaci obtainable under continuous operation and is

usually determined by the m wufacturer's specification and often appears on
the "nameplate” of the equipment. It need not relate to any operational reality.



PERFORMANCE INDICATORS
Power generation plant
u Availability - %

Generation plant availability refiects the proportion of time a unit is capable of
providing service and provide measure of the potential utilisation of the unit.

Calculated as:

Available energy generation ¢ ressed as a percentage of total installed energy
capacity in active state.

n Reliability
Plant Reliability refers to the  obability that a unit will perform as required for
a given period of time and gives an indication of the frequency of unexpected
failure.

= Load factor
This is the ratio of the tot: number of kWh supplied by a generator or
generating plant, to the total 1mber of kWh which would have been supplied
if the generator or generatir plant had been operating continuously at its

n ¢« _ . _ Jot rating.

Calculated as:

ET kWh PRODUCTION x 100
AVE. NET MAXIMUM CAPACITY (kW') x 8760

LOAD FACTOR =

Note: 8760 hours in a year



NOTES

All costs given in this thesis were termined as follows. Costs given in foreign
currencies were escalated, in the give country's currency, through the gross domestic
product (GDP) deflators as given by the World Tables". The exchange rates of all
major currencies, were taken from Country Profile: South Africd®. The foreign
currencies were converted into South African Rands. Any further escalation made use
of the percentage growth in South Africa's GDP as an escalation factor. All costs are
given in 1994 South African Rands.

1994 Exchange Rate: 1 US $ = 3.55 Rand®
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Each generating plant is specific in its ability to adhere to peak-, intermediate-, and
baseload demands. Figure 1.2 sho ; a typical demand curve of a utility over a one-
week period. Different utilities use « ferent plant mix, dependent on the type of plant

available. Figure 1.2 shows the typical spread of plant usage during any given week.

-
b
3
o
i
-
g
Q
ml

PEAKING PLANT
WEEKDAY

.-ifl .
INTER

Load scheduling on a 'eekly demand chart®

Figure 1.2:

Base/load p/ants are large fossil-fue d generating units, which are expensive to build

but relatively cheap to run. Nuclear

ower stations are also high capital cost and low

operating cost plants and are incorp ated into the baseload bracket. Baseload plants

are run continuously and supply a

rge quantity of energy to meet the customer’s

demands. They are only taken out of operation for routine maintenance or due to

forced outages.

1-2



Intermediate plants are also often fossil-fuelled and are generally older baseload plants
that have been rescheduled due to lower efficiencies and higher operating costs.
Specific intermediate plants can also be constructed. Plants used for intermediate
duty, have lower load factors than the baseload plants and must be able to follow load
fluctuations.

Peaking plants are often specifically designed for this duty. In view of their demand
pattern they are low-capital cost plants with higher operating cost than base or
intermediate plants. They use liqu fuels and are designed for quick response to
demand. Hydro power is often used for peaking duty. Although operating costs are
low they are restricted to a low load factor by water availability considerations.

Figure 1.3 shows Eskom's load dura »n curve for 1993. By re-arranging the demand
values of a weekly demand curve, fr¢ aximum to minimum, over a time scale equal
to that of one week, a load duration curve is generated. Load duration curves are
drawn for individual weeks or for full years. The area under a load duration curve is
equal to that of a weekly or yearly « mand curve. The energy supply necessary to
meet demand is equal to this area. Load scheduling is easier on a load duration curve
than on a weekly demand curve.

Load scheduling of power plantsis b ied on the use of the lowest operating plant first,
followed by progressively more exp 1sive plants. An utility brings generating plants
producing the cheapest electricity ¢ ine first. Figure 1.4 shows load scheduling on
a typical load duration curve. Power plants are thus loaded from the bottom of the
load-duration curve in ascending o ir of unit operating cost.

Baseload generating units are loaded first and are used to generate as much energy
as possible. Intermediate plants with higher operating costs will follow, and peaking
plants with the most expensive operating cost are loaded last. This method ensures
the cheapest supply of electricity : all times. The capital cost of plants already
purchased is fixed and cannot be altered by varying the load factor of a plant.
Therefore the capital cost of a plant, once it is instalied, has no effect on load
scheduling.
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Figure 1.3: Load duration curve: Eskom 1993%®
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Figure 1.4: Schematic depiction of load scheduling on a load duration curve

1-4






The operating cost of the storage plant is determined by the cost of energy used to
charge the system and the efficiency of the system. The efficiency is the ratio of units
generated during discharge to the units consumed during charging.

Demand\

Supply

y/\
To storage \%
From storage ////;

Power

Time of day

Figure 1.5: The effect of energy ¢« rage on a demand curve®

1.2) ENERGY S1 _.1AGE

It is not possible to store large quantities of electricity because it dissipates as heat
in conductor resistance, unless it is converted into another form of energy. Energy
can be divided into different forms, r mely potential-, kinetic-, chemical-, thermal-, and
electromagnetic.

Potential energy is the energy stor¢ by virtue of a body's position. For example the
energy available in a body after it| s been raised against the force of gravity.

Kinetic energy is the energy available due to a body's motion. The body has the
ability to do work by, for example, colliding with another body.






Upper / Intake |
reservoir Surge tank

Powerplant

Penstock
Lower

reservoir

— | ——

Figure 1.6: Schematic layout of a conventional pumped hydro storage system®

Suitable topography is not always a' ilable, but it is still possible to create a potential
difference between two bodies of w er by placing the lower reservoir underground.
Figure 1.7 shows a layout where tt lower reservoir has been placed underground.
This reservoir can be developed in natural caverns, disused mines or man made
excavations.

Pumped hydro storage requires a ngthy construction time due to the civil works
involved. Plant construction may take more than 10 years before operation can
commence®. The efficiency of p nped hydro lies between 65% and 75% and
typically has an availability of 85%®.

South Africa has three pumped hydro plants in operation. The first plant to be built
was that of the Cape Town City Co 1cil. This is the 80 MW Steenbras power plant.
The other two plants, owned and o ated by Eskom, are the 1000 MW Drakensberg
pumped storage scheme® in the | akensberg, and the 400 MW Palmiet pumped
storage scheme® near Cape Town.
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Upper

Water S
conductor

Powerplant /(J

Figure 1.7. Schematic layout of a pumped hydro storage plant with underground
storage™

1.2.1 (b) Compressed Air Energy : orage

Compressed Air Energy Storage (CAES) is another method of storing potential energy.
Figure 1.8 shows fi ¢ ion « ) for ay £ 1t. During low
demand, excess generating capacit is used to compress air into a storage cavern.
When increased demand requires extra generation, the air from the cavern is released
and used in a turbine-generator combination.

There are many variations possible on a first generation CAES plant. These variations
include additions such as a combined motor and generator to minimise capital cost,
combustors for fuelling the expansion process, thermal energy storage, pressurised
fluidised bed combustors for altern ive fuelling, steam injection and recuperators.
Each addition or variation is used t increase output and efficiency. Efficiencies of
over 80% have been predicted for CAES var 1ts®,

1-9



ELECTRICITY 1IN ELECTRICITY OUT

'Y

AIR IN AIR OUTT

COMPRESSOR  TURBINE

=

MOTOR N X GENERATOR

CAVERN

Figure 1.8: Schematic layout of a rst generation compressed air energy storage
plant

CAES requires large air storage volumes with the ability to support high pressures.
Underground storage is the most economical way to provide a large storage volume
and at high pressure?. Storage can take place in any of the following underground
formations: aquifers, salt caverns or hard rock caverns. Air storage may take place
under it volume or cons” 't sure conditions. Constant pressure store =3
has the advantage of smaller volt ies at high pressure as well as reducing or
eliminating throttling before expansi 1 in the turbo-expanders.

CAES has several benefits which include quick response and cycle flexibility, in
addition CAES may be used as spin ng reserve. Another important benefit of CAES
is its short construction time, 2-3 ye 's®.

There are currently two commercial CAES plants in operation, Huntorf in Germany and
Alabama Electric Cooperative's (AEC) plant in Alabama, USA. These plants are
discussed in detail in the literature ¢ rvey.



1.2.2) Chemical Energy

1.2.2 (a) Electrochemical Batteries

Chemical energy is released when ¢ »ms lose or gain electrons to form compounds.
In a battery the electrodes and electrolyte lose and gain electrons to generate an
electric current. Primary batteries have a limited lifespan and supply an electric
current and potential for a certain I gth of time, after which the chemical reaction
between electrode and electrolyte is depleted. In secondary batteries the chemical
reaction may be reversed by applyi j an electrical potential to the terminals of the
battery. The products formed di to discharge, return to their original state
(electrodes and electrolytes), during  :harging. Secondary batteries are often known
as rechargeable batteries, and are commonly used in automobiles, aircraft, emergency
no-fail and standby power sources.

Secondary batteries are characterisi by high power densities, flat discharge profiles
and good low temperature performance!™. Unfortunately secondary batteries have
lower energy densities and poorer charge retention than primary batteries.

As storage devices for electric utilities, secondary batteries are charged during low
demand periods and discharged during high demand periods. The requirements for
battery storage in electric utility service are, (1) low capital cost, and (2) long cycle life.

The cyclic life of a secondary batte is defined as the number of charge-discharge
sequences that can be completed t ‘ore the capacity of the chemical reaction has
depleted to such an extent that little electricity can be produced. A long life battery
is associated with shallow cycling, low energy density and high cost.

Battery modules are factory built 2 1 can be installed quickly, enabling utilities to
match load growth more easily and accurately than large specific and site-specific
plants. Batteries also have the attributes of being quiet, compact and non-polluting,
and may therefore be sited close to highly populated areas. An example of such a
battery storage plant is the 10 MW, 4-hour lead-acid Chino battery storage plant®'?
situated on the outskirts of Los An 3:les. Table 1.1 shows various battery energy
storage systems. Energy storage capability in the plants, range from 400 kWh to 40
MWh with battery voltages of over a 1000 volts. Most of these plants run on a daily -
cycle, and cycle-life times are estimated at 10 years and more. Many of the: plants
were installed during the 1980's. All of these plants use lead-acid batteries, none of
them having ventured into advance battery technology.

1-11






Dec breay

I

AciDG Convertier
Battery Dc filter converter transformer Ac tilter

Figure 1.9: Schematic layout of the electric components necessary in a battery
storage plant'?

1.2.2 (b) Hydrogen

The production of hydrogen is anott r possible method of chemical energy storage.
1 genis foundin a chemically bc Jed form such as water or hydrocarbons. When

released from this form it may be stored as a pure element. In its pure form,

hydrogen is highly combustible and may be used to fuel a generation process.

Hydrogen can be released from its bonded form through the process of electrolysis.
Electrolysis is a process where an € ctric current is supplied to a chemical solution.
Through the withdrawal of electrons from a suitable solution, the solution decomposes
and hydrogen is released.

Once it is in its pure form, hydrogen as some unusual characteristics. One of these
is the ability to difft ~ throt 7 tainma =~ ' T th o “hility to deteriorate
certain materials with which it comes in contact. Iron and iron compounds are
resistant to these characteristics and are often used to form the walls of hydrogen
storage vessels. Hydrogen may also be stored in salt caverns, rock caverns and
aquifers.

Hydrogen may be used to fuel the combustion process prior to expansion in the
turbine. Pollution is reduced througk e combustion of hydrogen since its end product
is mainly water although NOx is also formed. Economically, hydrogen combustion is
not an attractive energy storage s¢ ition, as cheaper fuels may produce a higher
output, for the same fuel quantity. It may be more feasible to use the hydrogen,
generated off peak, for the productio of chemicals such as ammonia and methanol™.
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1.2.3) Kinetic energy

1.2.3 (a) Flywheel

The only effective method of storing | 1etic energy is in a rotating mass known as the
flywheel. Flywheels have been used »r many centuries, mostly to smooth the output
of cyclic power sources. Uses have ranged from the potters wheel to the current
application in reciprocating motors.

In the electricity grid a flywheel is spun up during low demand periods. Storage takes
place through the unassisted rotation of the wheel once it has .reached its optimum
velocity. When electricity is required, the flywheel would be coupled to a generator.

The amount of energy stored in a flywheel is a function of the moment of inertia of the
wheel and its velocity. Thus by inc asing the velocity of the wheel the amount of
energy stored is increased. Flywhe s have high power densities but relatively low
energy densities. It is therefore pos )le to meet the high peaks, but only for a short
period. The energy density of a fly 1eel is limited through friction in bearings and
transmission components. The power density on the other hand is limited by the
speed of the wheel which is limited I the strength of the material of the wheel. The
ideal flywheel must have a high strength:density ratio, high resistance to cyclic crack
growth and a high strength:density cost ratio. This has prompted development away
from metal flywheels towards composite materials.

The efficiency of flywheels systems ; dependent on the period of discharge. The
longer the flywheel spins, the more ergy is lost in heat due to friction. Friction is
largely caused by windage, bearings nd seals. To minimise friction, designers place
fywhe in | ) t  ict ring

Few flywheels have been put into operation as electricity energy storage devices.
NASA® has developed a conceptu design that has nearly zero losses involving
many innovative methods to overc: e friction, including supporting the rotor with
permanent magnets. Researchers : Bradford University’® in England have been
working on a "cycloconverter” to overcome the problems experienced when a flywheel
is directly connected to a 50 Hz AC electrical supply. The variable shaft speed
experienced produces a variable voltage and current output, that needs to be
regulated. Northern Ireland's electricity utility, Northern Ireland Electricity, had planned
to install a 1,7 MWh, 25 MW flywhe: '®. This flywheel was to be used as a bridging
supply between powerplant and emergency generators. A bridging power plant
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supplies electricity as soon as the n in power supply has been terminated and until
an emergency supply has been brot it online. No progress on the project has been
published.

1.2.4) Electromagnetic Energy Storage

1.2.4 (a) Superconducting Magnet" Energy Storage

Superconducting magnetic energy s rage (SMES) is based on storing energy in the
magnetic field associated with a DC coil. If a conventional coil is used, the magnetic
energy would be dissipated in the v e's resistance as heat. However, if the coil is
manufactured as a superconductor, energy could be stored in the magnetic field for
an extended period. Superconducti j coils can be charged during low demand and
discharged during peak demand periods.

Figure 1.10: Schematic layout of a+ perconducting magnetic energy storage plant®

A superconductor is a conductor thi has a very low resistance to electrical current.
All conductors have a critical temper: ire, below which they become super conducting
and above which they have a high resistance. Figure 1.10 shows the equipment
necessary for a SMES plant. Shown is tt coil, com and ri¢ ation unit.
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The refrigeration unit and controller is used to keep the coil below its critical
temperature. Due to the very low ten eratures required, a cooling substance such as
liquid-nitrogen or liquid-helium is use  Helium is currently the only substance that can
maintain a suitably low temperature 1d still be economically viable!'”. The coil also
requires insulation from the ambient temperature, which is done by placing the coil in
an evacuated chamber.

Only DC coils are suitable to store electromagnetic energy but application is most
likely on an AC grid. To overcome i s problem an interface (shown as a converter),
is required, similar to that used in ba ry storage. The interface is known as a power
conditioning system, containing advanced electronics capable of AC-DC-AC
conversion with minimal loss. An extra unit necessary in the converter (one that is not
necessary in battery systems) is a ¢ nector unit between room temperature and the
cold coil. For this, SMES designers have placed the supply leads in a bath of boiling
helium.

Two coil shapes have been proposed, the solenoid and the toroid. The coil depicted
in Figure 1.10 could be either. Solenoids are conventional coils while the toroid is a
doughnut shaped solenoid. The two ends of toroid face each other and are brought
into close proximity with each other. A toroid has the advantage of totally containing
the magnetic field within the torus, eliminating the end effects of magnetic fields.
Associated with superconducting cc ; are Lorentz forces!'”. These forces stem from
the interaction between the circulati ) current and the magnetic field induced by the
current. These forces push the coils pan, necessitating a sufficiently strong structure
surrounding the coil. It has been proposed that the coil be placed in earth trenches,
ot WHly re t C op lacoiltot [ 1pporting. It is not known
how this is achieved. In a toroid Lorentz forces are stronger than in a solenoid,
therefore necessitating stronger stri  tural supports.

SMES has one distinct advantage o' r other storage techniques. Energy is contained
in the form of electricity throughout charge and discharge. No conversion to other
energy forms takes place (such as mechanical movement), therefore efficiencies as
high as 90% may be achieved. SMES can respond rapidly to grid fluctuations,
being limited only by the switching time of the solid state components doing the
AC/DC conversions and coil connection to the grid, allowing full power to be achieved
within milliseconds.



SMES also has the following capak lies:

= Increased transmission capacity through enhanced line stability
Spinning reserve
Energy storage (load | relling)

Vol cont

Frequency control

Black start capabilities
Sub-synchronous resonance damping

SMES development has advanced so far that utilities are incorporating them into their
systems. Cities such as Anchora¢ in Alaska have put a proposal forward for the
incorporation of a 25 MW SMES pla '®, by 1997, into the city's supply network. The
unit is to be incorpora 1 as a bacl > measure as the city has frequent blackouts.
Further developrr 1t has been carr’ | out by companies such as Superconductivity
Inc. of Madison, Wisconsin. This company is making advances in the field of
superconductivity and are currently ipplying the first SMES unit to South Africa®™.
This unit has been bought by Eskom for demonstration purposes at a paper plant,
located in a rural area, which freque tly suffers from voltage dips.

1.2.5) Thermal Energy Storage (TES)

1.2.5 (a) Ser._b__ Heat E1___gy Sti \ge

Sensible heat energy storage uses & sensible heat contained in solids and liquids
to store energy. Storage is accomplished by raising the temperature of a liquid or a
solid and maintaining it at a specified temperature for as long as necessary. Heat may
be extracted from the substance wt 1 required.

There are various other methods of storing sensible thermal energy:
» pressurised water stor je
L organic liquid storage
n packed solid beds
] fluidized solid beds

A working fluid or gas is required to carry the heat to and from these storage systems.
Heat may be passed on directly, or indirectly, to the storage substance. Direct heat
flow allows the working fluid or g¢ to flow over the storage substance, whilst in
indirect heat flow the working fluid is piped in close proximity to the storage substance.
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When energy is required, the working fluid or gas is once again brought into contact
with one of the storage substances, and the heat is retrieved.

Thermal systems are often containt  in baseload plants. For example, steam may
be tapped off a turbine during low demand periods. The steam is brought into contact
with the storage substance, and heat is exchanged. An accumulator is the most likely
method of storage, where steam is mixed with saturated pressurised water. The
accumulator is pressurised to a high temperature and pressure, requiring insulation.
It is possible to maintain the stored heat for long periods of time. When additional
generating capacity is needed, the accumulator is discharged through a peaking unit.
The accumulator may &1 1 be disct 'ged into a baseload turbine to increase output.

The system described above, tapping steam off during low demand and operating a
peaking turbine, has a very low efficiency, ranging between 20-25%“. This is due to
tl w temperature saturated steam that results from the accumulator.

1.2.5 (b) Latent Heat Energy Stor:

Latent heat energy storage uses tt heat produced or absorbed during the phase
change of a substance. Storage takes place by either melting a solid or vaporising
a liquid. Once the storage substance has changed phase it must be maintained at a
higher temperature. Energy is retrien d from the substances through either solidifying
the liquid or condensing the vapour. The storage capacity of latent heat storage is
greater than that of sensible heat storage because the latent heat used in a phase
change is greater than the specific! at available in a single phase for a given mass
of the substance.

A constant temperature as well as small volume changes are possible during a phase
change. The system also has the advantage of a wide choice of materials with
different fusion or evaporation tempe tures. Storage materials must have the correct
transition temperature and high | ent heat, good thermal conductivity, good
containability, high stability and low cost. Several fluoride and eutectic salts meet
these characteristics but are very corrosive when in contact with water and air.

In a typical latent thermal energy stol Je system, steam is tapped off a turbine during -
periods of low demand. The steam used, for example, to melt a salt contained in
an insula 1icontair . During peric ; of peak demand the salt is allowed to sol fy
passing its energy to water, creating steam. This could either be used in a peaking

1-18



unit or be added to the baseload tur ne to increase output. A high efficiency of 90%
is achievable, as the heat losses ir cycle are expected to be small once thermal
equilibrium is reached.

1.2.5 (c) Chemical Reaction Stora

Chemical reaction storage utilises tt heat of a reversible chemical reaction to store
thermal energy. In a typical system, heat is used so that two or more compounds may
react with each other. The result of such a reaction may be several products. Heat
additions to allow reactions to take place are called endothermic reactions. The
products formed from the endothel ic reaction may be allowed to react with each
other or other compounds in an exothermic fashion, so that heat may be released and
energy recovered. Exothermic reatc ons often occur in the presence of catalysts.

The heat for endothermic reaction can be extracted from steam in baseload plants.
The resulting products may be stoi 1 and, once needed, they may be reacted with
other compounds. The heat produced during the exothermic reaction can be used to
generate steam for peaking units. E iciencies are estimated at 85-90%". There are
several concerns related to chemic reaction storage including the reactivity of the
chemicals, the storage of the origin chemical and reaction products, as well as the
controllability of reactions. Itis impc antthat chemical reactions are controlled so that
heat is not lost unnecessarily in eitt * part of the process.

1.3) CONCLUSION

A comparison of the various storag systems has been made by Schainker® and a
summary of his findings is show in Table 1.2 and 1.3. For the purpose of
compal his costs (in 1984 US$) have been conver ito 1994 S.A. Rand. Two
economic terms have been identified namely, the power term (Rands/kilowatt) and the
energy term (Rands/kilowatthour), both contributing to the final cost of the energy
storage system.

Table 1.2 shows the characteristic efficiency, size and construction schedule for
several storage systems. Schainker defines the efficiency of an energy storage plant
in two ways: energy conversion efficiency and delivery efficiency. The energy
conversion efficiency considers only the storage plant itself (electric energy output /
electric energy input). The delive efficiency considers both baseload plant and
storage plant efficiencies.
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CHAPTER 2

LITER TURE SURVEY
on

COMPRESSED AIR ENERGY STORAGE



2.1) INTRODUCTION

The previous chapter covered several energy storage systems suitable for the
electricity industry. Electricity utilities and researchers throughout the world have
discussed, published and built many variations on these types of storage, all with the
aim of cutting costs and enhancing the efficient supply of electricity.

The purpose of this chapter is to rex w compressed air energy storage and its many
variants, with their characteristics, as an alternative generating capacity for electric
utilities.

2.2) THE THEORY OF COMPRES! ) AIR ENERGY STORAGE

The first concept of Compressed Air Energy Storage (CAES) was patented by Stahl
Laval in 1949". This system allowed for underground compressed air storage
between the compressor stage and expansion stage of a gas turbine. Since then,
CAES has been developed into a »midable storage technique. In the previous
chapter, an introduction into the operation of a "first generation” CAES plant was
given. An illustration hereof, as wot 1 be applied on the grid, is shown in Figure 2.1.
In the following sections the operati 1 of CAES is discussed in more detail.

2.2.1) Single Stage Compressed } ' Energy Storage

CAES is more than just the separatic of the various gas turbine sections (Figure 2.1).
The compression stage and the exp 1sion stage have been separated to incorporate
a motor-generator that replaces a ¢ indard generator. Energy storage is achieved
through the addition of an air reservoir between the compression and the expansion
stages. This allows for the storage of large quantities of air/energy over long periods
of time.

Energy storage takes place through e compression of air into a cavern for storage,
and released, when required, for ectricity generation. Air storage of this type
requires large volumes and, ideally, underground storage is most suited. These
options involve either storage by cc stant volume or constant pressure.

Through the control of clutches and valves, the turbo-machinery may be switched from
compression (charge) to generation (discharge) in a matter of minutes. During times
of low demand, baseload electricity is available for the charging of energy storage
systems. Charging CAES takes place by coupling the compressor clutch and thus
coupling the compressor to the mot -generator. The valve to the cavern is opened
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and baseload electricity is used to compress air into the cavern. The generating
section of the turbo-machinery train is isolated by closing off the valve in the air
pipeline to the turbo-expanders and uncoupling the clutch between the turbine and
motor-generator.

ELECTRICITY
INLET

COMPRESSOR MOTOR/GENERATOR FUEL TURBINE

COMBUSTOR I

UNDERGROUND AIR STORAGE

Figure 2.1: Schematic layout of a rst generation" compressed air energy plant

on ¢« tt r {for ¢ eration cises, tt comp on tion of the turbo-
machinery train is isolated. The clutches are reversed, thus uncoupling the
compressors and coupling the turbine to the motor-generator. The air flow valves
situated on the air supply pipeline are also reversed, directing the compressed air from
the cavern to the turbo-expanders. mple CAES plants use combustors to heat the
air up sufficiently for efficient expansion through the turbines. Once the air enters the
turbine, shaft energy is produced, and electricity is generated.

Standard CAES systems use gas turbine fuels, such as fuel oils or natural gas, but -
there are various other methods of heating the compressed air, resulting in several
variations on conventional CAES.



The first question to arise, is that of sing CAES rather than a standard gas turbine.
In a standard gas turbine, 2/3 of 1 2 shaft energy produced is used to drive the
compressor, leaving 1/3 for generation purposes (Figure 2.2). The result being that
2/3 of the fuel content is used for cot ression and 1/3 for generation®. Using CAES,
the separate turbo-machinery allows for the full fuel supply to be used in the turbine
and thus the generation of electrici  while the compressors make use of low cost
baseload electricity. Internationally the cost of standard turbine fuels are 2 to 3 times
that of baseload fuels®.

Fuel

Combustion chamber

Power
\ output
< 2/3  1/3 >
Compressor Turbine
Figure Fu "usageinastanc d¢ tu’ ne®

2.2.2) Intercooling, Multi-stage Turbo-machinery and Recuperators
Development of CAES has largely concentrated on simple adaptions and variations
on the first generation plant, as discussed in Chapter One. The first major step of
advancement was in the field of coi ression, making use of intercoolers to increase
the compression efficiency resulting in isothermal compression. Through intercooling
the work input may be reduced : d thus operating costs are lowered®. Other
variations include the use of multiple combustors and turbines (turbo-expanders), thus
increasing the efficiency of the expansion process (Figure 2.3). Huntorf in Germany
has a fully operational plant consisting of multiple compressors and turbo-expanders.
This plant is discussed later in this chapter.
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Next followed the recuperation of e: aust heat losses. Including a recuperator into
the system may reduce the consumption of primary fuels by up to 25%®.
recuperator is installed between the avern and the combustor. Air from the turbine
exhaust is rerouted through the recuperator so that the exhaust heat may be extracted
and used to preheat the air leaving the cavern (Figure 2.4). The best example of the
inclusion of a recuperator is the Alabama plant currently in operation in the United
States. This plant is also discussed later in this chapter. CAES systems containing
multistage turbo-machinery, combustors and recuperators are known as conventional

CAh 3 (Figure 2.4).
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2.2.3) Performance Characteristic of CAES

Due to the fuel added to aid the g ieration process, conventional CAES has been
classified as a hybrid and not as a true storage system. Hybrids have several
advantages, one being that they are ble to generate more energy than that which has
been stored. Simple energy storage systems are only likely to reproduce as much as
75% of the stored energy content for electricity generation® (Figure 2.5). Due to the
additional fuel, conventional CAES rstems are able to produce as much as 125% of
the stored energy content® (Figure 2.6).






Due to the addition of fuel, the standard storage efficiency (electrical energy output/
electrical energy input) no longer holds true for a conventional CAES system. An
overall thermodynamic efficiency is defined that includes both the fuel input from
baseload stations and the additional fuelling in conventional CAES.

The 7hermoaynamic Efficiency (n)® of a CAES cycle is defined as the output specific
work of expansion through the turbii , divided by the heat supplied in the combustor
as well as the heat consumed in t : baseload power plant to produce the power
needed for compression.

Because the storage efficiency no longer holds true for CAES, neither is the overall
thermodynamic efficiency very appropriate, Glendenning™ and the Central Electricity
Generating Board U.K.(CEGB) defined the following two performance indicators for
any CAES system:

Net Electrical Energy Oulput

Charge Energy Factor (CEF) = -
Gross Electrical Charge Energy

(2.1)

which for a pure storage plant is idel cal to the storage efficiency (typically 0,6-0,75),
and

Combustion Fuel Consumed (kJ TAWH )

Fuel Heat Rate (FHR) = .
Net Electrical Output

(2.2)

An Energy Ratio” is defined as the amount of off-peak electrical-energy consumption
(kWh) during the compression cycle generate 1 kWh during generation and equates
to 1/CEF. This is easier to interpret than the definition of CEF.

Gross Electrical Charge Energy 1
Net Electrical Energy Oulput CEF

Energy Ratio =

(2.3)



The thermodynamic efficiency (n) af :ts both the FHR and the CEF and depends on:

The overall pressure ratio, P,/P,

The number of intercoc s, N

The effectiveness of the recuperator, €x.

The pressure losses in e intercoolers, reservoir and other components
of the system

n The inlet temperature  the turbo-expander which has the maximum
temperature of the cyc

For a conventional CAES Nakhamkii ’ has determined CEF = 1,27 and FHR = 4360
kJ/kWh.

2.2.4) Calculated Performance of a CAES system

The performance of a conventional CAES (Figure 2.4) system using a constant
pressure air reservoir is shown in Figures 2.7 - 2.11®. The pressure losses assumed
are AP/P = 5% with a conservative' lue for the firing temperature, i.e. T_,, = 870°C
and a recuperator effectiveness of ;. = 0,5. The value of the inlet temperature of the
turbo-expander is constrained for technical reasons and is usually not allowed to
increase beyond T,, = 870°C ®. Modern gas turbines designers face a challenge to
increase the maximum firing temper ure.

q%) - ok 5 E-SETOC
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N
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29t N8 e
o 38
v 26T &
> L s
é S =
E LB
w o 2
21 o=
18 ' i : 1 —t :
1.5 2.0 25 '30 35 R
Isentropic temperature ratio
1.8 10 20 30 40535060 80 P,/P,

Pressure ratio

Figure 2.7: Efficiency vs Pressure \atio for different numbers of intercoolers®
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In Figure 2.7 the thermodynamic efficiency, n, is plotted against the isentropic
temperature ratio, R, for different values of the number of intercoolers. The maximum
values of efficiency for every value of N (number of coolers) have been connected, to
give the best design trajectory. From the figure it can be observed that a maximum
efficiency of 32% is obtained with three inter-coolers and an optimal temperature ratio
of R = 2,1.

N’ [%l]
TH

45 + Tmax =870°C

Optimal efficiency

25

A

1 1 |
0 02 04 06 08 10
Recuperat effectiveness

€re

Figure 2.8: Optimal Efficiency vs | cuperator Effectiveness®

The variation of optimal thermodyr mic efficiency with an increase in recuperator
effectiveness is presented in Figure 2.8. From the figure it is concluded that the -
efficiency can be increased by raising the recuperator effectiveness, but this is limited
by the optimal thermodynamic effic ncy, n',. = 41,5%, corresponding to the ideal
case when e, = 1.



The variation of optimal isentropic te erature ratio, R, with the effectiveness e, is
seen in Figure 2.9, where a decrez : of R is obtained when e, increases. This
means that the higher the recuperator effectiveness the lower the pressure ratio. The
corresponding variation in the optim number of intercooler appears in Figure 2.10.
A similar decrease of the number of itercoolers is obtained when ey increases.

AR
.. =870°C
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25+
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Optimal isentropic temperature ratio
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0 0.2 04 06 08 1.0 ERC
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Figure 2.9: Optimal Isentropic Ten srature Ratio vs Recuperator Effectiveness®
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Figure 2.10: Optimal Number of Intercoolers vs Recuperator Effectiveness®
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In Figure 2.12 the effect of increasir turbine firing temperatures on FHR and CEF is
shown for a conventional CAES sys m with a constant volume reservoir. Two lines
are depicted, the first increasing the LP turbine temperature while maintaining the HP
turbine temperature at a constant mperature of T,;=550°C. The second graph
depicts the increase of both HP and LP turbine temperature with T, =T, ..

[_ Generator
I —— Qutput
! I Electrical losses
J ] and ouxilliaries
e l Stack losses
Fuel '
1.6 [ 4,300
3
2 <
8 S
g4t 4,200 =~
s -
: E
@
: °
0 2
1.2 | 4,100 2
= o
THP 550°C
1.0 l I 4,000
800 900 1000 1100

Turbine firing temperature, °c

Figure 2.12: The effect of increasing irbine firing temperatures in conventional CAES
arrangements‘”

By using a recuperator capable of | 1iintaining a stack temperature of 140°C, in all
cases it is seen that a CEF=1,4 is readily achieved and, with developments in the
turbine field, the CEF could be increased to 1,6 to 1,7". These gains would be
accompanied by a small improvement of 5% in fuel consumption but, since only the
turbines are chan¢ |, a very substantial  iuction in capital cost will be achieved".



2.3) COMPRESSED AIR ENERGY STORAGE: THE UNDERGROUND PORTION

2.3.1) Introduction

The most important feature of CAE s the air storage reservoir. Due to the large
volume of air that needs to be stored for CAES, air storage has to take place
underground, as above-ground stor: 2 is usually impractical. It is only underground
caverns that could support large voli 1es of air at high pressure, but it is the integrity
of the reservoir, or its ability to contain the pressurised air, that governs the efficiency
and economics of the CAES operati 1s @,

Air reservoir site selection requires specific consideration®:

u Identification of suitable geological formations or depleted hydrocarbon
fields in the proximity  an electric utility's load area or transmission
grid.

u Structural integrity of ¢ rerns in respect to the strength of the caprock
and porosity of the cav n.

u Avoidance of liquid and particle contamination during the withdrawal
cycle.

u Maintenance of the storage cavern over time.

Three types of underground cavities have been identified as suitable storage for
CAES, namely salt caverns, hard rock caverns and aquifer storage (Figure 2.13).

There are conceptually two methods of storage that may be applied to the above
techniques®:

u Constant volume
. Constant pressure

A constant volume cavern is a sealed cavern below the earth's surface with a single
pipeline providing the inlet and outlet. Examples are either the conversion or mining
of salt caverns in salt domes, or cot erting unused mines in hard rock.

Constant pressure systems require method to regulate the air pressure. This is
achieved in aquifers through water 1 1t occurs naturally, or in caverns making use of
an artificial water compensating pressure head.
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Figure 2.13: Three storage caverns suitable for CAES®

2.3.2) Salt Cavern Storage

in the United States, for possibly 40 :ars or more, salt caverns (Figure 2.13a) have
been used extensively to store natural gas, propane and oil. Research so far indicates
that they are stable under compress | air storage loads for the duration of plant life.
The major concerns are cavern geometry, size and spacings, long term creep and
crc >rupture ofrock T, " v 2.

Salt is mined from salt domes through a method of solution mining. Salt caverns are
formed through this technique by drilling a narrow well into a suitabie salt dome.
Fresh water is pumped in and dissolv 5 the salt and the resultant brine is pumped out.
This process is continuous until the quired volume is reached.

Salt caverns are identified as constant volume storage reservoirs. Salt caverns using
water as a compensation medium would continuously grow in volume as the mining
process would be continued. If compensation was considered, saturated brine would
be required to replace the water in i 3 compensation reservoir.



It is generally accepted that a con: int volume cavern is larger than the cavern
needed for a constant pressure system. In a constant volume system, air is regulated
at the inlet to the turbo-expanders ) achieve a constant pressure. This is not
necessary in a constant pressure sys m, as long as the storage pressure is equal to
the pressure used in the first stage « expansion. The throttling in constant volume
storage systems is approximated : adiabatic and energy loss is minimal and

table"”. Both storage systems may be sized to match daily, weekly and
seasonal cycles for any utility.

2.3.3) Hard Rock Cavern Storage

In the United States hard rock caverns have been used to store hydrocarbons. These
caverns are situated in either depleted gas fields, unused mines or newly excavated
caverns.

Excavating a hard rock cavern is con: lerably more expensive than a salt cavern due
to the increased labour and rock brei ing equipment costs. The volume of the hard
rock cavity can be reduced by changi j from a constant volume system to a constant
pressure system. It is estimated thal 1e volume of a constant pressure system may
be 20% less than that of a constant volume system®. A constant pressure system
requires a column of water maintained by a surface pond connected to the storage
cavern (Figure 2.13b). As air is ¢ npressed into the cavern, the water passes
through a U-bend into a vertical pipe and is forced up to a surface pond. When air
is released from the cavern, water runs back through the U-bend and into the bottom
of the cavern. This constant head of ' iter pressure maintains a constant air pressure
in the cavern during the withdrawal cycle. Air may be fed directly to the turbo-
(I without unr vy throttling.

A cause for concern is the effect of effervescence of air in the water shatft (called the
champagne effect). This allows air to escape from the cavern and reduce the usable
volume. This can be counteracted through a suitable U-bend in the compensation
shaft.

Caverns can be mined from dense >ck beds or converted from existing caverns
depending on factors such as rock t' e, hardness and freedom from fissures, depth
of excavation, size of excavation, mine shaft requirements, special sealing techniques
required, the need to remove seep: e water, and whether water compensation is
required. Hard rock air storage is di :ussed, in more depth, in chapter four.
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2.3.4) Aquifer Storage

Aquifers have been used largely 1 the storage of natural gas, with annual or
seasonal storage, rather than for daily cycling. Aquifers are naturally occurring porous
sandstone or fractured rock formatic ; under caprock (Figure 2.13c)

Aquifers are utilised through the sinking of numerous wells through the impervious
caprock into the porous material (san sandstone or gravel) below. Air is compressed
into the caprock bulge displacing the water in the porous material. The force of the
surrounding water confines the air into the buige and maintains it at a constant
pressure. The air may be extracted at a constant pressure as water replaces the
withdrawn air.

The effects of high pressure air storage needs to be evaluated in aquifers. Other
1s include cyclic fatigue of the porous rock, air water interface movement and
the generation and transport of fine particulate matter™®.

2.3.5) Conclusion

The cost of developing underground orage is site specific and is governed by local
geology, depth of suitable strata, capacity of the CAES facility, and location of the
CAES facility with respect to the load area or transmission grid. Consequently the
geologic formation existing within the service area will determine the type of
underground storage available for cc sideration. Usually storage selection is limited
to one or two options. In ascending ¢ ler of cost the following volumes are available:
Salt cavern (uncompensated), aquifer, salt cavern (compensated), depleted gas field,
rock cavern (uncompensated) and rock cavem (compensated)®.

2.4) COMPRESSED AIR ENERGY ¢ ORAGE: RESEARCH AND DEVELOPMENT
Since the implementation of the Hun rf plant in Germany, the level of research and
interest into CAES has increased. Alternative turbo-machinery layouts, fuelling, non-
fuelling, adiabatic systems, combined cycles and steam injection are all aspects that
have been considered by researchers in their effort to cut costs and/or increase
output. The following sections outlin possible CAES variants.

2.4.1) Variations on the Conventional CAES Turbo-machinery Train

Figure 2.14 shows a CAES variant, as suggested by Lee""? of the California State
University. His design includes matct 1 compressor and turbine airflows, allowing the
system to be operated as a conventional turbine in case emergencies occur.
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Figure 2.14: Schematic layout of a t >del 200 MW CAES generating facility"

Lee includes pressures and capacitie to his design, as shown. He uses an axial flow
compressor in the first stage and a centrifugal compressor in the second. Intercooling
takes place between compressor stages, reducing the air's specific volume and
temperature. The second stage compressor has been separated from the first stage
compressor train and requires a sep ‘ate motor. An aftercooler has been included,
cooling the air down to storage temperature. The design is based on utilising a
constant volume salt cavern storage 2servoir, operating on a weekly cycle.



During generation, air is withdrawn from the storage cavern and regulated. A
recuperator has been included to rei ver exhaust heat and preheats the air. The air
leaving the recuperator is fired with fi 1in the high pressure combustor and expanded
in the high pressure turbine, which is also a separate unit. Exhaust air from this
turbine is reheated in the low pressure combustion chamber to high temperatures.
Thus the low pressure turbine requi s interstage blade cooling.

This plant would require an input pov rof 117 MW and would be supplied by a utility's
low cost off-peak baseload plant. The plant would be able to produce 200 MW
through storage and fuelling to the extent of 4220 kJ/kWh output. This compares
favourably with other types of CAES, fuel heat rates.

2.4.2) Adiabatic Compressed Air E ergy Storage

In conventional CAES systems heat dissipates in the intercoolers and is replaced by
the firing of fuels in the combustors. An adiabatic CAES plant re-uses the heat of
compression to reheat the air before expansion in the turbine. In principal adiabatic
systems are able to recover approxir itely 80% of the input energy for the production
of electricity!”, closely equivalent to the performance of conventional storage such as
pumped hydro.

Figure 2.15 shows how the heat of compression can be stored in thermal energy
storage (TES) to be re-used during the generation stage”. As this heat is either lost
in inter- and aftercoolers, storing and re-using it is a suitable solution. It is further not
possible to store hot air as this wc d increase the volume necessary, as well as
cause damage, such as cracking and fracture, to cavern walls®.

The function of the TES is to coc the charging air stream to 30-50°C for the
underground storage. Later, during discharge, the TES would reheat the air before
expansion in the turbines. Adiabatic systems can achieve a higher overall thermal
efficiency than conventional CAES ¢ ;tems.
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Figure 2.15: Conceptual "No-oil", ac ibatic CAES""

TES is not new to industry as large TES units have been used successfully in a
iting air for blast furnaces at steel works, and
hypersonic wind tunnels for re-entry ' hicle model tests. It is of interest that TES and
CAES developments are subject to the same constraints as developments in
conventional CAES and should therefore be based on as many standard components

variety of applications such as pref

as possible.

A suitable thermal energy

store wou need to meet the following requirements®:

u It must be capable of storing all the compression energy.

L The temperature of the air entering the store cavern should be close to

the storage temperature.

n The temperature of the air leaving the store during regeneration should

be close to the compressor delivery temperature.
n The pressure drop through the store should be smali

] It should be

simple so 5 to avoid unnecessary high capital costs.

L] It should have no moving parts
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Two methods of thermal energy stori 3 have been suggested for CAES applications.
The first method of storage is a solid  atrix of pebbles or bricks in direct contact with
the cycle air and contained in a pres ire vessel”. The second method of storage is
storing heat in thermal fluids and insulated storage tanks™ using a secondary circuit
coupled to the cycle air via a heat exchanger. The second method of storage appears
more feasible”, although e secondary circuit degrades the thermal
performance of the TES and thus di :t contact systems would be preferred™.

A pebble bed with a round trip effc ‘iveness of over 80% would require a matrix
materials with a high specific heat and good thermal conductivity properties. It would
also need a high surface to volun ratio and a good air to solid heat transfer
coefficient. A study conducted by tt Central Electricity Generating Board (CEGB)"
in  gland, has shown that pebbles, 19-50 mm in diameter, manufactured from a
dense fireclay or cast iron would lea to a suitable TES matrix design.

For example, a 300 MW, 8 hour CAES scheme would need a matrix of 22000 tons of
cast iron pebbles contained in a pi ssure vessel 17 m high by 17 m in diameter
(internal). This would achieve 93% fectiveness over a full charge-discharge cycle
or, on average, result in temperature loss (Compressor delivery to turbine inlet) of less
than 20°C ©.

There are several uncertainties reg: ling the effects of mechanical stress and bed
movements produced by successive thermal cycles. Detailed design and development
would be required before a large pebble bed TES could be implemented.

Nakhamkir, suggests that the heat of compression can be added at various points
within the CAES/TES cycie or used demally as follows:

n During power generation, air from the cavern can be heated in the

| thermal storage system and routed directly to the high pressure (HP)
expander (HPTES). recuperator is used in this cycle to preheat the
HP exhaust before ! )w pressure (LP) combustor.

n The stored heat can be added to the HP exhaust to reduce or eliminate
fuel consumption of the low pressure (LP) combustors (LPTES). The
recuperator maintains its function as in the conventional cycle.



n If adequate overall pre ure exists, a high pressure and low-pressure
thermal storage can be utilized to preheat the air upstream of both
expanders and elimii te the combustors and fuel consumption
completely (Figure 2.17°

n The stored heat can be sed for steam generation for use in a separate
steam cycle or for injection into the expanders.

The first method suggested above, where the TES is used solely for heating air for the
high pressure expander, has been z )lied by Nakhamkin®. The second method of
TES use, heating air for the LP expa {er, has been applied by Glendenning®. Both
systems replace the first intercooler in the compressor train with TES with Nakhamkin
L g i ect the.. il-0il TES s& em and Glendenning using a direct contact
pebble bed TES.

On the turbo-expander side of the TE  there are large differences between the above
two concepts. Nakhamkin's TES supplies only the HP turbine with heated air and
uses a recuperator to heat HP turbine exhaust gases before combustion in the LP
turbine (Figure 2.16). Glendenning's system, on the other hand, uses the recuperator
to heat the air for the HP turbine, wh 2 the TES is used to heat HP turbine exhaust
gases before combustion for the LP  rbine (Figure 2.17).

In both systems a redistribution of compressor pressure ratios has been required to
raise the first stage discharge air ten erature to be thermodynamically effective. In
addition to this, both systems are hyb s due to fuel being added in the LP expander.

Through the inciusion of TES into var'  is CAES configurations it has been proved that
fuel usage in the generation mode ca be reduced. Both the plants described above,
with their similarities and differences, have the same fuel heat ratio, achieving FHR
= 3000 kJ/kWh. The charge ener r factor differs slightly with CEF = 1,11 for
Nakhamkin's plant and CEF = 0,96 fi Glendenning's system. The aim is to achieve
an adiabatic plant that would result in the FHR being equal to zero.
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Capital costs of both plants are expected to be only slightly higher than that of
conventional CAES plant, with a significant proportion of TES cost lying in the
containment’”.  This cost is justific since it is off-set by expected savings in the
turbo-expanders, due to their lower operating temperatures”. The capital cost of a
CAES/TES is estimated at between 15% and 25% more than that of a conventional
CAES plant®.

CAES with TES will be most attractiv to utilities with high fuel costs and low off-peak
energy rates and stringent air emissi s standards™. Although fuel consumption and
t....ssions are reduced in all hybrid 1 .3 plants, the adiabatic plant eliminates the use
of premium fuels and their associated emissions.

Two ac _.:ional CAES/TES systems zre identified in the 1970's incorporating TES,
standard fuelling, electric heating ar turbo-machinery rearrangement®.

The first configuration known as the A5“, is in every sense a hybrid (Figure 2.18).
The arrangement avoids conflict between the operation of thermal heat store and the
recuperator operation. The heat stoi is not situated at the inlet/outlet of the cavern,
but elsewhere, at a lower pressure tl n usually expected in CAES storage volumes.
Lower pressures are easier to contain in this TES system. The system makes use of
low pressure machinery, but a charge energy factor of 0,96 is still possible.

The second configuration (A1) is  proposed adiabatic cycle, eliminating all fuel
requirements (Figure 2.19). Despite very high efficiency, this adiabatic cycle suf” s
a mismatch between compressor ar turbine technolc~/,






2.4.3) Compressed Air Energy Stc age with Steam Generation

CAES cycles with steam generat 1? are produced by the replacement of the
recuperator in the LP exhaust gas path with a heat recovery steam generator (HRSG).
The major motivation for looking at ese cycles is as follows:

L Increased plant power utput based on a developed or existing turbo-
machinery train.

L Potential operation in a co-generation mode.

L Potential improvements in economics.

u Replacement of the recuperator and its potential operating problems.

The first configuration, using steam generation, allows HSRG and CAES to be
cL...oined in one layout resulting in C =S Combined Cycle Plant® (CAES/CC) (Figure
2.20). In the figure, additional ener ' is produced by generating steam in a multi-
pressure HRSG that drives a condensing steam turbine set. The HRSG surface
arrangement and pressure levels I se been optimized to provide the most cost
effective additional power production.

COMPRESSOR TRAIN EXPANDER TRAIN
\| NET QUTPUT = 110 Mv
e e oy oo | o .
1 GEN 4 L
l S CLUTChES Q
AFTERCOCLER \
AIR INLET l_ ’ FUEL FUEL
RS
................ - NET QUTPUT = 44 M
] .
STEAM
TURBINE GEN
of HRSG re
o CONDENSER
—pio— T - T
| 1 SUPPLEMENTARY] e e _:@

-
1 FIRING o '
| (WmEN USE :
UNDERGROUND H )
STQRAGE J ~ Mmmmemsosmeeeeo -

Figure 2.20: Schematic layout of CAES Combined Cycle Plant (CAESCC)™"

2-25



The fuel heat rate of the CAES Comt 1ed Cycle plant at 5870 kJ/kWh is greater than
that of a conventional plant. The charge energy factor is significantly higher at 1,79,
due to the additional power produced with no increase in compressor energy
requirements. The specific general g costs of CAESCC are essentially equal to
conventional CAES, with specific cap 1l costs R/kW of the plant being slightly greater

no supplemental firing is used. Potentially, capital costs could be decreased at
higher firing levels.

The CAESCC plant is the preferred option for the utility with relatively low fuel costs,
high off-peak power costs and high capital costs. The combined cycle option offers
increased power production without CAES turbo-machinery modifications. It has
flexibility in operation, including the p  2ntial to operate in a cogeneration mode. The
environmental impact of the CAESCC is essentially the same as the conventional
CAES plant.

The second method of steam usage CAES allows steam generated in the HRSG
to be injected directly into the HP and LP combustors, increasing the total mass flow
and power output of the turbo-expanders?”. Figure 2.21 shows a CAES plant with
steam injection (CAESSI). Air flc , the compression cycle and air storage
requirements remain the same as in e conventional cycle. With a turbo-expander
designed to accommodate the increased flow, power output can be increased.
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Figure 2.21: Schematic of a CAES Plant with Steam Injection (CAESSI)®
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Giramonti''® has suggested a third configuration for PFBCs in CAES which is shown
in Figure 2.24. This configuration ¢ iploys the PFBC, at an intermediate pressure,
between the high pressure and low pressure turbines. The operating conditions are
the same as those expected for a conventional system with the recuperator supplying
exhaust heat to the high pressure turbine. Giramonti has developed this into a 4 unit
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Figure 2.24: Giramonti's CAES with PFBC situated between turbo-expander stages?

This design incorporates the maximum utilisation of existing CAES components,
including the use of a water con ensated hard rock cavern. The design point
operating characteristics of the 4 unit plant are summarized in Table 2.1. The turbine
train is capable of producing 876,4 MW with a load factor of 25%. The full load
performance characteristics are al:  given in Table 2.1.
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The next step in the VTT research was to include a process simulation model of the
CAES plant as well as undertaking a study of rock properties including pressuring
tests on boreholes, mechanical and thermal simulation and laboratory tests on rock
mass under cyclical pressure and t¢ perature load conditions.

The last step before the complete pr 2ct was to be initialised was to be a pilot project
using a test capacity on the scale of 1:10. A proposal put forward by the VTT involved
the isolation of one of the mine's tunnels into a storage cavern of 3000 m®.

2.5.11) Sesta - ltaly®''51610

A pilot CAES plant has been runnir in Sesta, Italy since 1987. The plant is small,
generating only 25 MW and uses an aquifer storage system situated in porous rock.
in December 1991 the project came to an end and the plant was taken out of
operation. No further information is available on this project.

2.5.12) Nordwestdeutsch Kraftwerke - Germany (NWK)">'"®

The NWK was the first electricity utility to introduce compressed air energy storage
into its network. The Huntorf plant™'" was designed and engineered by Boveri-Brown
& Sultzer becoming the prototype for all CAES projects to follow. This plant came into
operation in December 1978 generating up to 290 MW. It has a charging ratio of 1:4,
running on a daily cycle consisting ¢ storing air for 8 hours and generating electricity
for a maximum of 2 hours.

The plant is situated above a salt-dome in which two caverns were solution mined.
Each cavern is situated between 650 and 800 m underground with a combined volume
of approximately 300 000m®. Air is stored at a pressure of between 50 to 70 bar. A
pressure drop below this could result in the cavern coliapsing.

Electricity is used during off peak hours to operate the 60 MW motor section of the
motor-generator. This in turn produces shaft power through two clutches situated on
either side of the motor-generator. In this state the compressor clutch is coupled while
the turbine clutch remains open. T 3 coupled clutch connects the compressor train
consisting of several stages, the first being a low pressure compressor that rotates at
3000 rpm to increase the pressure of the incoming ambient air at a ratio of 5,5:1.
After this compressor the rotational 1aft speed is stepped up, via a 45 MW gear box,
to 7626 rpm, allowing for the use of a high pressure compressor that delivers air to
the cavern at between 50-70 bar, thus creating a pressure step-up ratio of
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approximately 68:1 from ambient. Bt 1 these compressors are off-the-shelf industrial
designs with the low pressure compressor being of axial design and the high pressure
compressor consisting of six radial s ges”. With such a high outlet pressure it was
found that the outlet temperature would approach 820°C and the specific work input
some 865 kJ/Kkg, all of which would h e to be dissipated in the aftercooler’’. Making
use of several intercoolers the Huntorf designers have achieved operating conditions
such that no gas temperature exceeds 230°C. In addition to this the specific work has
been reduced to 550 kJ/kg resulting  a saving of 37%"". Huntorf makes use of three
inter-coolers and one after-cooler (F' ure 2.26).

After the required pressure in the cavern has been achieved, the cavern is closed off
by a valve. Once the demand for el :tricity peaks, air is released via a pipeline and
valve and fed into the turbine train. At this stage, the clutch couplings have been
reversed and the compressor clutch  uncoupled while the turbine clutch reconnects
the turbine. The Huntorf plant makes use of two turbines, the first being a high
pressure turbine running at an inlet temperature of 550°C and pressure of 43 bar and
the second being a low pressure tL line with an inlet temperature of 825°C and a
pressure of 11 bar. The choice of these temperatures was decided upon by Boveri-
Brown, the designers of the plant, fc practical reasons, making use of standard off-
the-shelf equipment. The low pressu :turbine with combustion chamber is a standard
industrial gas turbine with a pressu drop of 11:1 while the high pressure turbine
makes use of an inlet pressure of 43 bar which has been chosen in conjunction with
the minimum cavern pressure. This turbine is a small intermediate pressure steam
turbine. The turbines use natural gas that is stored in the same saltdome but in
separate cavemns.

Con ¢ n was started on the site in May 1975, with equipment installation taking
place from July 1976 to Sept 1977. Due to several commissioning delays resulting
in several equipment rebuilds, the plant was finally commissioned in December 1978.

Huntorf has an impressive track record with an availability of 90% and a reliability of
99%%'. The plant has also achiev d a Charge Energy Factor (CEF) of 1,2 and a
Fuel Heat Rate (FHR) of 5800 k. (Wh". The plant is cheaper to run than a
conventional gas turbine plant, and in 1978 the full project cost of DM110 million (1978
DM) was less than the equivalent g 3 turbines cost™. This cost, is equivalent to R
400 million (1994 Rands), or approximately R1380 /kW.
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Figure 2.26: Schematic layout of the 280 MW CAES plant at Huntorf Germany"”
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2.5.13) Alabama Electric Cooperat e - United States®*'¢'%%%

In May 1991 the first compressed air energy storage plant in the United States came
into operation, 13 years after Hunto was officially opened. Although not being first
in the field of CAES, the Alabama pl¢ t situated near Mcintosh, is the first CAES plant
to make use of recuperator technology, resulting in a 25% more fuel efficient
plant™®'?), The plant went into contin >us operation on 31 May 1991 and became one
of the six winners of POWER magazine's 1992 Powerplant Award®.

Alabama Electric Cooperative (AEC) was faced with a load growth of between 3 to 5
percent over 10 years from the mid © 80s"?. It was found, after a feasibility study by
AEC, that CAES could increase the »ad factor on AEC's coalfired baseload Loman
Powerplant (600 MW). The most t¢ hnical and economical solution to achieve this
was to develop a 200 MW CAES plant to operate on a weekly cycle, with phased
construction of 4 by 50 MW units from 1989 to 1993"". Storage time of 26 hours was
determined from the load curve shape, with weekly charge and discharge cycles, with
charging taking place largely over weekends due to cheaper electricity available.

Four powerplant firms submitted bids on a turnkey basis using turbo-machinery from
ABB and Dresser Rand. After receiving these bids it was found that the four 50 MW
units were less attractive than a more recent proposed 110 MW unit, and on a cost
per kilowatt basis it was found that the 110 MW unit was more viable™. The plant is
situated on approximately 16 ha of ground which allows for a possible second 110 MW
unit. In 1988 the contract was awarc 13, as a joint venture, to Gibbs & Hill and Harbert
International, utilising Dresser Rand turbo-machinery and controllers. Fenis & Scisson
solution mined the cavern and o 1er's engineer on the project was Burns &
McDonr | Engineering Co. of | 5 City.

The plant was built over a period of 2 years and 9 months. AEC never expected to
be the first to implement CAES in the USA, it was just coincidence that the cost was
more favourable in comparison to the two other options being considered at the time,
namely simple-cycle combustion turbines and combined-cycle fossil plants"®. The
Alabama plant represents about 14% of AEC's generating capacity and the utility had
planned to run the plant for approximately 1700 hours per year!'®.



The total cost of the contract was $65 million (1988 dollars)(R281,5 million - 1994
Rands) (R2560/kW). This was p:¢ ially funded by the Electric Power Research
Institute (EPRI) ($8 million) and the lational Rural Electric Cooperative Association
($660 000)® (1988 dollars).

Similar in design to the Huntorf plant, the Alabama plant is situated on a salt-dome
with a solution mined cavern of app ximately 0,53 million m®, situated at a depth of
between 450 m and 760 m. The ca :rn walls can withstand pressures of about 138
bar which is almost twice the operating pressure. The choice of a salt cavern was
based on the geological situation in Alabama, as suitable geological formations can
be found in approximately 75% of tt  United States. The cavern was solution mined
with water, creating brine. This was then discharged via pipeline to the nearby Olin
chemical plant, which owns the mineral rights to the entire saltdome, and makes use
of the brine in their chemical processes. A weak brine solution with a quantity of
diesel fuel is returned to the cave 1. As the mixture is pumped in, the diesel
separates from the water and rises ) the top. This forms a seal at the roof of the
cavern preventing air loss®. Once s is done the brine is once again pumped out
of the cavern leaving an air tight volume.

The cavern volume allows 26 consecutive hours of generation at 100 MW net®. A
second cavern is to be mined once the demand has risen, allowing a second unit to
be installed. The compression cycle of the Alabama plant has a ratio of 1,7 hours of
pumping for every hour of generation'®, where the Huntorf plant needs 4 hours of
compression for a single hour of ger ration. The plant is run on a weekly basis, with
intermediate charging taking place on a daily basis and complete recharging over
v kent

The Alabama plant is the first CAES plant in the world to make use of a recuperator,
allowing exhaust gas leaving the turbines to preheat the air from the cavern before it
enters the combustors (Figure 2.27). Preheating increases the air temperature leaving
the cavern to 290°C to 340°C, depending on the load on the system'?). After the air
has left the recuperator it flows thr i1gh a combustor and is expanded in the high
pressure turbine, then the gas is reheated in the low pressure combustor and
expanded in the low pressure turbit . The exhaust gases are directed through the
recuperator and released to the atmosphere at temperatures between 125°C and
145°C. The recuperator reduces fuel consumption by approximately 25%®'%'9),
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Figure 2.27: Schematic layout of AEC's 110 MW CAES plant in Alabama, USA®?
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The recuperator was designed by £ Rl and Energy Storage and Power Consultants
Inc., with care being taken to minim : cycling fatigue and corrosion. Corrosion of the
recuperator's carbon steel tubes is a major concern when oil is fired®. The tubes are
arranged and the air flow directed in such a manner that the tube temperature always
remains above the dewpoint of sulphuric acid. A co-current section separates two
counter-current sections (Figure 28). Cold air from the cavern enters the
recuperator's co-current section and is heated by hot exhaust gases at a temperature
that results in an outside tube metal temperature being maintained above the
dewpoint. A further precaution against corrosion was to equip the exhaust stack with
a damper that is closed whenever the plant is shut down.

ArtoH.P Air from
expansion cavern
woine

—

Turbine exhaust.
recuperaior et

Jadweq

Counter-current O——-—d Counter-current
Co-current

section secuon
Secuon

Figure 2.28: Schematic diagram of the CAES recuperator‘'®

The compressor train requires a m imum of 30 MW and a maximum of 55 MW to
compress the more than 2800 MWh of energy, that can be stored for later use®. The
first compressor in the train is a low pressure axial compressor run at 3600 rpm. A
step-up gearbox allows the rest of the stages to turn at 6024 rpm. The second
compressor in the train is an interm¢ iate pressure compound centrifugal compressor
and the last compressor is a high pressure barrel compressor. There are 3
intercoolers in the train, placed between compressor stages (after the axial
compressor, between the first and second stages of the compound centrifugal -
compressors, and between the termediate pressure and the high pressure
compressors). Lastly, before the air is compressed into the cavern, there is an
aftercooler that cools the air down to 43°C.
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When the electricity demand rises to such an extent that the plant needs to be
employed, air is released from the cavern through a pressure regulator, through the
recuperator to the high pressure combustor. Air enters the recuperator at
approximately 35°C to be released at between 290°C and 340°C. The high pressure
combustor elevates the temperature of this gas to 540°C before it is released into the
expander. After this stage the ge¢ is reheated in a low pressure combustor and
enters the low pressure expander at 870°C. The high pressure expander generates
23 M while the low pressure expander generates 87 MW. From the low pressure
expander the gas is directed throu 1 the recuperator and to the atmosphere. The
complete unit generates 110 MW while operating on natural gas with a fuel heat rate
of 4820 kJ/kWh, and a charge energy factor of 1,22,

The switch over between charging 1d generating from a 55 MW load on the motor
to a 110 MW generating mode take between 30 and 40 minutes. Once the storage
cavern is completely charged the CAES unit may be brought from cold standby to fully
loaded (110 MW) within 10 minutes for an emergency and 12 minutes under normal
starting conditions®®. This allows AEC the capability of covering sudden generation
losses. By comparison, gas turbir s take between 20 and 30 minutes for normal
start-up. CAES has biack starting capability that allows it to be brought on line with
no additional external electricity source. Once the unit is running, it can provide power
to nearby generating plants for start-up.

When AEC first investigated the pi  antial for CAES in 1977 the only system on the
market was the one supplied by Boveri-Brown which was too large and costly for
AEC's needs. EPRI carried out sev al technical and economic feasibility studies and

utiliit 5 intere 2d in CAE  but none inter: lin ch alar¢ unit.
Schainker'®, energy storage program manager for EPRI, discovered that all the
components necessary for a smaller unit were available off-the-shelf, due to their use
in various other industries.

The turbo-machinery train at the / 1bama plant is 38 m long and is separated into
three equipment modules; motor-g 1erator, the compressor train and the generation
train. Alignment of the train could have proved difficult, resulting in some excessive
vibration occurring between clutch and generator, but was solved with conventional
balancing methods (Figure 2.29).
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Figure 2.30: The Dresser-Rand hi¢ pressure expander™®
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Figure 2.31: The low pressure exp: der!'®
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The Digital Control System (DCS) has been debugged in the process to curb
unnecessary problems. Operators | ve concluded that there are over 270 possible
conditions which could trip the unit®. The 16-inch ball valve that regulates cavern air
pressure is mentioned as particularly problematic. This is not surprising as this valve
regularly has to operate down to 4-6% of its fuli-load duty.

EPRI has provided engineering support throughout the project by gathering and
analysing  rmation’®. The Institu is working on additional methods of improving
CAES, one possibility being the inclusion of a humidifier. The humidifier will use both
waste heat and water to increase the energy content of the mass flowing through the
turbine, providing additional power without requiring an increase in unit size. EPRI is
also investigating the use of high-te »>erature turbine technology that would lead to
a reduction of nitrogen-oxide emissi 1s.

Operating the plant for significant periods below full load results in a decreased
efficiency and excessive fuel usage. Below 50 MW, for example, the fuel heat rate
and charge energy factor deviate from the optimum. At 110 MW, the figures are FHR
= 4820 kJ/kWh and CEF = 1,22 respectively, whereas at 25 MW these figures become
5542 kJ/kWh and 0,75®. Even at: % load, the fuel heat rate of the Alabama plant
is much better than that of most utility generating plants®.

By employing CAES as an energy management tool on their electricity network, AEC
system controllers can shed up to as much as 55 MW of load by simply dropping the
unit's motoring supply®. This becomes particularly useful when other generating units
have forced outages. During summer months the plant is used to supply capacity
whi tt utility's baseload coal-fi 1unitsa down for main’ The "’
plant can also respond swiftly to ictuations in load, foliowing load demand to
supplement supply as needed, with minimal change in generating efficiency. The plant
may also be remotely controlled with minimal staff on site.

2.6) CONCLUSION

The ability of a CAES variant is reflected in the charge energy factor and the fuel heat
rate. Although the capital- and runn g costs are important factors, and naturally the
first aspect, in the selection of a suit: le CAES configuration, it has not been possible
to gather this information, as many of the CAES variants are concepts that have not
been costed. Following is a summary of the performance characteristics of the
various CAES configurations (Table 2.5).
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Table 2.5: Performance characl istics of various CAES configurations

CAES Configuration Charge Fuel Energy | Figure
Energy Heat Ratio
Factor Rate
(kJ/kKWh)
-Conventional 1,27 4360 0,79 2.4
2's Turbomachinery variation - 4220 - 2.14
-Pure Adiabatic Aim 0,71 0 1,41 2.15
-Nakhamkin's indirect CAES/TES 1,11 3000 0,90 2.16
-Glendenning Pebble Bed CAES/ S 0,96 3000 1,04 2.17
-A5 0,96 -- 1,04 2.18
-A1 -- 0 -- 2.19
-CAESCC 1,79 5870 0,56 2.20
-CAESSI 1,79 6410 0,56 2.21
-CAES/PFBC direct gas supply - -- - 2.22
-CAES/PFBC indirect heating - -- - 2.23
-Giramonti's CAES/PFBC - - - 2.24
-Huntorf 1,2 5800 0,83 2.26
-Alabama 1.22 4820 0,82 2.27
where
Charge Energy Factor (CEF ) - =" Flectrical Energy Output
Gross Electrical Charge Energy
Fuel Heat Rate (FHR ) - Combustion Ff/e/ Consumed (kS kW )
Net Electrical Output
Energy Ratio - The amount of off-peak electrical-energy consumption (kWh)

during the compression cycle to generate 1 kWh during
generation and equates to 1/CEF.



A summary of the projects and studies into the application of CAES in various utilities
and countries electricity networks is given in Table 2.6. It is interesting to note that
all the projects, feasibility studies and plants are based on the conventional CAES
layout, only differing in the method of air storage. They use either natural gas or fuel
oil for combustion.

Table 2.6: _ Status of Compressed Air Energy Storage throughout the world

-y Output | Ch ging | Cycle State Type
MW F tio of of
development | reservoir
Luxembourg 285 ? Daily Feasibility study | Rock
Yugoslavia 2x130 1:2 Daily Feasibility study | Rock
Sweden 250 1:1 ? Authorised Rock
construction
France 250-300 1:1 Daily Considering Rock
Ukraine 1050 ? ? Construction ?
unknown
Israel 3x100 ? ? Feasibility study | Aquifer
Japan 35 ? ? Status unknown | ?
TVA-USA 600-1200 ? ? Feasibility Worked out
study Gas Field
Soyland-USA ) ? ? Abol t
study Cavern
VTT-Finland 34-41 ? Weekly Feasibility Rock
study
Sesta-Htaly 30 ? ? Pilot study Aquifer
completed
Huntorf-Germany 290 1.4 Daily Fully Salt
operational Cavern
Alabama-USA 110 1:1.7 Weekly Fulty Salt
operational Cavermn




CHAPTER 3

NALYSIS
of

ESKOM DEMAND



3.1) INTRODUCTION

The cost of not meeting customer € ctricity demand has a deleterious effect on the
country's economy‘’. Electricity den 1d needs to be forecast well in advance, as the
construction of a generating plant c: take as long as 12 years®. Planning to meet
demand necessitates not only instz ng the correct amount of supply but adding a
percentage of reserve capacity to accommodate unexpected high demands and
unforseen outages of the standard gi  erating equipment. The purpose of this chapter
is, firstly, to evaluate Eskom load demand curves, secondly, forecast customer
demand and the need for additional generating capacity and, thirdly, size a CAES
plant suitable to meet future electric r demands.

3.2) THE THEORY OF DEMAND F( IECASTING

To predict the South African electricity demand, it is necessary to consider where
electricity lies within the country's € :rgy sector. It has been well documented that
there is a link between energy consumption and economic growth of a country®. This
relation is expressed as the energy intensity index, which is the ratio of energy
consumption to gross domestic product (GDP) and may be expressed as kilograms
of oil equivalent per Rand of GDP. This is an important relationship, as the energy
intensity index of South Africa is expected to follow the pattern set by those of
developed countries. Energy cons nption is also a function of sectoral economic
activity®. For example, primary industry is more energy intensive than agriculture or
mining. As primary industrial activit increases so does the energy intensity.

Electricity is well established within the commercial energy sector of South Africa. The
three major forms of con.... 2rcial er / are coal, oil and electricity. Gas has only a
small contribution at present, but will become a role player as the Pande and Kudu
gas fields are exploited in Mozambi 1e and Namibia respectively. The sectoral mix
of the various energy carriers from 1933 to 1988 is shown in Figure 3.1. As shown,
there has been a distinct move from solid fuels towards liquid fuels and electricity.
This is likely to continue and it is esti ated that there will be a final percentage market
saturation. Table 3.1 shows the expected saturation for the various forms of
commercial energy. Electricity is expected to contribute approximately one third of the
country's commercial energy needs'"®. Saturation is determined by the fact that
certain applications will, for the foreseeable future, be supplied by energy forms other
than electricity. For instance, the u: of process heat in industrial applications might
be better served by coal boilers than by electricity. Similarly, it is unlikely that
electricity would make more than a small contribution to road transport.
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Figure 3.1: Contribution of energy sources to final energy demand in South Africa
(1933 to 1988)®
Table 3.1: Total commercial fin energy - values from saturation curves®
COMPONENT FINAL YEAR FOR 99% YEAR FOR
CONTRIBU" DN OF FINAL INFLEXION
Coal + Gas 34,0 % 2000 1972
Oil 33,0 % 1984 1964
Electricity 33,0 % 2002 1980




The economic growth of a country is difficult to predict, forecasters make use of a
variety of scenarios to determine the rowth in GDP. Estimating an energy intensity
index from the information available on developed countries and applying this to
various GDP scenarios it is possible to make a prediction of energy consumption. To
determine the electricity consumption expected, the sectoral energy mix needs to be
determined.

Table 3.2 several electricity consumption forecasts, over the last 20 years, for
the year 2000®. The higher econ nic optimism in the 1970's is reflected in the
demand forecasts, being much higher than those forecast during the 80's. The values
forecast are for the actual South A can demand, excluding internal use in power
stations.

Table 3.2: Electricity demand forecasts for the year 2000°
YEAR AUTHOR CONSUMPTION GDP GROWTH
OF (GWh) (% ANNUM)
FORECAST (Low Scenario) to 2000
1974 D.P&E 289513 5
1976 du Toit 290952 5
1977 D.P&E 280901 4,4
1978 Norman 345000 5
1985 Kotze 185413 2
1988 v.d.Dussen 187000 3
1989 Davison(1,3,4) 210000 2,5
1989 Davison(2) 230000 1.6
SOURCE"™ 1994 CONSUMPTION GDP wiervvs o
(GWh) 1993-1994
ESKOM statistics 167609 2,1%
Note: D.P&E - Department of Planning and the Environment
Davison - See Table 3.3

The forecasts in Table 3.2, made by Davison“®, were made on the basis of four
different economic scenarios. These scenarios were developed from a range of
overall economic world views developed by the Economic Analysis Unit of Eskom's
finance group”. The scenarios were drawn up by anticipating South Africa's response
to the world environment.






Figure 3.2 shows the electricity s es since 1955®, and Figure 3.3 shows the
percentage growth rate®®. The most remarkable changes took place in the early
1980's when the economic growth of the country slowed down dramatically®.
Recovery has been siow with the hi 1est increase in sales, since 1988, occurring in
1993 (4,1%)®. The increase in 1! 8 was short lived and not attributable to any
particular circumstance. However, the increase in 1994 has been attributable to the
new political dispensation, the business cycle gaining momentum, an upturn in the
agricultural sector, as well as a recovery of prices and increased activity in the metal
sector®. The growth in world economy is expected to continue having a positive
impact on the demand for raw m: 2rials and commodities as well as enhancing
optimism in the business sector and inspiring confidence®. Higher economic growth
rates are predicted and the high grc th rate in electricity sales is therefore expected
to continue®.
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Figure 3.2: Eskom electricity sales: 1955 to 1994
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The net average n  imum demand can be determined for the years for which the
forecast has been developed. The equation uses electricity available for distribution,
and not electricity sales. The difference between electricity available for distribution
and electricity sales is an amount lost during transmission®. This is approximately
5,5%%. By adding 6% to the forecast sales figures, a reasonable estimation is
achieved. The electricity available for distribution is shown in Figure 3.6 for the same
scenarios as for the electricity sales. Using equation 3.2. the maximum demand is
determined for every point in every scenario. Figure 3.7 shows the maximum demand
for all 4 scenarios. Included in this gure is Eskom's full generating capacity (base
and peaking plants).

In 1994, Eskom's full generating capacity was 35926 MW, by 2001 Eskom will have
added another 3843 MW to this amount. Eskom will have approximately 39769 MW
generating capacity by 2001. This amount includes reserve capacity. This amount
is considered to stay constant until 2020. Ignoring the most extreme forecast, Eskom
may run out of capacity sometime between 2004 and 2008.

FORECAST OF ~.ECTRICITY PRODUCTION
(1990-1994 ACTUAL) (1994-2020 FORECAST)
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Figure 3.6: Electricity available for distribution forecast
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Figure 3.7: Maximum demand forecast and generating capacity

T n im n' v 77t y Tttt T ott 4

listed in Table 3.4.

Table 3.4: Forecast maximum di

YEAR 2000 2010 2020

GROWTH
SCENARIOS
1) 3,3% 30182 MW 41759 MW 57777 MW
2) 4,0% 31430 MW 46524 MW 68867 MW
3) 4.6% 32534 MW 51010 MW 79978 MW
4) 6,3% 35838 MW 66021 MW 121622 MW













For every curve, an amount of energy is supplied by the baseload plant, as shown in
Figure 3.12, which is the load duration curve of the winter's week in 1994. The energy
demand above the baseload cut, must be supplied by a peaking plant or alternative
by storage plants. When using storage plants the following occurs, the baseload
supply is increased to a level as shown in Figure 3.13. The storage plant must be
able to store the excess energy produced by baseload plants during low demand and
reproduce it at a later stage to meet peak demands.
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Figure 3.12: Plant mix on a load d ation curve
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Figure 3.13: The effects of energy storage on a load duration curve

As seen in Figure 3.13, the area (/ below the constant baseload output and above
the curve is the excess energy pro iced by baseload units. This energy is shifted,
through storage, to the area (B) above the constant baseload and below the curve.
The efficiency of the storage plant determines how much energy may be moved from
A to B. A pumped storage plant's efficiency is approximately 75%. The generation
energy capability would be: B = 0,75 x A (GWh). By moving the constant baseload
output, up or down, the correct ratio between A and B may be achieved and thus the
plant size may be determined. This method does not take baseload plant availability
into account and therefore a percen ge of error exists in the size of the storage plant.
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Applying the above argument to CAES, a charge energy factor is defined (Chapter 2),
which includes an increased output due to additional fuelling"".

Net Elertricial Energy Oulput
Gross Electrical Charge Energy

Charge Energy Factor (CEF ) =

(3.3)

From the literature a conventional CAES plant has a CEF = 1,27®, Alabama has a
CEF=1,22("2 and Huntorf has a CEF = 1,2, It can be accepted that any CAES plant
that may be installed in future would be based on the conventional plant and require
the additional fuelling. For the sizing of the CAES plant it is assumed that the CEF
would lie between 1,2 and 1,3. A ( = of 1,25 is used in this analysis.

LOAD DURATION CURVE
APPLYIN( CAES TO ESKOM

PUMPED STORAGE - GENERATION
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TR g
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Figure 3.14: The effects of pumped storage and CAES on Eskom's load duration
curve
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In South Africa a section of the peak demand is already met by pumped storage
(Figure 3.14)®. In this analysis it is assumed that all current pumped storage will still
be in operation in 2020. Figure 3.1 shows how any additional storage plant (e.g.
CAES) is sized to suit Eskom, as a ( nerating alternative. To determine the size of
the CAES plant capacity in South Africa, the following formula is applied, on the basis
of the forecast maximum demand load duration curves of the various scenarios:

B = CEF x A (GWh)
(3.4)

Eskom has two pumped storage plants operating on its network. The first is
Drakensberg"'®, rated at 1000 MW with a capacity of 27,6 GWh and the second is
Palmiet”?, rated at 400 MW with a capacity of 10 GWh. Drakensberg has 4 x 250
MW and Palmiet has 2 x 200 MW generating sets. The loading of pumped storage
is determined on an efficiency basic . The plant with the highest efficiency will be
loaded first, because it will be used for a longer time period and be cheaper to
operate. The reservoir of the Drakensberg scheme is big enough to operate the
scheme in the generation mode with a weekly load factor of 30%!"®). The reason for
this is that the scheme also supple ents water supplies to the Highveld. Palmiet
supplements water supplies to Cape Town. For this analysis it is assumed that both
schemes will be run on a weekly lo: factor of 30%. Therefore, on a weekly basis,
Drakensberg"® is able to supply 50,4 GWh to the grid, and Paimiet'¥ 20,16 GWh.
It is also assumed that pumped storage would be loaded last after the CAES plant,
and appears at the top of the load uration curve for the forecasts, similar to that
shown in Figure 3.14. Drakensberg"'® has an efficiency of 73,7% and Palmiet™ an
efficiency of 77,9%. In practice, | et would be loaded befo = “e °

For this analysis it is assumed that Palmiet and Drakensberg are combined as a single
1400 MW plant with a 30% load 1 :tor and a combined efficiency of 75%. The
combined plant is thus able to supply 70,56 GWh at no more than 1400 MW.
Applying the pumped storage to the load duration curves of the various scenarios, the
graphs in Appendix A are generated. The peaks and troughs are slightly levelled off
through pumped storage. Using the remaining area under the curve and above the
original baseload plant it is now possible to determine the size of CAES using a CEF
of 1,25.



The graphs in Appendix B show the constant baseload power output as a straight line
for the various forecasts, 125% of t| : excess baseload generating capacity is used
to meet the peak demands.

3.5) CONCLUSION

As mentioned, plant availability was not taken into account for this analysis and a
percentage of error exists in the results obtained for the CAES capacity. Using the
graphs generated in Appendix B it is possible to determine suitable CAES storage and
generating capacities for the CAES sizes. The horizontal line is the constant baseload
output for CAES plants with a CEF =1,25. Table 3.5 shows the resulting sizes for
CAES plants for the forecast years fc an average week. It is assumed that the CAES
plant would be situated close to load centres and no transmission losses are taken
into account.

Table 3.6 shows the constant baseload power demand needed throughout the week.
By adding 6% to the values in Table 3.6 for transmission losses the constant baseload
output is shown in Table 3.7. By adding a further 20% for reserve capacity, the
forecast size of installed capacity necessary to meet these peak demands, is
determined and shown in Table 3.8.

Table 3.5: Size of CAES plant generating capability for the forecast years.

Forecast Growth 2000 2010 2020

Rate

3.3 % 272802 MWh 381541 MWh 530672 MWh
4732 MW 6829 MW 9787 MW

4,0 % 284312 MWh 426059 MWh 633540 MWh
4950 MW 7724 MW 11867 MW

4,6 % 295005 MWh 468230 MWh 738127 MWh
5155 MW 8560 MW 14018 MW

6,3 % 325886 MWh 608144 MWh 1125577 MWh
5748 MW 11341 MW 22032 MW







With the introduction of the Southern African power pool, CAES may be a suitable
generating system. Power importe from the North may act as reserve capacity or
additional baseload capacity and Eskom's current generating capacity plus a CAES
plant will be able to meet the customers demands. The question that remains is
whether CAES is competitive on a capital cost basis with other generating plant.
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C /APTER 4

UNDERGROUND / R STORAGE RESERVOIRS
in

SOUTH AFRICA






4.3) COMPRESSED AIR AND THE | NING INDUSTRY

The compressed air demand peaks that are experienced in the mining industry are
similar to the electricity peak demanc experienced by electricity utilities. As mining
operations, and specifically rock drilli  operations, experience a peak during the day,
a loss of pressure is experienced by e drilling teams. This occurs when too many
drills are brought on line. This requires that either less drills are operated during this
time, thus decreasing output, or all natively an additional compressor has to be
brought online, resulting in high energy costs.

By adding an air receiver into the compressed air system, compressed air may be
stored during low demand periods to )ost the air supply during high demand periods,
meeting both peak demand and saving on electricity costs®. The receivers are then
recharged during off-peak periods making use of a low electricity tariff. Due to the
high costs of above-ground storage installations, unused underground excavations
have been sealed off, and used as air receivers. In South African mines, air has been
stored in both constant volume and constant pressure underground receivers®®'%'",
Both types of systems have been used successfully to supplement compressed air
demands. The use of an air receiver for a CAES plant is therefore a possibility. The
following is a description of several air receivers implemented in the mining industry.

The first documented South African underground air receiver was implemented in the
1930's at West Springs mine®. This receiver was developed by isolating an unused
haulage with concrete plugs at both ends, and converting it into an air storage device.
During low demand the volume was pressurised. Once demand had risen to above
the compressor supply, air was released from the receiver, through a regulating valve,
and into the air mains.

Since the implementation of the rect rer at West Springs, many receivers have been
developed, both constant pressure and constant volume systems. In a constant
volume system the volume remains constant during charge and discharge®, charging
taking place by compressing air into e receiver until the desired pressure is attained.
Discharge is normally controlled via a regulating valve at the outlet. Air is released
from the receiver at the required | 2ssure, while the pressure within the receiver
simultaneously drops from fully char :dto the regulated pressure. Once the pressure
within the receiver is equal to the regulated pressure the additional air supply ceases.



Figure 4.1: Schematic diagram of a constant pressure receiver®®

In a constant pressure receiver (Fi ire 4.1) air is supplied from the receiver at a
constant pressure while the volume changes®. To achieve this, water compensation
is necessary, as shown in the figure. Water compensation is achieved through a U-
tube, with two volumes at either end. The bottom reservoir is totally enclosed, while
the top is open to the atmosphere. If the bottom chamber and connecting tube are
filled with water, and compressed air, at a pressure slightly higher than that
corresponding to the head H, is let it ) the lower reservoir, the water will be forced up
the U-tube into the upper reservoir. The bottom chamber will be filled with air at a
pressure corresponding to the head H,. If the supply of compressed air is reversed
and air is drawn from the lower ¢ imber, it will escape at a practically constant
pressure until the original state is restored.
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Booster compressors may also be used in situations where the available head is
small, as this would seriously affect 1e total quantity of air available. The booster
compressor is used to increase the pressure of the air leaving the receiver.

Blyvooruitzicht goldmine!® converte an abandoned twin cross cut system into air
storage. Unlike the systems at Welkom no water was used to maintain pressures, and
a constant volume receiver was developed.

4.4) SEALING UNDERGROUND RECEIVERS AND CONCRETE PLUGGING
Creating underground storage necess ites isolating existing excavations with concrete
plugs and sealing all other possible | ices of leakage!'"'3",

Due to the safety measures required  using air receivers and high pressure systems,
a code of practice has been developed for the construction of underground plugs
required to retain water under pressure‘’®. The code is also used for the development
of concrete plugs used in retaining ct 1pressed air. The code covers the full design
of underground plugs, including the process, requirements, process control, site
selection, site preparation and equipment necessary for plug development. |t
continues with the placement and des’~ of plugs, shuttering, aggregate placing, grout
preparation, grout intrusion, stoppag  during intrusion, strength requirements and
sealing of the rock-plug interface and surrounding rock. Lastly the code has several
notes on additives, concrete preparation machinery, calculations on plug length, and
sand-cement ratio required. The design of all concrete plugs, used to contain
pressurised volumes, need to be passed by the Government Mining Engineer.

(12)

Figure 4.5: Standard friction concrete plug
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Plug design may vary from a standard friction type plug (Figure 4.5) to a semi-arch
type (Figure 4.6). The following is a discussion of the semi-arch type plugs installed
at the Welkom No.2 shaft undergrot d air receiver’®. The plugs are depicted in
Figure 4.6 and Figure 4.7. The plugs are a reinforced concrete wedge (semi-arch)
designed to tighten under pressure, ¢ minating scaling of the sidewalls.

The design is such that all the retainit  forces are directed in a wedge action against

¢ face. Sufficient reinforcing ¢ el was installed to take the entire shear force
load while the concrete only acts as a compression member. The resultant of the
forces imposed upon the plugs is at an angle of + 68° to the polar axis of the drive.
The walls are approximately 1,5 m thick and about 3,0 x 3,66 m maximum cross
section. The calculations for the plug have been determined by Leimer'® for a
receiver pressure of 7,4 bar. Due to the weakening effect of the piping that may run
through the plug it is assumed that the forces are only resisted by the wedge action
on only two of the sides. The thickness is approximately half that of a friction type
plug under the same load.

Diamond drill cores were taken of the rock and examined to determine the extent of
rock fracturing before plug site finalisi on could take place. Once site selection had
taken place, it was prepared by barring down as much loose rock as possible. Next
the wedging hitches were cut by blasting. The final size was achieved with smooth
wall blasting. No pinning steel was installed due to the wedging action of this type of

plug.

The installation of the plugs took place as follows:

A miid fran  wi orif I anini ipport for tt nforcing
steel.

u All wall pipes were placed in position.

= The reinforcing steel we welded into position and the entire assembly
painted.

L Shuttering was erected aving an opening at the highest point for a

concrete blower pipe to be fitted. The upper section on the one side
was left open to enable concrete to be placed by means of a mini
conveyor, final concrete lacing being done by blower and by hand.

= The placing of concrete was completed in a non-stop shift.

n Shuttering was removed 1ree days afterwards and the waterface of the
plug was painted.



Cementation plugs were cast into th concrete, so that after curing of the concrete the
plugs could be drilled to the concrel rock interface and injected with a thick cement-
sand grout. When this had set the pipes were re-drilled to a depth of 3 m into the
rock, and injected with a cement slurry at a pressure of 68 bar. This was done to
seal any cavities between the rock i d plug and any cavities within the load zone of
the plug. The results were successful with minimal losses. Slight leaks appeared at
pressures of 1 MPa (10 bar) which  quired re-cementation.

A receiver installed at Western Deep Levels Limited'® utilized standard friction type
concrete plug. The formula” used for friction type plugs, as stipulated by the
Government Mining Engineer is as follows:

Area of plug x pressure
Perimeter x shear stress

Plug Length =

4.1)

The calculated length, at Western Deep, amounted to 0,762 m for a pressure of 8,3
bar, but a length of 3 m was installe to coincide with the maximum cross sectional
dimension of the haulages as recommended by the Government Mining Engineer.
This is standard practice for normal friction type plugs.

Harmony Goldmine" stipulates that the plugs must be situated in sound quartzite
formations with a distance of at least 15 m around the plug be free of structural
we ~'ne ich as faults and fissur¢ ~ Further, the rock surfaces upon i ] i
to which the aggregate is to be packed must be:

= solid, free from any foreign material and standing water
= sufficiently rough to ensure a satisfactory bond with the concrete.

Rock surfaces in underground exca' tions are often cracked due to the powerful
explosives used to break the very hard quartzitic rock. Rock bolts are frequently used
in mine tunnels to hold small and large chunks of rock together".



Sealing does not only include the plugging of cross sections to isolate the area. Rock
fracture and fissures require sealing to prevent losses from the receiver. Sections of
receiver surfaces are often grouted with cement to prevent any leakage that may
occur™. Some mines grout approximately 15 m from the plug into the receiver.
Fissures are problems, as they produce water sometimes at a considerable rate. To
remove this water it is often neces! ry to drain large quantities of water from the
receivers and drain pipes and pumps are required. Any area with fissures producing

wounts of water should be avoided. Any shale formations should also be
avoided as they may be eroded through the movement of water in and out of the
receiver®.

It was suggested by Steed that a volume be made airtight by covering some rock
surfaces with plastic sheeting, held ir osition by adhesives. Adhesives are currently
being 1 d on damp rock surfaces with success.

An aspect to note is that, although lei s occur and decrease the amount of available
air, in a constant pressure receiver the leaks do not allow for pressure loss as
pressure is maintained by the water | ad""®. In a constant volume system the leaks
cause both loss of available air and | 2ssure.

4.5) IMPLEMENTED SIZES OF UNDERGROUND AIR RECEIVERS

The underground air receivers built in South Africa have been used at relatively low
pressures, and the volumes have be | adapted to the available space requiring the
minimal amount of plugs and sealing. Table 4.1 gives a list of the volume ané
operating pressures of several South African air receivers.









The cost of the installation of the receiver at Harmony goldmine 14 level" is the most
recent, quoted in 1985. The costs are given in Table 4.3 and 4.4. The concrete cost
per/m®* ex Rodio SA Pty Ltd = R7 )/ m® (1985 Rands). Table 4.3 shows the
breakdown of the plug costs for the receiver. Table 4.4 is a breakdown of all the
additional costs necessary for pipe connections into the system and monitoring
equipment. :

T total cost installation of the 45000 m® receiver at Harmony was R373 865 (1985
Rands) (R1,2 million in 1994 Rands), resulting in a conversion cost of approximately
R 26,7/m® (1994 Rands) for a constant volume receiver at low pressure.

If the pressure in the receiver was to be increased, the concrete plug sizes would
increase proportionally and hence also the costs. If the above receiver was to store
air at 70 bar the construction costs would increase to approximately R1,4 million (1994
Rands). The piping and monitoring equipment costs would also increase but not as
severely as the construction costs. For this analysis it is assumed that the piping and
monitoring costs stay the same. The »>tal cost of a high pressure receiver, the same
size as the Harmony 14 level receiver, would be approximately R1,68 million(1994
Rands) approximately R 37,2/m® (1994 Rands).

4.7) CONSTANT VOLUME vs CONSTANT PRESSURE

It is generally accepted that the volume necessary for a constant pressure air receiver
is smaller than that for a constant volume air receiver. It is possible to use the
equations of state of a simple compressible substance” to determine the volume
difference between a constant volume and constant pressure air receiver. By equating
the amount of energy that has been extracted from the constant volume and constant
pressure receiver the following result is obtained (See Appendix C):

e P,
Vv = (—P“1)
v 2
(4.2)
Where: P, = Fully charged pressure of constant volume receiver
P, = Completely discharged pressure of constant volume receiver
= Pressure of co stant pressure receiver
V, = Volume of constant volume receiver
v, = Starting volume of constant pressure receiver
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For:

P, < P < 2F,
v, >V,
(4.3)
For:
Py =25,
v,=V,
(4.4)
For:
P> 2R
V, < l/p
(4.5)
From the above resulits the following may be ¢ ‘ermit  1fortwo ic \ if the

fully charged pressure, P,, of the constant volume receiver is less than twice the
extraction pressure, P,, the constant pressure receiver will require a smaller volume
than the constant volume receiver. Once the fully charged pressure, P,, of the
constant volume receiver is larger than twice the extraction pressure, P,, the volume
of the constant volume receiver required is less than the volume of the constant
pressure receiver.



Applying the above deductions to the CAES plant at Alabama the following is
determined. Alabama makes use of constant volume underground air receiver, with
a constant volume V, = 530 000 m®, at a fully charged pressure P, = 73 bar. Air is
withdrawn from the receiver at a pressure P, = 45 bar"®. Applying formula (4.2), the
volume of a constant pressure receiver, to supply the same amount of air at the same
pressure, is

V,=0,62 xV,=330230 m°,

The Alabama CAES plant has an electric generating capability of approximately 2600
MWh. For the constant volume receiver the energy capacity of the air is
approximately 4,9 kWh/m®. If a constant pressure receiver was used with an
underground water reservoir, approximately 660 460 m*® would have to be converted
or excavated underground. The usage of an underground water reservoir eliminates
the development of a dam on ground level, therefore minimising costs. For a constant
pressure receiver with a water reservoir the energy capacity of the air is 3,9 kWh/m®.

Reverting to the South African situ ion, and using the underground excavation
conversion costs, determined for the "high pressure Harmony receiver" (R37,2/m°), the
following results are obtained. The ct version cost of existing caverns for a constant
volume air receiver is approximately R7,6/kWh. The conversion cost of existing
caverns for a constant pressure receiver and underground water reservoir is
approximately R9,5/kWh.

4.8) CONCLUSION

The best site for an air receiver is whe 3 the minimum number of seals is required, in
an excavation that is no longer used. The plugs and seals must be passed by the
Government engineer to meet the air receiver pressure criteria. The area must be
accessable, and in the case of CAES must be connected with the turbo-machinery
train through the shortest possible distance. The rock in which the receiver should be
developed must be non-porous with no faults, slips or dykes, where leakage may
occur. Seismicity poses a problem to the stability of underground workings and
concrete plugging. It may counteracted by grouting and wire meshing any
excavations.



Fissures are a common problem, re asing water that would effectively minimize the
usable volume of the receiver. Uniess the water pressure of the fissures can be
counteracted through the air pressure, without air loss, fissures should be avoided.
Drainage is important and needs to be included in air receivers, both for the drainage
of fissure water and sludge.

A problem in mines is the production of noxious and explosive gases such as
ilane. Such areas should be avoided and internal gas monitoring devices need to
be installed, e.g. for CO, CO, and CH,.

Maintenance of constant volume receivers may take place during periods when the
receiver is in a discharged state. Access doors may be situated in the concrete plugs,
and should pose few problems as they have been used in receivers for many years.
Constant pressure systems are a problem as, at the discharged state, the air receiver
is full of water and maintenance is it )ossible.

According to Carr® and Steed the most suitable depth for an air receiver is 1000
m below the surface. Other sources™® suggest a depth of 2000 to 3000 m, as a lot
of mining has taken place on these levels leaving large excavated volumes. The
suggested depth of approximately a = 00 m is largely due to less rock stress and the
closing down of workings. The receiver should be situated in excavations that are
isolated and less likely to be subjected to high rock stresses by mining operations.
The installation of a high pressure receiver similar to that of Alabama requires
development. According to Roux{'"and Jenner!'®, the development of a high pressure
receiver should pose no problem, as is expected that the rock will easily be able to
withstand h" " airp ssu . Thelin irf¢ = onthe ver tb conc plug
design and cost.

In South Africa air storage volumes of 530 000 m® and 330 000 m® need not only be

developed in cross cuts. These volu es could include excavations around the reef

area, inter-connected haulage tunnels, steeply dipping ore-passes and partly stoped-

out areas. The standard dimensions of underground tunnels is 3 m x 3 m. For a

constant volume receiver with a volume of 530 000 m°, approximately 59 km of cross

cut is necessary. For a constant pressure receiver 37 km is necessary for the air-
receiver of 330 230 m® and appro» 1ately the same for the underground water

reservoir. Resulting in a volume of 660 460 m® underground.



..erearemanyclos imir ® in the immediate Johannesburg area and the Gauteng
province which are potentially suitable for conversion. Most of the mining in Gauteng
takes place in hard quartzitic rock, at would be suitable for a high pressure air
receiver. Access to the reef is shown in Figure 4.8, through combinations of inclined
shafts, vertical shafts and crosscuts, leaving large excavated area available for
conversion. Both constant volume and constant pressure systems may be considered,
as the reef mines have many cro: :uts and ventilation ducts allowing scope for
selecting the most suitable system.

Appendix D contains a list of worked-out goldmines around the country. Extensive
research needs to be done to find a suitable mine with sufficient excavated volume
needing the minimal amount of sealing and concrete plugs. Many mines are currently
not being worked rather than abandoned. A rise in the gold price could result in the
mines being reopened. Cavities of the order of 1 million m® are expected in some of
these mines.

(19)

Figure 4.8: Mining in Gauteng

Using the conversion costs of underground excavations derived from the "high
pressure Harmony air receiver" of R 7,2 /m°, a 530 000 m® receiver would cost
approximately R20 million (1994). The same analysis used in the constant pressure
receiver results in a cost of R12,3 million (1994). This cost will double with the
addition of a compensation water res¢ /oir, resulting in a total cost of R24,6 million
(1994). Comparing these costs to mii  excavation costs of approximately R170/m®
(1994)", the conversion of existing m e cavities is economically attractive.
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With the lusion of the water reservoir volume underground, as done in many mines,
for a constant pressure system, the conversion cost is R9,5kWh whereas the
com  sion cost of a constant volume receiver is approximately R7,6/kWh. Unless the
water reservoir already exists, it wc Id be more feasible to construct a constant
volt... 2 receiver than a constant pre. ure receiver.

Not one of the receivers discussed in this chapter is still in operation, and it is not
known if any receivers are stillinuse i the country®'"'2'*') Problems occurri  h
leakages, seismicity and explosive gases have resulted in the decommissioning of the
receivers.



CHAPTER 5

CONCEI .'UAL DESIGNS
and

CO¢ ANALYSIS



5.1) INTRODUCTI
The purpose of this chapter is identify and cost CAES turbo-machinery
configurations suitable for South Africa.

Several of the compressed air energy storage system configurations discussed in the
literature review are suitable for South Africa. It is assumed that a CAES plant
implen  ed in South Africa wot | consist of tried and tested technology
combinations. Systems involving lar¢ thermal storage and steam injection systems
have been rejected due to the ar tional research necessary before possible
implementation could take place. Currently, conventional CAES and CAES with
pressurised fluidised beds (CAES/PF ) are the only viable systems. In South Africa
the choice of fuelling is largely dependent on the availability of fuels in close proximity
to the plant. The plant on the other hand is site specific, dependent on the location
of the air reservoir.

5.2) CAES TURBO-MACHINERY SUPPLIERS

There are several CAES turbo-machinery suppliers around the world. Brown Boveri,
the manufacturers of the turbo-expander train and motor-generator of Huntorf, have
since become Asea Brown Boveri (ABB). Sultzer, suppliers of the Huntorf plant
compressors, have passed their systems onto ABB. Reports indicate that the 290 MW
conventional system, now with recupe  tor, is still available from ABB‘". It is assumed
that a certain degree of development woulid be necessary.

Dresser-Rand, turbo-machinery supplier to the Alabama plant, still offers the same
conventional CAES system®. The sy: 3m has a generating capability of 110 MW and
| « MW for on. TI git ratio 1:1,7, thus  rery hour of
generation, 1,7 hours is needed for ¢ npression.

There are reports that manufacturers such as General Electric and Westinghouse may
offer designs similar to both Huntorf and Alabama‘.

The Alabama plant is the most modern CAES plant and is still fully operational. The
Alabama plant is used as a benchmark for this analysis. All turbo-machinery costs in
this analysis have been escalated from the Alabama plant and supplemented from
other sources where necessary.



5.3) CONCEPTUAL DESIGNS

5.3.1) Conventional CAES

The Alabama turbo-machinery train is shown in Figure 5.1. This is the system stili
available from Dresser-Rand. The complete cost of the Alabama plant® was $65
million or $591/kW (1988 dollars) (R 30/kW 1994). Excavation costs of salt caverns
were estimated at $55/kW (1985 dollars) (R260/kW 1994) for a 2200 MWh plant by
Nakhamkin and Schainker. The cost of a full 110 MW plant (turbo-machinery,
engineering and infrastructure) ext iding the air storage reservoir amounts to
approximately R2300/kW (1994 Ranc (R253 million). This plant may be fuelled with
natural gas or fuel oil.
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Figure 5.1: Dresser-Rand's CAES turbo-machinery train®

The turbo—machinery train consists of multistage compressors with intercoolers,
clutches, a combined motor-generator and high and low pressure turbo-expanders®.
Fuel is added before both expansion stages. The addition of fuel before the high
pressure expander is not always necessary as hot air may be received directly from
the recuperator. The cost of removing the high pressure combustor may be justified,
as this combustor experienced several problems in the Alabama plant®.
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filtering. Pressurised fluidised beds 1 ing pressures of 6 bar are acceptable and have
been constructed and may be implemented in this type of arrangement!'®'".
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Figure 5.3: Indirect air heating with a pressurised fluidised bed combustor”
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To determine the size of the PFBCs necessary to replace the standard combustors
on the Alabama plant the heat input to the cavern air is approximated by assuming an
ideal gas relation and applying the following equation®:

Q= Efpe = Ej + W
(5.1)
Where Q = Heat transfer (J)
E.ia = Initial energy ¢ the system (J)
E... = Final energy of the system (J)
w = Work done by e system =0
This equation may be rewritten as follows:
Q=m Ppnas = Ninigiad
(5.2)
Where Q = Rate of heat transfer (W)
m  =mass flow rate (kg/s)
h = enthalpy (kJ/k
Thus
Q-=n vo (Tinar = Tl
(5.3)
Where C.. = Specific heat of air at constant pressure = 1,0035 kJ/kgK
T = Temperature )

The high pressure combustor at Alabama increases the air temperature from 290°C
to 540°C at a mass flowrate of 155 kg/s®. The heat input is thus Q = 39 MW. The
low pressure combustor increases the air temperature from 381°C to 870°C at the
same mass flowrate as above resi ing in a heat input of Q = 76 MW. The two
PFBCs replacing the standard combustors would require capacities of 39 MW and 76
MW respectively. It is assumed th: the combustion efficiency is 100% resulting in
slightly smaller PFBC capacities than actually required.
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Recently (1994/1995), a 4600 kW PFBC hot-gas generator plant was commissioned
by the Hartley platinum mine in Zimbabwe from John Thompson Africa at a cost of
R1,3 million™. This cost may be est lated for an estimation on the suitable PFBCs
for a CAES system through a cost-c: iacity relationship‘®.

Sg
C,=0C —)
B AX(S)

A
(5.4)
Where Cg = Cost at capacity B
C, = Cost at capacity A
Sg = Capacity B
S, = Capacity A
X = Cost-capacity factor
= 0,75 (An acceptable factor in the absence of sufficient
information)

The cost of a 39 MW PFBC plant would be R6,5 million and the cost for the 76 MW
PFBC plant would be R11 million, a combined cost of R17,5 million (R160/kW 1994).
An estimate for a CAES plant such s Alabama with PFBC would be to add these
PFBCs costs to that of the normal plant. A PFBC/CAES with a turbo-machinery layout
such as Alabama, excluding the cavern, would cost approximately R2460/kW
(1994)(R270,5 million 1994).

st " coal may be utilised as the standard fuel for a CAES/PFBC plant!'®. South
Africa's coal reserves are located in ! »umalanga, the Waterberg, the northern Orange
Free State and Northern Natal™. These deposits are mostly in thick, easily worked
seams near the surface which allows mining at low cost. The cost of discard coal is
made up largely of transport costs, as mining and benefication (the process of
separating coal grades) costs are currently added onto the price of export coal. There
are very few uses for discard coal and CAES/PFBC systems will lessen the stockpile.
The cost of grade D coal is 204,73 c/GJ (1994)®. It is expected that discard coal will
be even cheaper than this figure. From the figures available®, it is estimated that the
cost of transport would be less than 7200¢/GJ.



5.4) FUTURE DEVELOPMENTS
CAES is not limited through turbo-machinery development. In both the Huntorf and
the Alabama plant the high pressure expander is an adapted steam turbine. Currently
there are stand-alone steam units producing 1500 MW electricity, such as the Arabelle
steam turbine unit installed at the Chooz B nuclear power station in France!'”. Gas
turbine technology has allowed for units as large as 240 MW to be developed, e.g.
vens 14.. ™. Removing the compressor unit of this gas turbine, as in the
CAES layout, the 2/3 of power that would have been lost, may now be used to
produce an extra 480 MW, resulting in a turbine capable of generating 720 MW of
electricity. The future generating capability of CAES may easily be over 1000 MW,
as long as a balanced system may be developed. Higher pressures may be needed,
but the compressor technology, with suitable intercoolers, already exists.

Pressurised fluidised bed combustor  may also be used, as their development is also
still ongoing. Recently a 360 MW electric PFBC combined cycle plant has been
commissioned at the Karita site in Japan‘?.

Making the assumption that a single CAES turbo-machinery train may be developed
delivering a 1000 MW, equation 5.1 ; used to estimate costs. Using the same cost-
capacity factor of 0,75, a cost of R1325 /kW (1994)(R1325 million 1994) is obtained
for the conventional CAES plant with natural gas combustors and R1416/kW
(1994)(R1416 million 1994) for the CAES/PFBC plant (no cavern).

5.5) CONCLUSION

Ti"'" 71 "~ comparative costs for the type of plant likely to be implemented in
South Africa. To achieve the criteria laid out in the previous chapters of load demand
and cavern volume, several turbo-r ichinery trains may be implemented. Multiples
of the costs indicated may be used to achieve the correct generating capacity. The
costs produced in this table are for the full plant (engineering, equipment,
infrastructure etc.) excluding the cavern.

CAES plants in Gauteng could use natural gas from Pande, as this field is situated on-
shore and will be cheaper to exploit than other fields situated off-shore. Pande gas
should be supplied to Gauteng by 1997. A second source of gas exists through
GASKOR, who supply SASOL-gas through an established distribution network.
Discard coal may also be used in Gauteng as it is in clear abundance and at low cost.
Coal in Gauteng is substantially cheaper than natural gas.
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Table 5.1: Compara 2 capital costs of CAES units, excluding cavern costs

CAES CONFIGURATION ~cosT FUEL
Conventional CAES
=110 MW R2300 /kW Natural Gas
=1000 MW R1325 /kW Natural Gas
CAES/PFBC
u110 MW R2460 kW Discard Coal
" ®1000 MW R1416 /kW

A CAES plant in the Mosselbay area using a depleted natural gas aquifer as an air
storage reservoir would use the atural gas available from these fields.
conventional system would be best suited for this area.

' The CAES configuration of a plant anywhere else in the country would be determined

by the availability of fuels in these areas.

Discard Coal




C IAPTER 6

CONCLUSION



The objective of this dissertation was ) investigate compressed air energy storage as
an alternative generation capacity for the South African electricity industry.

In chapter one, an introduction to energy storage, electrical energy storage was
introduced as an alternative generation option. Various energy storage technologies
were discussed with their characteristics and applications. Compressed air energy
storage s identified as a competitive energy storage option to pumped hydro in
particular, and a suitable contender - the South African electricity market.

In chapter two, the /literature review, an in-depth study into compressed air energy
storage was conducted. Many as :cts of CAES were covered including CAES
variants, underground pressurised air storage, projects and pre-feasibility studies, and
operational plants. Due to the additional fuelling that certain CAES variants require,
a Charge Energy Factor and a Fuel Heat Rate were defined. From the literature
review it was seen that to date, only two CAES plants are still in operation. They are
both of the conventional CAES type and use fuel-oil or alternatively natural gas for
combustion

In chapter three, an analysis of Eskom’s demanad, Eskom's future demand growth was
analysed. A prediction in load grov 1, based on several economic scenarios, was
made and the capacity of a suitable CAES plant, to meet this future demand, was
determined.

Chapter four, underground air storage reservoirs, focused on the aspects and
prospects of storing compressed air underground in South Africa. Past underground
air < in South Africa was disc ;sed and unused goldmir ; were identified as
the most convenient and cost effective storage volumes available. The uniqueness
of individual underground air storage volumes in mines were discussed as well as
techniques necessary for the conversion of existing cavities. Both constant volume
and constant pressure systems were investigated and mine cavern conversion costs
where estimated per electric energy generated (R/kWh).

Two of the most likely CAES turbo-machinery configurations suitable for South Africa
were evaluated in chapter five, conceptual designs and cost analysis. The two types
of CAES were conventional CAES and CAES with pressurised fluidised bed
combustors (CAES/PFBC). Availa e plant was discussed and future generating
capacities of individual CAES turbo-machinery trains were predicted. Costs per kW
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Two sizes of power generating capacity are shown for the different CAES variants,
firstly a 1000 MW plant and secondly, a 220 MW plant. The 1000 MW plant is based
on the information supplied in chapter five. In chapter five it is established that a plant
of 1000 MW could exist with current technology. The 220 MW CAES plant is defined
on the assumption that one mine of 1 million cubic meters may be used as an air
storage reservoir. The capacity of !0 MW has been escalated from the 110 MW
Alabi a int which has an air sto je reservoir of 530 000 m®.

Two storage costs have been defined as determined in chapter four. A constant
volume reservoir cost and a constani ressure reservoir cost. For this analysis it was
assumed that no surface water reservoir already exists. Therefore the volume of the
constant pre: Ire reservoir includes the water reservoir underground, such as many
mines have implemented in the past, resuiting in the higher cost. If a surface reservoir
existed the costs of the receiver for a constant pressure system would be the same
as for a constant volume system. Further, all storage takes place underground to be
converted from existing mining cavities, as this has proven cheaper than excavating
new cavems.

Approximately 8000 MW of CAES capacity is necessary to meet future demand in
addition to a constant baseload sup y. In chapter three it was determined that a
CAES plant with a generating capacity of 7724 MW supplying 426059 MWh of energy
would meet the customers demands in the year 2010, as long as a constant 39845
MW was generated by baseload plant. This was based on a load growth of 4,0% and
the plant would need to be implement¢ before 2006. In approximately 2006, Eskom's
maximum demand is going to excee its total installed capacity of 39769 MW. By
installing a CAES plant of , .24 MW 1000 MW) supplying 426 ) MWh (2432000
MWh) before 20086, no further baseload plants would need to be implemented before
2010 or possibly later. It is in 2010 when the constant baseload demand of a CAES
system of 7724 MW exceeds the installed capacity of Eskom, that additional power
suppliers need to be sought. The Southern African power pool could provide a
constant baseload supply, while a C/ S system meets the peak demands.

A CAES capacity of 8000 MW would consist of eight 1000 MW units. A CAES
capacity of 8000 MW supplying 432000 MWh would require either a constant volume
air storage system of 88 million cubic meters capacity or a constant pressure system
of 111 million cubic meters capacity.
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On the assumption that a single unworked mine could have 1 million cubic meters of
volume available!, between 88 and 1 1 mines would be necessary for a 432000 MWh
/ 8000 MW CAES system. The development of air storage cavities of this capacity is
extensive, and will be the limiting factor on any large CAES system.

As shown in Table 6.1, the choice of CAES variant and air storage combination from
the c a most expensive is as follows:

Conventional CAES with constant volume storage
CAES/PFBC with constant volume storage
Conventional CAES wit constant pressure storage
CAES/PFBC with cons! 1t pressure storage

The capital costs for a CAES capaci of 1000 MW is competitive to that of a fossil
fuelled plant. The capital cost of a six unit coal fired plant is approximately
R3000/kW®, All the 8000 MW systems' capital costs are less than two-thirds the
capital costs of a coal fired plant. A single 1000 MW unit could be competitive with
pumped hydro as the capital costs of a pumped hydro scheme are approximately
R1800/kW®. The storage volume is the limiting factor in both systems.

For both the 220 MW conventional C/ :S and the CAES/PFBC systems, the systems
using constant volume air reservoirs are slightly cheaper than the constant pressure
systems. In the situation of a water reservoir already existing the result would be
reversed.

Du tott limi 1underground stora¢ ava” ' ‘e in South Afric without unr sary
excavations, the most suitable CAES installation would be the 220 MW system. Two
CAES turbo-machinery plants the size of Alabama could be implemented. The
likelihood of applying this system to an underground storage cavern, converted from
amine, in the Gauteng area is greater than anywhere else in the country. The reason
for this is the large amount of mining that has commenced in the area in the past, and
the close proximity to a major load centre.

In Gauteng water usage is already limited and the existence of ‘ready to use"
compensation reservoirs are unlikely. Constant pressure underground air storage
systems would need to have their compensation water reservoirs situated
underground, diminishing the available volume, and thus the available energy. The
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result of this is shown in Table 6.1. The most suitable solution, where underground
storage is limited, is that of a constar volume air storage cavern. The full cavity may
be utilised, although less efficiently than a constant pressure system. As shown in
Table 6.1 more energy is stored through a constant volume system than through
constant pressure storage system.

It difficult to justify the se of a CAES/PFBC plant above that of a
conventional CAES plant on a capital cost basis. As shown in Table 6.1 both 220 MW
CAES/PFBC plants are more expensive than the conventional 220 MW CAES plants.
Taking generating costs into conside¢ ition, the cost of discard coal per gigajoule is
less than that of natural gas and may justify the choice of CAES/PFBC over
conventional CAES. The maintenance of a CAES/PFBC plant would be greater than
that of a conventional CAES plant due to coal handling, combustion and the air
filtering aspects of a fluidised bed combustor.

A conventional CAES plant with a constant volume air receiver would be the most
suitable CAES system for South Afri
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APPENDIX C

CONSTANT VOLUM : vs CONSTANT PRESSURE



For a constant volume receiver:

P,

Fully charged:

AV, = mAT,
Completely discharged:
2V, = mAT,
Wi P, = Fully char¢ p 1 of eiver
P, = Completely « scharged pressure of receiver
V, = Constant volume of receiver
m, = Mass of the rin the charged receiver
m, = Mass of the air in the discharged receiver
T, = Temperature of the air in the charged receiver
T, = Temperature of the air in the discharged receiver
R = Gas constant for air
Am, = Mass of air extracted from the constant volume receiver
k = Constant

(C.1)

(C.2)



Am,=m = -
v 1 2 EH EH
(C.3)
For an isothermal process T, = T,
Am, = Vi P - AR)
7;# 1 2
(C.4)
Mass flow x AP « Energy (Potential)
kP, V,
Energy = —2XP, - P,
/4 TR (A - FA)
kV,
Energy = —=(P,P,-F,?)
(C.5)

For the constant pressure receiver:







From equation C.8 the following is deducted:

For:
£ < P < 2F
_lé < 1
VV
v, » l/p
(C.9)
For:
P = 25,
V, =V,
(C.10)
For:
P > 25,
.ﬁ > 1
VV
V, < Vp
(C.11)

This method has disregarded the loss of efficiency due to throttling in the constant
volume process.
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