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ELECTRIC UTILITY ENERGY STORAGE SYSTEMS
FOR PEAK SHAVING

M. G. OSMAN

Department of Electrical Engineering
University of Ef Mansira, P.O. Box 6
Ef Mansdra, 355186, Egypt

ABSTRACT

The state of the art of energy storage systems used by the
electric utilities for peak shaving is discussed, The underly-
ing concepts for the operation of the most important available
schemes have been described. ‘henever applicable the economics
of the energy storage schemes as well ag the cost exrpressed in
§ / Kw of electric capacity have been provided. In addition,
the procedure used Iin modeling an energy storage system for
planning purposes has been explained. The paper concludes with
a prediction of the trend expected in future expansions of elec-
tric power plants.

1. IRTRODUCTION

The demand for electricity in & utility system is charecter-
ized by hourly, daily, and seasonal variations. Unless peak
sheving facllities can be provided at costs competitive with
conventional peak load generation, the electric power ayatem
will have %o be designed for peak load operation at high capital
cosgt,

There are several courses of action, each with its own con-
tribution to asystem reliability and to the utility industry.

1) Power peaking by interconnecting existing power networks;

2) Construction of new power plants for base generatlion and

the use of older and less efficient stesm turbines for
peagk power generationg

3) Addition of gas turbine peaking units; and

4) Construction of energy siorage syatems.

The last of the teohniguea mentioned above, which has become
a very successful method of energy management, 1s the subject
matter of this paper.

The basic concept of an energy storage aystem ia to locate
at the various subagationa devices that are able to accept energy
from base load generators when the load demand falls below the
bageload generating capability, store this energy, snd release

it to the power eystem when peak load conditions require it. In
this menner the electiric network is designed for less than peak
loeds and in accordance with the peak shaving capacity installed,
A net consequence of this arrangement effectively increases the
generating capability of the system as well as its reliability.
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One of the oldest energy storage schemes used by the utili-
ties is the pumped hydro storage. In this system water {s pum-
ped to an elevated reservoir for storage. Recovering the poten-
tial of this atored water during the peak periods allows minimum
use of fogsil-fired turbines with their high operating coats.The
reliability of pumped hydro storege systems unfortunately is
offset by some of their drawbacks. Pumped astorages lack site
flexibility, require transmisaion interconnections, and have a
dynamic response which is not always optimum.

To counteract the ihcreasing cost of operation of power
plents and to minimize the environmentsl impact of the pumped
hydro storage plents, utilities have increased the size of the
plants and located these plants et distances remote from the
population centers. It is quite clear that all these steps have
ied to an increase in the capital outlay. There is & need,there-
fore, for energy storasge esystems which have the relisbility of
the pumped hydro storage systems without their drawhacks,

Perpandes (1) has introduced a very convenient method of
clagsification of energy storage systens which has been followed
here. Two broad categories of energy storage system are in-
dentified :

(1) The single input shaving system, and
(2) The dual input peak shaving system,

The single input shaving system is charged with off-peak
eleciricity energy. The dual system generntes electric power
from a charge cycle obtained with off-peak electricity or, it
necessary, from a primary or secondary fuel supply. The dusl
system could be operated as an electric generation plant.

Some of the single input systems presently used or under
development are : a) Pumped hydro storage. b) Compressed air
storage. c¢) Electrical batteries, d) Hydrogen storage, e) Fuel
cells. 1) Flywheels. g) Superconducting megnetic energy storage.
h} Thermal storage,

Some characteristics common to all categories of energy
gtorage systems are closely related to the nature of the base-
load of the power system,

Indeed, higher forced outage rates could require an increase
in reserve capcity margin. Experience indicates that when peak
shaving systems are peeded to maintain an 18 to 20 % reserve
capacity margln a dual type system should be used +o implement a
single system capacity. The reasoning behind this procedure
goes this way. If a forced outage prevents a charging of the
storage dual systiem then the unit could be opereting on a primary
or pecondary fuel under emergency., The dual system, therefore,
displays a flexibility in bridging the mismatch that always
exists between generation capacity and loag growth,

Additional studies have also shown that a typieal load prof-
ile for a utility would require 10 megawett hours of storage for
each magewatt of capacity. The storage devices, furthermore "
would be expected to operate for 2,500 hours per year,

Aside from the utility-owned systems it may be more cost-
effective 1o utilize consumer energy storage. The use of these
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distributed systems is believed to be more effective in improv.
ing the load factor than either power pooling or utility storage.
Since the technology of energy storage is storngly influenced by
scale, the importance of unit size should be congidered,

In the first part of this paper an inventory of wvarious
storage schemes presently used or under investigation is covered,
The ability of these schemes to improve the load factor on the
distribution facility will be examined, Other features discug-
Sed are the capability of the system to improve the system relia-
bility, to allow system expanison, and to reduce short cireuit
duties imposed by generation,

The second part of the gaper iz devoted to the concept of
storege systems modeling, irally, in the last part of the
peper & speculative prediction is advanced on the trend in the
design of futre power plants as affected by the economics epd
the technology of storage syatems.

<. ENERGY STORAGE SYSTEMS

Beside the improved system load factor and power generation
economics, energy storage capacities actuelly allow an increasne
:f system peak capacity without new generation. This could BOlve,
or at leasi, postpone, capacity expanison problems facing some
electric utilities, ﬁeferring the need for new genaration ang
network facilitles results in the added advantage of reduced air,
aoise, aesthetic pollution, Another congideration is that enargy
storage aystems must meet utility~type standards for operating
life, reliability, safety and environmentel compatibility of
generating equipment, The %technical developments of szsverel
euergy storage systems are summarized below,

.l Underground pumped hydro (2), (3), pumped storage has found
wide applications for arge scale energy storage, The convent-
icnal pumped storage takes adventage of the natural topogrephy
tc develop the head and hoth upper and lower raservoirs. Cons-
traints facing this approach are shortage of sites with the
right combination of location within the powsr system and physi-
cal features, and also envioramental considerations, In under-
ground pumped storage, however, the lower reservoir and power
plant are located in deep mined-out caverns end the upper reser-
voir i1s normally at ground level and may comprise either a natural
water body (lake or river) or an artificially constructed pond.
The reduced environmental impact makes pumped hydro with under-
ground storage an attiractive alternative., It i3 to be noted
that since the eslevation difference between upper and lower Tes-
earvoirs is a design parameter, the major restrictions for this
type of storage are equipment capabllity and rock conditions.In
pumped hydro, substanital transmission facilities are required
less sltes can be developed within or near large urban load
centers. Equipment needed for underground pumped hydro is comm-
srclally available end in wide spread use for conventional hydro-
electrlc and pumped storage facilities, Also, underground con-
struction and mining technologies are availabie and can be adap-
ted for this system. Pig. (1).
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Figure 1 : Idealized drawings for two schemes of pumped storage,

2,2 Compresaed air storage(3),(4),(5) comprises the use of off-
peak power generation to compress air for peak period use in tur-
bine~generators. During off-peakload periods, the turbine is
disengaged and the compressor is driven by the generator used as
a motor).

The compressed air may be stored in naturel or man-made caver-
ns, or depleted gas ox oil fields, During periods of peak demand,
the turbine would be connected ( turbine - generstor arrangement)
with the compressor detached, The compressed air would then be
used with an appropriate fuel to fire the turbine and the entire
turbine output is used to drive the generator. Air storage may
be accomplished either at a constant or variable pressure. The
constent pressure s{stem would require cooling of the air after
the compression to bring its tempereature down to about 50°C, and
the heat energy removed from the compressed air must be consid-
ered as 8 gystem loss, The required development work relates
mainly to adopting and modifying existing squipment for use with
air storage systems. Although the availabilit¥ of potential
gites for comzreased alr storage systems is not apperent problem,
this concept is not currently commercial, As stated earlier, it
18 neceasary, during generetion, to consume forms of fuel sultable
for gas turbines (light or heavy distillate) and this appear %o
be an important factor in the future of air storage am fuelprices
escalate, The firat large compressed airstorage system has been

completed in Germany by myd 1977, Fig. 243.

E
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Filgure 2 : Single-stage heat-df-comprgg;ion storage adiebatic
compressed-air gystam,
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Figure 3: Adiabatic compressed eir storage system with two stages
of thermal storage,

2.3 Electric Storege Batteries are considered a special cage of
chenIcal atorage wﬁere TnItial converaion, storage and recon-
version are combined in a Bingle device. Greater attention is
now being focused on the possible use of batteries for bulk energy
storage 1n utility systems and for electric cars, Leadacid
batteries might become an imporiant example of this epproach if

an advanced technology capable of long cycle life can be developed
around cell desighs that minimize lead requirements and can be
produced inexpensively in volume,. Technicelly and economically
feasible lead batteries for utility applications could concei-
vably become commercially available in about 4 - 5 years,Regearch
and development (6) are progressing not only in lead-acid batter-
ies but also in zinc-chlorine, sodium sulfur (1), lithium-iron
sulfide batteries, An assessment of the potentiel of each batt-
ery type for utility storege is required. Emphasis ig focused
also on completing a feasibllity study of a battery storage test
(BEST)} facility.

In general, there are three possible duty cycles that can be
used for the operation of rechargeable storage batteries (8):

The daily cycle —-- the storage system is charged at night
and during the esrly morning houra and discharged during the
peak load period, Thisg ecycle requires the minimum enorgy storege
capacity; however, it dose not utilize all the available off-
peak energy.

The weekly cycle --- the storage aystiem is charged on the
weekend and also during the off-peakperiods of the weekdays and
discharged during the peak load periods to the weekdays, The
weekly cycle requires more than twice the energy storege capac-
ity needed for the daily cycle, but it would utilige most of the
available off-peak energy.

The seasonal cycle --- the storage system is charged during
weekends and weekdays all year and only discharged when system
peak loads occur, This 1s usually during the surmer (but posai-
bly the winter) season. This cycle is capable of utilizing all
the available off-peak energy, although it requires a prohibitive
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amount of storage capacity,

In considering the installation of Techargeable storage
battery cepacity, energy capacity (KWh) az well as power cape-
city (KW) must be considered, For example, any given amount of
available off-peak energy could be utifized with & number of
different KW/KW capacitg combinations. The optimum amount of
installed battery capacity on any electric power system is a
function of the loag shape, the amount, distribution, and cost
of available off-peak energy,and the desired mode of operation
or duty cycle,

The cost of battery capacity is an important element in this
study and is usually represented ipn terms of dollars per killo-
vatt hour of storage capacity. Capital costa of present day
battery aystems are in the order of approximately § S0/KwWH
Projected capital costs of advanced design battery systems curr-
ently under development have projected to be in the order of
20 § /KW, It is interesting to compare the cost in E/KW for a
battery storage system with the installed cepital costs for ges
Yurbines and pumped hydro storage,from § 100 to § 150/KW and ?
200 to § 30O/KW respectively, The egtimated base installed cost
for an advanced technology lead-acid battery system is § 300/KW;
this figure 1s based on & ten hour battery system (9)..Studies
show that the larger storege capacity requirments of the weekly
cycle could economically limit the epplication of storage batt-
eries in electric¢ power systems to the daily operation.

Among the primary advaniages of battary storage systems are
the following: short lead time, improved utility load factor,
remote operation, low maintenance cost, rapid dispatch =and
transmission saving. The main disadvantages, however, are :
short life, limited storage capacity and inverter cost.

2.4 Hydrogen is the best known example of advanced chemical
energy storage., Several technical approaches exist or have been
proposed for hydrogen generation, storage and reconversion to
eleciric, therral or mechanical energy ?10), (11), (12), “The
economica of a hydrogen storage peaking power plant has been
examined in (13)., Production of hydrogen will be from water
using energy sources such as nuclear reactors. Reactors used to
generate electricity may be employed in the electrolysis of water.
Alternatively, nuclear energy may be used to support a series of
reaction at tempuratures below 1000 °K which ig referred to as

" thermo-chemical "™ manufacture of hydrogen. The current elec-
torlyzer technology 1s handicapped by modest efficiency and high
capital cost. In any case, hydrogen generated by using off-peak
energy will be stored and then used during peaking hours in =a
fuel cell, gas turbineor boiler to generate electricity. Hydro-
gen storage may be under high pressure In underground steelined
tunnels, preferably located in sound rock to minimize cost, at
cryogenic temperatutes, as a 1iguid or as a meisl hydride, These
hydrides can absorb large quantities of hydrogen at slightly
elevated pressures. During peak-hours, by reducing the pressure
below a certain level and increasing the temperature of the metal
hydride, the hydrogen previously absorbed will be removed from
the hydride and used to power e fuel cell. Fig. (4).
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Figure 4 ; Schematic of m hydrogen cycle peak shaving aystem,

Current research interests focus on development of improved
material capable of long life under high operating temperatures,
Also under development is the power generating subsystem which
may consist-of modified gas turbines or advenced fuel cells,

2.5 Fuel cells (14) are a form of electrochemical energy storage
where iwo gases are lidberated by water electrolysis and stored
remotely from the electrodes. The cell is both the means by which
the chemicels reacting to liberate energy are brought into cont-
act and the means of drewing off the enxergy released as clectric
current at the cell voltage, At zero current the veltage gene~
rated hag a characteristic value for every palr of chemiceals.On
large scale, power drewn from the system during off-peak hours

is convertea to dc and supplied to & tank of pressurized fuel
cells acting as electrolyzers, Hydrogen and oxygen produced at
cathode and anode, respectively, are stored under high pressure,
Necessery water for the electrolysis is fed to the cells from &
water siorage. DBetween the cells and stovage the gases pass
through heat exchangers, rejecting heat to cooling water at about
2000C, During the peaking period hydrogen and oxyzen drawn back
from underground storage are fed {o the cells and water is rege-
nerated and returned to the water storage. The do power produced
by the cells is converted to ac and fed to the power system, Cost
involved in this technique includes the cells and the ac~de con—
verter installation, Large acale electrochemical storege could be
economically attractive compared to other alternstives if effic-
lency can be substantially improved.

2.6 Flywheels are widely used outside utility systems to smooth
pulsed power or conversely to generate large power pulses, How-
ever, thelr storage capacity is quite limiied and very expensive
compared with that of other methods gropoaed foxr enexrgy storage
in utilitiea, 1In principle, flywheels of any desired capacity
could be built, 1f it were not for the limits implied by the
{inite strength of the flywheel material, Lost flywheels have
been made of steel, but because of the fear of & failed flywheel,
they have been limited to low speeds of operation: thus their
usefulness has been limited, Flywheels made of fibre composlites
may be the answer and the densities of such materials are quite
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low compared with that of ateel, The sirength of many fibre
composites is extremely high and for the same geometry and
dimensions of flywheel the maximum kinetic energy which can be
stored 1s proportional to the sirength. In other words, the
bagic criterion in the design of large-capacity Ilywheeis is
that the strength—to-density ratio of the material must be as
high as posgsgible.

guration in which the fibres are arranged in consecutive hoops
of successively larger radii, Su erflywheals would be houseg

in sealed enclosures and coupled directly to variable gpeed
motorgenerators. Units would be arranged in groups and possibly
placed underground for aesthetic and gafety reasons., It is ex-
pected that in addition to the cost of the units themselves ,
additional expense will be incurred in Btructures, miscellaneous
electrical and mechanical equipment, and electrical switching
ané¢ control systems. Development of syatems to control power-
input and output over a wide range of gpeed 15 a major congider-
ation, and to achieve the deisred meesure of control it is ne-
cessary to be able to vary speed and acceleration/ decceleration
over & wide range and with good stadbility. Another important
consideration of a flywheel system is its reliability; when a
steel flywheel fails, it tends to break into three pleces of
approximately equal size, Therefore flywheel systems can never
be viable in utility applications unless acceptable relisbility
and lifetime can be answered,

2,7 Superconducting magnetic storage technique consists of a
large magnet aEEpeg, perhapa, In & solenoidal or toroidal con-
figuration, and cooled to an appropriate temperature (16), (17).
The absence of electrical resistance in the superconducting
material of the magret would allow the eatablishment of & persis-
tent current end resulting magnetic fleid, Using off-pesk energy,
the superconducting magnet is charged, and during pea pexriods,
energy is fed back to the system through an inverter which is
used as & rectifier during charging,. Losses encountered in this
technique are due to ocoling and to the inverter-converter aystem,
and the overall efficiency of this inductive energy storage is in
the range of 80-90%. 1In (16) it has beer shown that such magne-.
tic energy storage systems exhibit competitive economics for
utilitles power generation only in exiremely large capacities.
Superconducting magnets have been fabricated in various sizes

and shapes since early sixties, but the storage capacity of even
the largest is far too smell for use in power systems, DeVelo£~
ment is underway to opiimize the configuration and to accomplish
maximm operating field conditions at minimum cost, Development
of materials having superconductive trensition temperatures near
28 9K, thereby allowing the use of liquid hydrogen ag a8 coolant
and be able to be fabricated into large magnets, would be &
fundemental breakthrough,

2,8 Thermal Ene Storage has three areas of application to
electric utilities; first, storage on the customer's side of the
meter for space conditioning and water heating, second, inter-
mediate temperature storage at the generating plant for feedwater
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and third, high temperature storage a2t the generating station as
steam (3), (10),. In (18) meverel practical forus of application
using thermal storege in residential (space heating, air condit-
ioning and water heating), commercial and industriai sectors are
discussed. Off-peak water heating and space heating may repre-
sent 8 algnificant load and thus improve the load factor for

some electric utilities (19). In some applications, demand change
savings alone justify off-peak thermal energy storage, but one
mjox consideration is the degree of eccepitnce by the customer
and the establishment of appropriate rate structures.

In thermal plants, consideration has been given to store
heat during low power demand periods and return it to the cycle
to augment the capacity of the station, Heat may be stored
underground in the form of pressurized hot water and will be
subsequently returned to the station as preheated feedwater. As
estimate of 25 per cent increase in net plant output above nor-
mal ratings can be achieved through this technique of thermal
storage., To avoid the risk of ground water contamination by
accidental releases of feed water carrying radicactive corrosion
products or radicactivity due to steam generator leaks, it has
been suggested that storage may take place in steel lined tunnels
with concrete encasement.

3. Modeling Of Enerzy Storage Systems :

Generally speaking models of energy storage systems are
needed for planning and production costing studies. The models
are also required for meaningful comparative studies,

An appropriate model for the energy storage system ia the
one which reflects ihe role played by the device. A formulation
that meets with these requirements is best explained in fig.(5).

N

Figure 5 : Basic steps in the formulation of modal
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The temporal behavior of the load curve ig divided into a
number of intervals, During the j-th off-peak period, the system
operator or decision-maker, D, will decide how %o charge the in-
dividuyal storage device, E, This is done by specifying the dura-
tion & of the charging time interval i; and the power input 7 1
during this intervel,

A similar situation holds for the j-th off-peak period. The
decision model depends on the prevailing load L, It also depends
on the state of E,il.e., how much energy is available, and on
other characteristics of E, such as, rate of charge and discharge,
and permissible rnte of change,

One introduces the Zeneration strategy G defined as follows,
Let the generating capacity of the power network be g, The capa-
clty deficiency L~gg defines the generation strategy G which
rmust be realized by the ehergy storage system E, In a complex
gituation G could be realized by a colleotion of storage devices
Gly G2 = G, 50 that G o NGse G is actuslly described by s
sequence of time intervals 13 and the output power 'gfj during
intervals, Fig. (6), ’

Load Duration Curve Integrated Load and Pump Function

0 LOAD DURATION t

EL
~ EP

Figure 6: Representative loed of a pumped hydro aystem.EP (P) -
& Ingegrated pump function; El (P)- Integrated load func-
tlon; A, By --" Generating capacity/Energy; ByEy --
Pumping capacity/Energy.

In paraliel to the generating strategy there is a charging
strategy C4 for the j-th device needed to realize Gi. The G: are
related t0°Cj by device paremeters x « 7The triplet (gd,G 1"C5)
defines the energy storage device, n the other hand," th
strategy Cq4 13 described by the sequence i; and the power in-put
7\1 3 during these intervals,

?

To fix the ideag the various parcmeters mentioned above will
be discused for the gpecific example of a pumped hydro system,
Let q, and ¢3 designate the output and input flow rates at a
given time t, and let he denote the head across the turbine,
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Clearly, N
9% = 213 9%
then there is no loss of water, obviously
4o ™ q4
The power input and output expreassed by
T‘i -0 ﬂzm n?p q; h

a
and ‘? -
T(i = X g t?'t 9% by
there X ig o constant, nlm, ”L 8re respectively the effic-
lencies for the motor generator, le P* \t &re the efficien.

cieg of the bump and turbine,
Let us define the total charging and discharging timeg by

ing the answer to the basic question of optimizing G and C. Two
possible variations to this problem exista: the energy system ig
known and one wishes to optimize its performance; in the other
the system 18 not known and 1t 18 required to deduce the optimum
characteristie for an energy storage Bystem to be identitieq,

W do not intend to enter into an extensive discussion of
syatems theory, ingtead we will illustrate the idea of modelling
by showing the general philosophy used 1n formulating the optim-
ization problem for a bydro system.

We have indicateqd above that a glven storage system ia des-
cribed by decision variables, W now identify objectiye Tunct-
lons, such as cost, reliability, sensitivity, etc..., we alsgo
considexr cons%rainta 1mfoaed on the astorage = 8iem. These cong-
traints are actually related to the electric 0ad on the POwer
retwork: pesk demand, ingtantaneous demand, opereting constraints,
etc LE N ] a

The optimization one Bow seeks is to minimize the ¢ost opera-
tion of the storage system Bubject to itg megting the load (1.e,,
the constraints), A Tepresentative example is shown in Figure 6
?nd)the solution of the problem is given as derived by jJacobi

20).



iy

M. G. OSMAN E,55%

4. Prediction Of Power Systems Development :

The influence of energy storege systems in improving the
economics, rellability, end performance of an electric power is
also seen in the prevalent longrenge thinking in the prediction
of the electric power syatems of the future.

It is interesting to review some of the predictions that had
been made a decade ago, At that time the jump in the cost of
fuel could not have been foreseen, neither could one have guesgsed
8t the resistance of the public to nuclear fission energy, 1In a
wall thou§ht out power development for the 1970 = 2030 years,
Kusko (21) etated from & number of premises which appeared plaus-
ible at the time: population increase, intensification of nuc-
lear tission power, technological improvements in the art of
electric transmission, projected power need (on the basis of ex-
trapolation), end incressed regulating controle to monitor en-
vironmental impactc.

Whereas most of Kusko's assumptions still hold today, a few
have changed radically and it is expecled to see energy storage
play & very importent role in the future,

The difficulty of securing capital for the financing of future
power plants expansions as well ag the uncertainty in demand
predictlons will put more emphssis on & need for improved eleotric
load management. Peak load shaving and load levelling will become
necessary to maximize the utilization of power system investment,

The uncertain future of nuclear fission energy will mean that
the projected power plants with capacities in excess of 2,000 uW
may not meterialize as quickly., Should nuclear fusion technology
come to fruition by the turn of the century, module sizes for the
turbines and/oxr generators used with such reactors could be in
the renge between 2,000 and 10,000 ¥W, With these large eizes for
the generators, there is a derinite economic advantage in main-
talning the reactors at a full load to provide the baselosd, and
for the energy storage to take care of peak loads,

Another development expected to take place is a proliferation
of amall power plants (golar, fuel cells, low head hydro,... )}, all

of which would not be able to operate unless energy storage systems,

as well as improvement in energy management techniques, would make
1t possible to intertie all these emall plants to the network,

5. CONCLUSIONS :

In conclusion, it is projected to see in the future a large
spectrum of energy storage aystems with a wide spectrum of
capacities and dynamic response,
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