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ABSTRACT

This thesis is concerned with the determination of ths
optimal strategies of development for an slectric pouwer system,
from the point of view of the choice and ssquencing of additions

to and removals from existing generating capacity.

An original methodology is presented for the determination
of such strategies in the medium term, Tha basis of theo modsl
is a dynamic program, with traceback in a decision tree, using
foatures of the branch—and-bound and implicit enumsration
algorithms of mathematical programming to reduce computational
requirements to manageable levels, By employing this approach
the discrete and limited nature of acceptabls alternatives and
other awkward real-~life caonstraints can be fairly readily

accaommodated,

The model is designed for the planning of small to medium-
sized powsr systems, where such discrote effscts can be
significant, It is also usable for the inspection and evaluation

of projected installation schedules in the medium term,

The thesis also describes an original loading simulation
madel which utilizes a chronolagical daily load curve rather
than a load duration curve for system load description., The
model, which makes use of several dynamic programs in its
solution, takes into consideration discontinuous feasible
regimes of aperation of each individual unit comprising ths
system and treats explicitly the provision of spinning reserve,
and the chronological availability of hydro ensrgy. Although
computationally less efficient than models using the load
duration curve, this model achieves greatsr accuracy of simulation
for mixed hydro-thermal systems, particularly those containing
pumped storage stations and large individual units, and is

suitable for medium—term system planning and design.

The two models have been incorporated into a package of
computer programs and used to examine strategiass of optimal
expansion for two hypothstical pouer systems. The results of

these two case studies are prasentead and discussed,
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INTROOUCTION

The elactricity supply industry is a key ons in the
aconomy of any nation, Elsctricity as an energy sourceo is
clsan, and for practical purposaes has no compstitor for
industrial powsr drives, spacs cooling, and lighting, Its use
is widssprsad for space heating, cooking, and a wids variecty
of domsstic applications. Electricity supply is thersfors
concernad with the provision of a vital input to all ssctors

of ths national economy,

Historically the organization of elsctricity supply began
with small privats or municipally-owned utilitiss supplying
local areas or industries. Recognition of possible rsturns to
scale lad to the merging or expansion of thass utilitiss into
large centrally organized concsrns, now sithsr privately owned
or largely autonomous public bodies., Coﬁcomitant with this
development was the adoption of a fundamental approach to
electricity supplys that of a grid nstwork supplying numerous
diverss loads via an interconnected systsm of gsnerators.

This approach to elsctricity supply is now almost universally
used throughout the world.

Tha elsctricity supply industry is a natural monopoly;
it being generally hsld that competition would be wastsful of
rasources, 1ts size in relation to the national sconomy and
the all-pervasive naturs of the commodity it produces has meant
that closs regulation of the opsration and conduct of the
industry is noecasssary, Elsctricity supply is very much in the
public eys, and socisty is gsnerally very critical of shortfalls

in the quality or standard of service provided.

Owing in no small part to the scale of the capitel
investments involved, carsful forward planning has always been
employed, in one form or another, by the industry. Constraints
on developmsnt are often ssvere, and sometimes because of these
tha investment criteria employed may not bs obviously coincidsnt

with those of commercial concerns.
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Chapter One of the thesis discusses the operational
strateqgy of pouwer supply, the nature of the loads servsd, and
the problems entailed by these, There is an important link
betwsen problems of system opsration and design and planning,
Chapter Two in contrast concentrates on economic considerations,
financial problems, and other constraints on planning, WUhilst
both these Chapters may be open to criticism for lack of detail
from specialists in either field, the objective has been mainly
to provids the essential perspective necessary for an appreciation
of the problems of system planning., Chapter Three draws the
threads together, discusses planning approaches, and suggests a
systematic methodology for planning studiss.

The succseding chapters are dsvoted to the solution of a
particular problem: that of determining an installation
framework within which detailed feasibility studies can be
approached and installation schedules developed, Chapter Four
first outlines three possible methods, involving linear
programming and dynamic programming., An original two-phase
solution is then outlined, which utilizes continuous function

dynamic programming together with tracsback in a decision treas,

Chapter Five deals with loading simulation modelsj this
begins with an appraisal of modsels based on the load duration
curve, Their advantages and disadvantages are discussed, and
the case for a more accurate model based upon chronolegical load
data is then argusd, ~ The theory for such a model is then sst
out, This model explicitly takes into consideration ths
provision of spinning reserve and constraints on energy production
and regervoir levels for hydro plant, ’

In Chapter Six a brief discussion of a set of computer
programs applicable for generation expansion planning in the
medium term, applying the theory of the previous two chapters,

is given, Results of two cass studiss are also presented,

Chapter Seven concludes the thesis, with an appraisal of
the method, and a discussion of possible avenues for further

development,



The scope of the thssis is therefore limited to solution
of the problems of expansion or dovelopment of a power system
for electricity supply on a national or regional scale through
a grid system, in the medium term, As such it is not, except
in the wider sense, an ensergy policy study, The devslopment of
large centralized organizations dealing almost exclusively with
eloctricity supply has not been without its critics, There ars
those who suggest that the fundamental function of such giant
establishments is the rsinforcement of their ouwn existence by
expansion to accommodate an increase in demand and consumption
that they themselves stimulatse, although this may be an unduly
cynical vieuw, It is frequently pointed out that since ths
overall thermal efficiency of conversion of ths energy in
primary fuels to electricity seldom exceeds 30% on averagse,
for svery kilowatt of electricity generated, two kilouwatts or
so are rejected as waste heat, Unfortunately the structure of
the organization of elzctricity supply means that the slsctricity
supply industry is ssldom in a position to lead the way towards
more complete energy utilization, UWe will not be concerned here
uith studies of this sort, important as they may be; the viewpoint
taken is very much that from within the supply industry, as it
vers, An effort has been made however to recognizs and
accommodate any constraints which might possibly bs imposed as
a result of separate energy policy studies, political

considorations, or other factors.

Discussion is frequently directed towards the problems of
system planners of the smaller systems in general, and those
in devsloping nations in particular., These have not aluays

received much attention in the literature.



PART

I
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CHAPTER ONE. TECHNICAL CONSTRAINTS ON SYSTEM PLANNING

An electric power system consists of a number of gensrators
intercannected by a transmission network, which also serves as
part of the distribution system, in order to satisfy the demand
created by diverss loads, This procedure is preferable to that
of individual generataors connected to individual loads for
important technical and economic reasaons, some of which will

become mare apparent in this and the next chaptsr.

The demand for electricity varies over a wide range with
time, Whilst this in itself is not unusual in the public service
industries, probleﬁs in the design, aperation and planning of
electric pouwsr systems, fundamental and largely unique to the
industry, arise from the fact that at the present day there is
no feasible large scale technolaogy available for the direct
storage of electricity. Consequently demand has to be met

exactly at sach instant of time, as and when it occurs,

Inspection of the variation of demand with time for typical
systems revsals a distinct daily cyclic variation. Peaks of
demand occur around midday and early svening, the evening peak
being usually the larger of the twa. In between these psaks
the valleys caorrespond to slack periods of demand, the lowest
demand level during a 24-hour period accurring usually in the
early hours of the morning. The magnitude and timing of the
peaks and depressions far any particular power system are
remarkably consistent from day to day, and significant departures
from the general short term trends occur only usually on weekends
and public holidays, for obvious reasons. Special events can
cause an abnormal surge in demand, In the United Kingdom, an
increase of demand of 1000 MW or more within two minutes or so
can be expected in the CEGB system at the end of a popular
television programme /11/%. 1In the West German RWE grid in 1971
the live telecast of the return of Apollo 14 caused an increase

of 1200 MUY above normal peak levels, representing some 8% of

# Such numbers refer to references listed in the Bibliography
(Appendix C).
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total installed system capacity /37/. The magnitude, duration,
and timing of the peaks and dspressions will vary in dstail from
system to system; peaks may lengthen or sven merge to form
plateaus, the ratio of maximum and minimum demand levels to
averags demand and the load factors will bs diffsrent, but the
general shaps remains rscognizabls, These chronological daily
load curves rsflect tha general lifestyle of the society which
the power system seeks to serve, Daily load factars range from
about 40% up to 75%.

Far geographiéal regions where there is a wsell defined
seasonal climatic change in temperature, as in non-tropical
zones, an annual cyclic variation in demand is discernabls,
This is caused by the widespread use af slectric ensrgy for
space heating, resulting in annual peaks of demand in the
winter months, The increasing use of electricty for space
cooling (air~conditioning) has led in rscent ysars to the
existence of annual peaks during summer months in csertain areas
of the United States, For obvious reasons such clsar-cut
variation is uncommaon in tropical climates, Annual system load
factors vary from 35% to 70%.

The lack of direct storage capability of electric energy
leads to the necessity for the total system installed capacity

to be at the least squal to ths maximum expectsd demand, In

practice for various technical rsasons to be discussed later
it has to be significantly greater than this, Clearly this
requirement means that much of the system's installed capacity
will lie idle for much of the time, This accounts for many

of the problems in planning and operation of power systems and
has unfortunate conssquences — contributing to the capital

intensiveness of the electricity supply industry,



Beforse further discussion on the operation of power systems,
types of gensrating plant will be briefly described, Apart from
their physical sizses and rated capacities, gensrators in contem-
porary powsr systems differ sssentially only in their sourcss of
motive powsr¥, Many types may be distinguished by virtus of
principle of opsration, fuel usags, or function. Four main types
will be recognized hers for convenience in exposition, and this
classification will be adhsred to throughout this thssis,

- Firstly, plant specifically designed for, and applicable ta,
the satisfaction of short.term psaks of demand, Psaking plant

in common use today are Jouls cycle gas turbinss (eithsr purpaoss-—
built industrial machines or modifisd deratod aviation units) and
internal combustion diessl esngines, The capital costs aof such
plant ars low, wherseas running costs are high becausse of the
refined fuel nsecessary., Plant of this typse is relativsly
uncomplicatsed and consist essentially of the prime mover coupled
directly or through reduction gearing to the gsnerator, with
gavernar control to snsure constant speed operation, This
simplicity reflects to ths low capital costs, and psaking plant
can be installed rapidly, within ons to three ysars, Lifetimeg¥¥*
ars comparatively short, from 10 to 20 years, and unit sizes

are relativsly small, bstwsen 1 MW to about 70 MW,

The function of such plant is suggssted by the name: to
support the system during short periods of high demand, It is
well suited to the task, Start-up timss ars short = fram
standstill to synchronization within two minutes = and the plant
is compatibls with the demands of intermittent operation at

short notics,

¥ Sources which do not employ rotating electromagnetic machinsry
(eg thermoslectric, thermionic, csertain solar devicss, or fuel
cells) have yst to bs proven feasible for elsctricity gsneration
on a large scale,

#%Thess are the lifstimes gsnsrally used for economic comparisons
in planning studiss. As a gensral rule accounting lifetimes are
somswhat shorter, and actual physical lifetimes ars in fact
often uncertain, and can sometimes be significantly longsr,
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In recsnt years psaking plant has also bsen installed to
perform other useful functions, the rationale probably bseing
that if their installation is necessary and their utilization
lou, they might wsll be profitably used for other functions,
Auxiliary gas turbinss ars now installed in many largs power
stations to supplement or replacs station auxiliary supplies,

In this capacity the normal peaking function can bs discharged
wvhen required, In the esvent of system disturbance, emergsncy,
or othar abnormal conditions, the gas turbines can automatically
be started up via the operation of frequency-sensitive relays
and take over gensrator auxiliary supplies for station sascurity,
These gas turbinss can also snable station start-up in the
(catastrophic) svent of total system failure, indepsndsntly of
ths main supply nstwork, Gas turbines have also bssn used as
non-passive pouwsr factor corrsction davices, in which case ths
gas turbine is coupled to its generator through a clutch drive,
This uss, as a synchronous reactive powsr gensrator, is becoming
increasingly important, augmenting shunt reactor installations

on systems with very long high voltags transmission lines,

A virtue of the Joule cycle is that such stations do not
requirs a large supply of cooling water, This applies to
diesel engines aé well, Thers are thersfore fsew restrictions
on site availability for such plant, since they are also quite

compact in layout,

- Secondly, steam turbines opsrating in a Rankine cycls,

with the heat input derived from the combustion of coal, oil,
peat, natural gas, or sven toun refuss, Such plant is variously
called thermal, fossil (-fuslled), or even just conventicnal
plant, None of thesse labels is precisse, but all are used widsly
and interchangsably in the literature wuithout confusion, Steam
conditions at turbine entry are now almost invariably supsrhsated,
and in some casss suparcritical, Reheat in one or more stages is
widely employed, particularly for the larger unit sizes, Much
ancillary plant is associated with the cycle, and a large modern
pouar station of this typse, with duplicated standby plant for
important functions, monitoring and control equipment, and

multiplicity of safsty dsvices and interlocks, is a complex



system indsed, This contributes to the capital costs, which are
considerably greater than those of peaking plant., On the othsr
hand combustion is carried out in large watertube boilers and
this removes the need for refined ashfree fusls which restrict
the opsration of gas turbines and diesel enginses. Thus running
costs arse significantly lower than those of peaking plant., For
coal~burning stations, arrangements will have to bs mads at the
design and planning stage for the supply and storage of fuel and
the disposal of ash, This problem may not be so serious with

oil or gas-burning stations,

Unit sizes encompass a wide range, from about 20 MY to over
600 MW, Plant lifetimes average 30 ysars, In contrast to
pesaking plant, flexibility of opsration is limited, Start-up
times are considerably longer, and ssveral hours may be required
for a cold start of a large thermal station. A boiler may be
banked (filled with cold or heatsd watar), in which case a sst
may be brought onto bars within an hour or so. Load following
capability varies inverssly with unit size, and largs thermal
units cannot generally bs operated with confidence at much
below about 30% rated capacity., Large unit sizes are therefore
best used for continuous stsady base-load duty., Intermittent
operation is undesirable and often the smallsr thermal units in
a powsr system are operatsed on a two-shift schedulse; plant is
started up tuice in a 24-~hour period., Opseration in this way

can bs used to satisfy mid-msrit load,

Construction times vary according to sizs of station and
local conditions, betwsen thres to six ysars being fairly typical
figures. Thermal stations have bsen criticissd for their
contribution to atmospheric pollution, both in resspect of
particulate matter (soot, ash) and gaseous polutants (sulphur
dioxide, oxides of nitrogen).  Costs of such stations’ have
risen owing to the need to install slectrostatic precipitators,
or the need to burn low-sulphur fuels, Ths Rankins cycle requirss
largs amounts of cooling water, Availability of dirsct natural
heat sinks is restricted to largs rivers, lakes, and the sea, The
atmosphsere can only be used with cooling towsrs which increases

capital costs and brings into consideration questions of visual
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amenity., Hence there are often site restrictions, particularly

for large stations,

- Thirdly, nuclear plant, consisting of steam turbines
operating in a Rankine cycle as with thermal plant, but with

the heat input to the cycle derived from the controlled nuclear
fission of uranium=~-235, Such plant now forms a significant
proportion of installed gensration capacity in many developed
country systems, and are increasing into prominence as
acceptable alternatives for powser system expansion in developing
countries, It is generally only considered economic to install
nuclear plant with turbogensrator unit sizes from about 300 MUy
to over 1000 MW, Thermal efficiencies, especially for watsr-
cooled designs, are low, but the unit cost of ensrgy of nuclear
fuel is low comparsd to that of fossil fuels, particularly in the
wake of the general potroleum price rises of 1973, This makes
running costs low and to a large extent offssts the very high
capital costs of construction of such stations, engendered by
the need for stringency in design and construction for secure
containment of thse nuclear reaction, The low fusl cost also

makes running costs relatively insensitive to price fluctuations.,

The biological hazards of nuclear radiation mean that a
high degres of caution for security in contrel and operation
is entailed, and this requires specialist highly trained
personnel for cperation of nuclear plant, Siting problems ariss
since nuclear plant may not be locatsd close to densely populated
arsas (often also the load centres) and must be sited on
seismologically stable ground. Ouwing to low cycle efficiencies
and large station outputs thermal pollution of lakes and rivers
can be a constraining factor on station siting., On-line
refuelling is possible although the need for this-is infrequent,
The disposal of radicactive waste products poses problems which

are currently the subject of controversy and continuing ressarch.

Plutonium fuelled fast breedar reactors which attain a much
more efficient utilization of fusl are under development but are
not yet a proven commercizlly feasible possibility, Various

configurations of thermal reactors are available, these may be
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cooled by light water (PwR, BWR), heavy water (CANDU-PHWR), or
carbon dioxide gas (MAGNOX, AGR), The stable operating range
and load following capability are restricted, This is partly
dus to the large unit sizes ussd and partly due to the necessity
of maintaining stability within the reactor cors., Nuclsar plant
is invariably therefors relegated exclusively to base load duties,
An indirect result of ths rapid increase in nuclsar gensrating
capacity in many systems has besn ths displacement of largs
thermal stations originally dssignsd and intsndsd for base load
duty to two-shift opsration., Construction times for nuclear
stations are between four and ssven ysars. Oelays in
construction have besn quite common, especially with prototypse
designs, and nuclsar plant has in many casses bsen subjsct to
heavy cost inflation during construction in recent years, This
has also bsesen dus to the increasingly high standards of safety
demanded by authoritiss and the public., Transportation of
reactor containment vesssls for light watsr rsactors and shafts
for ths largsr turbogensrators may pose unusual problsms because
of their bulk and weight, Strict quality control in necsssary
during fabrication, and thsese components cannot be fabricated

on sits,

- Fourthly, hydroelectric pouwsr plant. In contrast to the
previocus three types, these stations derive their motive power
from the potential and kinstic enrgy in the waters of lakes

and rivers., Hydroelsctric schemes involve the enlargemsnt of
existing lakes, or the creation of artificial reservoirs, by
the construction of dams, This enables controlled exploitation
of hydraulic energy by ths regulation of flow through a water
turbine, DOspending on local conditions and head, this may be
an impulse (Pelton), a reaction (Francis), or a mixed-flow
(Kaplan) turbine, The size of the reservoir associated with a
hydroelectric station dstermines, in the first case, its likely
function. A small resservoir (a run—of-river station) is best
usad to satisfy gsteady base loads, output being dspendent
mainly upon the hydraulic inflow rate, UWith a large reservoir
(storage station) howsvar the hydraulic energy may be morse

profitably employed for meeting psak demands., Despite the
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simplicity of the principle of operation and of the machinery,
construction costs are extremely high duas to the magnitude of

the civil enginesring works involved., Siting problems exacerbate
these high costs since useful sites are rarely found near load
centres and long transmission lines will have to be installed,

For obvious reasons the number of available sites is strictly
limited, depending upon the local topographical conditions and

the availability of a predictable and reliable supply of hydraulic
energy.

Because of the simplicity of form maintenance costs arse
relatively low, and running costs are of course virtually zero,
In contrast to the other three plant types howsver hydro plant
is limited in energy production by the rate of inflow of water
into its catchment arsa., This can mean that a station may not
be able to maintain full output for any appreciable length of
time without dangerous depletion of water levels in the reservoir,
Such plant is also vulnerable to variations in inflow which may
be both significant and regular, This happens where thers is a
well defined wet/dry seasonal variation or where hydraulic
inflow is derived from the annual melting of ice and snow on
high mountains, Hydro capacity may therefaore be seversly
curtailed during dry seasons or abnormal dry spells,

Hydroelectric plant demonstratses great flexibility in
operation within the limits imposed by energy shortaga. Sluice
gates may be opened rapidly and at short notice and start-up
times as a consequencse are very short., Response to load changes
is also rapid, and the usable stable range of operation of water
turbines can be very wide, For these reasons hydro stations
often perform regulatory or corrsctive functions in mixed
hydrothermal systems, Unit sizes vary from under 1 MY to over
100 MY, depending upon local conditions (inflow, head).
Construction times vary up to about seven years, dspending upon
the scale of the project and its accessibility, Useful lifetimes

can extend up to fifty years,

In many cases the generation of electricity by hydro power
forms part of an integrated multipurpose dsvelopment scheme,

This could include ore extraction, public water supply, irrigation



FIGURE 1-1 EFFECT OF PUMPED STORAGE (DAILY CYCLE)
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in generating mode,
A= %(8B+C) ( 9 = pumped storage cycle efficiency)

or flood control,

A special desvelapment of hydre plant involves separate
pumps and turbines, or reversible pump-turbines, installed
between two reservoirs at different levels, Such pumped sterage
schemes constitute the only present=day case where large scals
storage of electrical ehergy can, albeit indirectly, be achieved.
During slack periodsof demand when the system demand can be
sconomically met by the running of other plant in the system
the pumps are eperated, transferring water from the lower teo
the higher reserveoir, The ensrgy required for this operation

is drauwun from the rest of the system operating at low incremental
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cost. During peak periods of demand water flowing from the
upper to the lower reservoir generates power through the turbinses
which effectively displace other plant in the system, which
under these conditicns is operating at high incremental cost,
Used in this way the pumped storage stations can even out the
peakiness of the load demand curve percisved by the remainder
of the system (Fig 1-1). Despite some losses in the process
(typical turnaround efficiencies are between 70% and 80%) this
can lead to significant economies and convenience in system
operation, particularly when used in conjunction with nuclear
or large thermal plant /12/., It should be noted that this is
an energy storage device., It does nothing to reduce the total
installed capacity required to meet the maximum expected load,
Neither does it reduce the total energy to be generated by the
system (in fact, because of cycle efficiencies less than unity,
more energy has to be generated by the system), Cycles of
pumped storage operation are generally biased to satisfy daily
cycles, although some harmonic weekly variation is often also

evident,

Hydroelectric schemes are often criticised for their
installation in areas of great natural beauty., Landscaping
is often necessary to forestall objections from the public,
Local flora and fauna can also be adversely affected by large

scale hydro desvelopment,

There are of course significant subdivisions within each
of these four basic categories, and also types that transcend
the categories, Combined cycle stations which combins the
Rankine and Joule cycles for higher thermal efficiencies have in
recent years been installed in the United States, Such stations,
usually fuelled by natural gas, attain a much higher thermal
efficiency than either peaking or thermal plant, Recently
more attention has been focussed on mesthods of power generation
using renewable energy resources - the sun, wind, waves, or tides,
In January 1977 an experimental solar power station was linked
into the French grid. Solar generation of electricity seems

destined to have a significant impact on the character of
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future power systems either by supplanting existing plant types
or by conditioning the demand for electricity., Geothermal stations
do not require large heat inputs but usable sites are very
limited, Attempts are continuing to achieve large scale storags
of electricity, both directly (batteries, fuel cells) and
indirectly, These latter methods include the use of supercon-
ducting magnets, flywheels, or the interuption in time of the
basic Jouls or Rankine cycles by storage of compressed air,
heat, or boiler feedwater, Such methods of storage appear to

be within the bounds of present-day feasible technology, and
because of the grid philosophy of electricity supply can as

with pumped storage facilitate economic and convenient system

operation.

The four basic categories have been listed in increasing
order of capital costs, and, as it happens, in decreasing order
of running costs., Almost without exception power stations and
units benefit from an increase in size. 1In the first case this
is evidenced by returns to scale in rospect of capital and
construction costs. The 'six=tenths power rule'! is common in
industrial plant costing calculations, For various reasons
the exponent for slectric powsr stations seems to be somewhat
greater than this; a figure of 0.85 has besn suggested, These
reasons include the increasing steam conditions (temperaturs
and pressure at turbine entry) with size, the inclusion of
refinements to the cycle (reheat, more stages of feedheating)

and recently the use of two-shaft turbogensrators,

These increased steam conditions and cycle refinements
mean an improved thermal efficiency. Hence there are returns

to scale with respect to running costs as wsell,
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In the early days of the power industry transmission was
by direct current lines. The advantages of AC transmission
were quickly recognized and up to fairly recently AC transmission
was exclusively used., Economies are effected with the use of
higher voltages on long lines, In the UK the supergrid employs
a voltage of 400 kV, the remainder of the grid system operating
at voltages of 132 kV and 275 kV, In the US longer lines and
greater power flows mean somewhat higher voltages, up to 765 kV,
At such high voltages problems arise due to hysterisis losses,
insulation breakdown, and corona discharge, Towers for high
voltage transmission lines are huge structures which impair

visual amenity.

High voltage DC transmission has begun to be reused, This
requires the installation of heavy-duty and reliable rectifiers
and inverters, This can be an advantage since it enables the
linkage of two systems operating asynchronously without large
damaging power flows. Charging current losses are lower at high
voltage than AC, and HVDC transmission demonstrates definite
advantagas whera cables rather than lines are being considered,
as in areas of great natural beauty, under water, or in congested
built-up areas. Recent advances in cryogenics and research into
superconductivity will prove to be important in the development
of HUDC transmission. As contemporary examples of HVDC
transmission: a link of 1500 MW capacity exists in the US,
spanning 850 miles at a voltage of 750 kVj; the submarine link
connecting the systems of the CEGB and the EdF under the
English Channel has a relatively slender capacity of 160 MW and
a voltage of 200 kV,

The consequences of failure to meet demand are savare.
Operators of power systems have to be aware for some time in
advance of the likely lsvels of demand., An sxcess of demand
over supply is asvidenced by a reduction in system frequency.,

To avoid larqge damaging power flows and the operation of
generators in potentially dangercus operating regions the system
frequency has to be stabilized, Initial action is often voltage

reduction by means of tap-changers on generator and inter-network
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transformers, If this action is insufficient to maintain
frequency within the desired limits selective load shedding

may be necessary, The time scale within which demand may rise
unpredictably can bs very short indesd; far shorter than the
time required to start-up, synchronise and locad even the fastest-
starting unit in the system, However an increase in demand can
be met almost instantaneously by increasing the cutput of units
already loaded and synchronized. It is therefors usual practice
to run several or all units at below their continuocus maximum
rating (CMR) in order to handle safely sudden increases in
demand levels, This reserve capacity on tap, as it were, is

termed spinning reservs,

Spinning reserve also fulfils a second important function
in addition toc the regulation of frequency and voltage., All
plant has a finite though small probability of failure. An
adequate spinning ressrve has to be made available always to
cover the possibility of accidental outage of generating units
and transmission infeeds, If this is not available a single
major fault condition can cause serious system disturbance,
with line and generator failures spreading in cascada, as
happened with thes New York blackouts of 1965,

Sophisticated arrangements are incorporated intec contemporary
power systems to ensure continuity of supply., Large amounts of
spinning reserve are always maintained., On-line monitoring of
powsr flows with analogue or digital equipment provides continual
asgessment. of system stability. Frequency-sensitive relays which
operate circuit breakers (scmetimes with automatic reclosing) or
which start up emergency generating plant are widely used,
Research into on-line security assessment and correction using

large high-spesd digital computers is continuing.

A survey by Cash and Scott of security practices in power
supply and planning in Eurcpean countries showed that spinning
reserve carried varidd between 0% and 12% of demand, The lowsr
figure is misleading, since many systems relisd for raserve in

emergencies on inter-system or international interconnections:
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" There is general agreement that spinning reserve should cover
errors in load estimation and the loss of the largest generator,
It appears, however, that the double contingency may not always
be covered simultaneously, international interconnsction being
relied upon in part. ¥ (/9/).

For a largs system, 10% of demand is likely to be well in
excess of the capacity of the largest generating unit or
transmission infeed, For the CEGB:
" In total, the present day national reserve at time of daily
system peak in winter amounts to 1500 MW and this rises to
1900 MW during spring and autumn because of the larger possible
grrors in demand estimation, Off-peak spinning reserves carried
on conventional generating plant range from 400 MW to 900 MW to
covar the loss of a 500 MW infeed which is at present the largest
single risk on the system ... The low figure of 400 MW applies
when the pumped storage plant is pumping, as immediate relief of
300 MU can be obtained by tripping this plant. " (/20/)

The installed capacity for the CEGB system when the above

paragraph was written (1968) was about 42 GUW,

In contrast to this, 10% of demand for a smaller system in
a developing country may be well belcw the CMR of the largest
unit, Furthermore such systems are usually not interconnected
with neighbouring systems. A single unit may be supplying up
to 50% of the total instantaneous demand during low load
periods /47/.

It is CEGB practice to provide spinning reserve by opserating
at 75% CMR the highest cost plant gensrating at the tims,
althoughs -

" .. the reserve carried on conventional gensrating plant is
spread throughout the system with larger proportions in those
sections of the system receiving powser transfers " (/20/)

Ninety percent of this reserve can be attained within a
few seconds and full output can be attained within five minutes,
For other systems spinning reserve may be distributed over many

or all units, determined only by economic factors,

The need to provide spinning reserve encourages the
enlargement of systems or the interconnection of neighbouring
systems, In the US in 1964 approximately 97% of the elactricity
supply industry's generating capacity was linked for ths

purposes of transmission in five large networks., The Fedesral
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Power Commission in its survey of that ysar commented, however:

" In many interconnacted situations .., the depth of coordinated
system planning has not progressed to the point of taking full
advantaqe of joint planning and generating capacity, "

Clearly the prablem of providing adequate amounts of spinning
reserve in small independent systems is aggravated by the presence
of large unit sizes, But there are aoften good reasans for the
installation of such units, Firstly, the advantage of economies
of scale in capital costs. Secondly, increased thermal
efficigncies and reduced production costs, There is now however
evidence that in recent years the improvement in efficiencies
has been tapering off: N
" The 600 MW, 800 MW, and 1300MW units built and to be built
between 1966 and 1973 will all have the same heat ratesi becausa
of technological factors. In fact heat rates of the larger units
may even be increased in an effort to improve reliability,., So,
gconomies of scale due to improved heat rates from larger fossil-
fuelled thermal plants (or, for that matter, other sources of
improved heat rates) seem to be mainly in the past - resulting
from changes from much smaller units and more primitive
technologies. " (/13/)

Thirdly, the scarcity of suitable sites may encourage the
installation of larger and larger units in the limited space

availabls,

Against these paowerful reasons is set the demands on system
security in operation arising from the installation of large
units, mainly the need for large amounts of spinning reserve,
Moreover, the availability of the large units has in many
respects been disappointing, The US journal 'Electrical World!
reqularly lists tha outage rates of major classes of power
stations in that country. In 1971 the average unavailability
of the twenty newest stations was 18,6%. In the previous
annual survey the outage rate for the same class was 11¢3%.
Whilst these fiqures could just as well be interpreted as a
reflection of declining standards of design, construction, or
operation, there is general agreement that higher ocutage rates

are associated with larger unit sizes. The disruptive effects

* an inverse measure of thermal efficliency.



TABLE 1=1 ANNUAL LOAD FACTORS FOR NUCLEAR PLANT = 1976

(A) BY REACTOR TYPE (8) BY COUNTRY
PHUR 77.67 (82.41) Canada 82,2
FRG 69,7
Magnox 64,94 (63.40) UK 68.1
PWR 61.38 (56.93) USA 56,9
Sweden 56,5
BWR 59,20 (55.71) Japan 56. 1
francs 55.3

(1) Vvalues tabulated are the pesrcentage averags annual load
factors for the 12-month period ending Dscember 1976.

(2) Figures in parentheses in Table (A) are load factors
weighted according to plant output.

(3) Sourcs: Howles /32/,

e ——————
.

of forced outages of large units in small systems ars so great
that they may wsll outweigh any advantages in capital or

production costs,

The load factors for nuclear plant in operation have also
been below early sxpectations. In the US in 1972 the averags
nuclear plant load factor for new plant was 61% /12/. In Japan
in 1974 nuclear plant availability was a mere 50% owing to
shutdowns for plant tests and repairs /27/. Recent figures
for averags nuclear plant load factors according to reactor

type and country of installation are tabulated in Table 1-1,

New developments are of course always subject to teething
troubles and this may partly explain the disappointing
availability rates., But nuclsar plant in sconomic evaluations
would be less competitive with such low load factors, in stark
contrast to the 70% = 80% load factors frequently quoted and

often used in planning calculations,

An inflexible adherence to a programms of installation
of large units can also have undesirable indirsct effects on

the scheduling of existing plant in the system, Pandit, st al



/47/, discussing the rapid expansion of developing country
systems, point out that:

" It is not unusual in such rapidly growing systems to come
across a nowly installed plant which was base loaded initially
to about 80 = 85% annual load factor and which is required to
operate on a two-=ghift basis with an annual gperating load
factor as low as 40 - 505 in a short period of five years ...
Units ., are requirsd to perform peaking duties within 6 to 8
years after initial base load opsrations, "

It is difficult to find genseral agreement on the optimum
unit size to be installed in small systems in the facs of the
conflicting requirements of economy and security, 1In the last
analysis the decision depends very much on the value attached
by planners of systems to the operating standards that they

are hoping to achisve,

Economy in operation is accomplished by merit order loading,
All units or stations in the system are ranked according to
economy in operation, in increasing order of running cost, The
merit order table then provides the basis for economic plant
schaduling, Low demands are met by first loading plant with
low production costs (high in the merit order), As demand
increases plant with progressively higher generating cost are
loaded, In this way optimal, in the sense least-cost, allocation

of load is ensured,

Often the merit order cannot be strictly adhered to. At
any particular time certain units may not be availabls, or -
their outputs curtalled because of outages for repair, tests,
or routine maintenance, Hydro plant may not be readily
available because of water shaortage., Furthermorelarge units
in particular cannot be startsd up from rest easily or rapidly,
and stop=start aoperation of such units has to be avoided even if
this distorts merit order loading. Load following capability is
often restricted and outputs of units may not be variable gver
the whole or sven a large part of their CMRs, Finally in the
interests of system security restrictions on certain power flouws
and the need to provide spinning reserve raise yst more problems,

As mentioned previously it is CEGB practice to carry spinning



- 32 -

reserve on low~merit plant. The Union for the Coordination of
the Production and Transport of Electric Power (UCPTE) on the
other hand recommend that:
" ,.. the reserve in principle should be distributed over as
many units as possible, including those with the lowest
operating costs. " (/9/)

For the above and related reasons out-of-merit cperation
may often be necsessary. The plant duration curve and the load

duration curve may no longsr be coincident,

We now move on to a discussion of the optimal static plant
mix, The following approach is taken from Berris /S5/. Tuo
components are associated with the cost of a plant in a system.
Initially (a) capital costs are expendsd, Over its lifetime
(b) running costs are incurred, The ranking of total plant
costs therefors dspends on both these components and also the
degree of plant utilization., Total annual costs can be

exprsssed ass

annual
cost = A+ Bx
wheres A = annuitized capital charges psr kW per ysar
B = operating cost of plant if fully utilized,
per kU per ysar
x = plant annual locad factor

The relationship, a straight line for each plant typs,
is shoun in Fig 1-2, Figurs 1-2A demonstrates that at low load
factors peaking plant is best used (line aa'), At load factor
X, howsver the use of thermal plant (1ine bb') is mors
economical, This in turn is displaced at load factor Xy by

by nuclear plant; finally at load factors x, and greater the

1
use of run-of~river hydro plant is desirabls, Ths load factors
projected onto an annual load duration curve relate the ranking
of the plant types to their required capacitiss (Fig 1-2B).

Capacities €49 Cps Cqy and C, then represent the optimal static
plant mix,

This approach provides at least prima facie evidencs that
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FIGURE 1~2A  PLANT COST CHARACTERISTICS
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in the first place a mix of plant types is desirablse, inscofar as
cost is concerned, and an indication of the relative proportions
of thse different plant typss te be installed for optimality., It
is not beyond credibility to imagins a system comprising solsly
plant of a single type (all gas turbine, or all hydre), and
sescure and stable operation may wsll be achieved, albeit with
difficulty, But overall system costs could be cheapsr and hencs
system composition is not optimal, Though this fact is familiar
to all system plannsrs it is an unusual state of affairs and
stems basically from the nesd to meet demand instantanecusly and
the inability to store slectricity in any appreciable quantity,
Note that the medel may not be valid with pumped storage plant

or with hydro plant with large-~capacity reservoirs,

The simple model is of course open to criticism, Not only
has no allowance been made for hydroc storage, but alse for
restrictions in hydro energy. Dstermination of the optimal
mix does nat tell us what plant sizes toc install, For example
2000 MW of thermal capacity may be achieved in a variety of ways
when considering the wide range of discrete unit sizes currently
available, Transforming the static situation to a dynamic one
raises many further problems. An optimal static mix may be
determined for sach year spanning a periecd of consecutive years,
and if these mixes vary greatly the question of what strategy
to adopt in planting and retirements arises. Perhaps a
_suboptimal mix for one or two years cut of five may produce a

lower total expenditure gver the whole five-year periocd,

Nevertheless the principles of this model have been further
developed and used in a successful solution of the dynamic plant
mix planning problem./49/, Despite its simplicity, at least in
this explanatory exposition, the discussion of the optimal
plant mix problem provides a useful bridge linking the problems

of system aperation to those of system planning.



Hitherto the problem under discussion has been dirscted
towards system operation. The solution of this kind of problem
has received much attention, and plant scheduling and load
despatching studies have led to very useful tools in ths
operation of pouwsr systems: the deployment of existing stations
or units and the operational strategy adopted in response to
variation of demand in daily and annual cycles, The system
planner on the other hand has to take into consideration yet
another temporal scale - that of demand variation from year to
year, perhaps over decades, Bscause of this he can rarsly pay
detailed attention to the problems of system operation, at
least explicitly, ; o

The blanket assumption is generally made that an adéquate
level of sscurity in system operation can be achieved in day to
day operation if the system is overplanted by a certain margin,
For economy this margin should be as small as possible, although
to ensure reliability and continuity of supply it should not be
too small., The margin, known as the gross planning plant margin,
is set over and above the projected demand level, to allow for:
- statistical considerations of possible errors in load

estimation, and deviations from the standard weather
conditions relative to which demand forecasts are madse,

- delays in construction,

- planned ocutages for maintenance, This can take on greater
import where there is little seasonal climatic variation
and hence no obviously suitable time for the programmed
outage of large—capacity plant in the planned maintenance
schedules,

- provision of spinning reserve, bearing in mind statistical
sstimates of the probability of failure of major individual
components of the system,

- water shortages during driest expected annual conditions,
of particular importance for predominantly hydroelectric
systems,

The gross plant margin varies with local practice, The
Cash and Scott survey revealed widely divergent valuss amoné the
European countries surveyed, ranging from 9% (Hungary, Austria),

17% (France, FRG, UK¥), 25% (Denmark-Zealand, Netherlands,

* currently (1977) 20,,, with a likelihood of it being increased
. yet further, '
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Portugal), and with some Swiss utility operators quoting values
up to 50%. Gross plant margins for developing countries are not
so comprehensively documented but there is little reason to

suppose a wide divergence from the above values,

A formidable problem facing the system planner is the

estimation of future demand levels, and perhaps in addition the
shape and characteristics of the demand curves in the future,
It has been common to use historical data to project future peak
or average demand levels related to a standard weather condition
(the 'average cold spell' in the UK)., For predominantly hydro-
electric systems energy consumption or average load levels are

more important,

There is general agreement that, remarkably, there is a
continuous and steady increase in peak demand and energy
consumption with time, although recent evidence suggests that
the rate of rise is tapering off, at least in some developed
sconomies, Thus the traditional method of extrapolation of
historical data fitted to an exponential curve may not nouw
provide sufficiently accurate estimates. The modelling of the

price elasticity of demand requires more sophisticated techniques.

Mount, et al /39/ typify the increasingly popular economstric
approach, The demand for electricity, it is argued, is
conditioned by five causal factors, these being (a) population,
(b) incomas, (c) the price of electricity, (d) the price of
competitive substitute fuels, and (e) the price of complementary
products, such as household electrical appliances, The results
of such a model, applied to various sectors of the economy in
the US, are shown in Table 1-2,.

Such models are flexible and can be used to examine a
variety of scenarios. Comerford and Michaelson /14/ describe a
model in use by the Public Service Electric and Gas Utility of
New Jersey, and its use to evaluate demand levels in response
to, among other things, income taxes, tax credits, even the
impact of a large consumer (steel) strike, [Most models of
this sort confirm a negative price elasticity of demand,

suggesting that usage of electricity may be approaching saturation,
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TABLE 1-2  LONG RUN ELECTRICITY DEMAND ELASTICITIES

(Evaluated at 1971, average US factor lsvels)

Residential Commercial Industrial
Population 0,99 1.03 1.01
Incoms 0,20 0.86 0,51
Prics of Electricity -1,20 ~1,36 -1.82
Price of Gas 0,19 0.06 0,00
Price of appliances ~0.42 - -

at least in some sectors of thse economy in the United Statss,

vhers most of these modols have been applied.

The United States of course has the highest per capita
consumption of electricity in the world, The gensral conclusions
of such models are therefore not directly applicable to the
conditions prevailing in deceloping countries, Unfortunately
there is a paucity of comprehensive disaggregate data in thess
economies which makes implementation of such models difficult
and their results suspect, There appears houever to be a gsnsral
grouving awareness that mere oxtrapolation of historical data, or
simpls time-series analysis alone may not be adequate. Other
considerations may be important. Development plans can havs a
significant effect on ths growth of demand, both directly and
indirectly., Population and GNP growth rates have to be taken
into account, Contracts to large individual customers can have
a large effect on demand. For large regions geoqraphically

disaggregate models will bs necsssary.

On the whole the study of the growth of demand levels and
energy consumption is currently deservedly receiving more
detailed treatment., But there have been no published studies to this
author'!s knowledge uhich examine the changs in shape of the load
curves under the impact of economic growth, changes in incomes and

income distribution, and any other possible causal factors. The
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importance of accurate load projections cannot be understated,
for it is a peculiar feature of the electricity supply industry
that decisions on investment have to be based upon predictions
of load several years into the futurse and beyond, OUnce committed
a programme of investment is very inflexible. No other industry
has to place such great reliance upon forecasts so far into the
future, The repercussions of srroneous forecasting ars severe,
Overestimation results in a large amount of capital investment
which could otherwise have been more gainfully employed in other
sectors of the national economy lying idle, As will be made
clear in the next chapter this is a serious matter for many
developing nations. 0On the other hand an underestimation of
demand can retard national social and economic development,

an equally undesirable state of affairs,



CHAPTER TwO. ECONOMIC, FINANCIAL, AND OTHER CONSIDERATIONS

The electricity supply industry is generally regarded as a
natural monopoly., Two principal reasons for this are ths
increasing returns to scale svident in system development, and
the presence of direct physical links between producer and
consumer, DOuplication of effort as would occur with the presencs
of competition would be wasteful, It should be noted howsver
that competition bstween fuel industries, such as for exampls
gas and electricity, can bs and often is fierce, The increasing
returns to scale with respect to cost and efficiency have led
almost invariably to the existence of a few large individual

power suppliers,

The development of ths fuel industries in gensral, and the
electricity supply industry in particular, has vital effects on
a nation's economic well-being, Suppliers of electric power
generally exist as large private companies (USA, FRG),
nationalized or statutory bodies (UK), or as largely autonomous
government departments (many developing countries). Whatever
the form of organization such undertakings are always subject
to very strict government or public regulation, Such regulation
is necessary bscause of:

" The importance of these industries, as measured not mersly

by their own sizeable share in total national output, but also
their very great influence, as suppliers of essential inputs

to other industries, on the size and growth of the entirs
sconomy, These industries constitute a large part of the
'infrastructure!' uniquely prerequisite to economic development
eeo On the one hand, they condition the possibilities of growth
ees On the other hand, because many of them are characterized

by great cconomies of scale, their own costs and prices depend
in turn on the rate at which the economy and its demand for its
services grows, As general economic growth proceeds, ths
contribution of these industries to futurs expansion is thus
enhanced by their own progressive realization of these economiss
of scale, in a cumulative and self-reinforcing process, " (/35/)

Several tools are available to regulatory bodiss or governments
for ths supervision and control of the operation of such entsr-
prises, of varying degress of effectiveness, Thres of the

principle ones will be described in the paragraphs to follow,
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- Firstly, pricing policies and levels, It is a fundamental
proposition of uwelfare economics that in order to ensure optimal
resource allocation both between industries and within an
industry itself, outputs should be priced at marginal cost.

In principle this should simulate the so-called "invisible

hand of competition' where monopolistic or oligopolistic producers
are concerned. [Marginal cost pricing of electricity has received
considerable attention in the literature /25,46,50,56/. It is
usual to distinquish between short run marginal cost (SRMC) whers
an incremental demand can be met without the nsed to install
additional capacity, and long run marginal cost (LRMC) whera
capacity additions are necessary, Incremental demands in ths
short term are met by loading plant in merit order whareés

those in the long term are met by the growth and development

with time of the system as a uhole,

For decreasing-cost industries, of which elsctricity supply
is widely held to be one, adherence to marginal cost pricing
can lead to a failure to recoup investment, This is viswed
with dismay by utility operators although from the viewpoint
of the welfare economist it is not at all inconsistent with
optimal allocation of resources throughout the economy, Farrell
/22/ housver contends that electricity supply is no longer a
decreasing cost industry and recent evidence does appear to
uphold this view to a certain extent, though only for developed
economies, Few will deny that the electricity supply industry
in developing countries, still in its infancy and with much to
gain from development, expansion and the introduction of an
increased lsvel of technological sophistication, can but benefit
from an increase in scale. The Hotelling solution to this dilemma
is to raise the required subsidy through lump-sum taxes; another
more usual approach is to follow marginal cost theory in
determining the structure but not the level of electricity
tariffs, this levsl being set so as to yield a sufficient return
on investment, The economists'.objection is that it leads to
distortions in allocation elsewhere in the economy, although it
does still prevent non-optimal internal cross—sdbsidization,
provided it is applied accurately,
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Insofar as the planning process is concerned the distinction
between SRMC and LRMC does not appear to be as critical as was
once held, Bates and Fraser:

" A3 a number of writers have now pointed out, there is not a
choice betwesn short-run and long-run marginal cost ... There

is nothing paradoxical about the cost of a margin of output

being the same whsther or not there is an impact of new capital

as long as it is realized that it is not within the year of output
increment that capital costs are accounted but over a plant's
lifetime ..0 " (/2/)

In other words, in the dynamic context SRMC and LRIMC are

equivalent,

Difficulties arise in practice when formulating a suitable
tariff structure, There are of course an infinite number of
marginal costs, depending on total system ocutput at a
particular instant. Kahn /35/ also points out that the notion
of price is meaningless when unrelated to a particular standard
of service, The problem when constructing a tariff is one of
identification of causality and responsibility amongst diverse
customers with widely differing requirements, Turvey /56/
lists the following considerations with respect to tariff

structure:

- a connection charge for esach nsw consumer equal to the
capital caost wholly and exclusively incurred in connecting
his premises to the system,

- a rate per kW of contribution to peak at sach voltage
level of the distribution system, equal to the average
annuitized cost per kW increment of capacity at that
voltage level, grossed up by the capacity margin, These
charges might vary with power factor, or might be levied
per KVA,

- an annual charge equal to the marginal annual cost per
consumer of consumsr service, meter-reading, billing, and
account collecting,

- a contribution to general overheads and to the annual cost
of running, repairing and maintaining the system,

- marginal running cost per kWh, grossed up to allow for
incremental transmission and distribution losses, and
varying from hour to hour as the total generating load
changed,

- incremental capacity costs per kWh of contribution to
peak generation,
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This is a comprehensive list indeed, including as it does
considerations of consumer voltage level, distribution and
administrative costs, and power factor. In practice, unsurprisingly,
it is extremely difficult to construct a tariff that accurately
reflects marginal costs without over—complication., Such a
detailed tariff would undoubtedly lead to consumer resistance
and administrative problems, It would also fail to perform
an important function - to guide the consumer towards regulating
his own consumption both for his own and the system's mutual
benefit,

The use of multipart tariffs is universal, The CEGB Bulk
Supply Tariff currently (1976/77) operative in the UK has the

following components:

(a) Service charges

allocated to each Area Board, a sum equal to the ascertained
annual charges and expenses of providing the bulk supply
point capacity to meet its electricity requirements,

(b) Demand/bapacity charges

A basic demand is defined for each Area Board, reflecting
its average demand over the year when total system demand
is within +1% of 90% of maximum system demand. (The precise
definition of this basic demand is somewhat involved),

The following charges are then applied:

(1) A basic capacity charge for every kW of the Area
Board's basic demand,

(L1) A peak capacity charge (or rebate) for every kU by
which the Arsa Board's peak demand exceeds (or_falls
short of) its basic demand,

(¢) Running chargss
These are levied per kWh supplied:

(1) a peak rate for svery kuWh supplied during the two
half-=hours of greatest system demand over the 12~hour period
before 1600 hrs; and similarly for the 12-hour period
after 1600 hrs,

(11) a night rate for every kwh supplied from 0000 hrs to
0800 hrs (unless charged under (i) above) together
with a surcharge for svery kWh supplied when demand
exceeds that during the half=hour of minimum system
demand on that day (the 'night valley demand!'),

(iii) a standard rate for every kuh supplied not charged
under (i) or (ii) above,

A fuel cost adjustment clause is included to reflect
changes in the national fuel cost.



Retail tariffs can take several forms., An attempt can be
mads to duplicate the structure of the Bulk Supply Tariff by
imposing a maximum demand tariff (per kW of demand, charged
retrospectively over, say, a period of three months) and a
running charge per kWh of consumption. This is used by most
Area Boards in the UK for large industrial or commercial
consumers, for domestic and other consumers tariffs are much
simplified, A two-part tariff can be imposed, involving a
standing charge related ta, for example, the ratsable value of
the premises, or its installed capacity, together with a running
charge per kWh consumed. Also common for domestic consumers is
a block tariff, the first component of which is charged at a
higher rate to recover the standing charge, and with decreasing
block rates for subsequent consumption., Bscause of their
simplicity these retail tariffs lose much of the accuracy of
bulk supply tariffs in reflecting marginal costs of supply.

It has also been claimed that decreasing block tariffs are
promotory and encourage profligate use of electricity, and cases
have besen presented for the use of inverted block tariffs
(increasing block charges) for domestic use, aimed towards
energy conservation /10/, Creuw /15/ mentions an imaginative
tariff used in Noruay:

" The consumer pays a standing charge, related to his estimated
annual demand, UWhen the load is below the maximum of his sub-
scribed demand he pays at a low rate, UWhen it rises abova he
pays a surcharge for the excess units, "

Additional metering is required, b;t the advantage of such
a form of tariff is that it assists the individual consumer to
ragulate his own demand and consumption accoxrding to criteria

that he can readily understand,

The restructuring of tariffs has been generally used to
good effect to modify daily cycles of demand, Promotional off-—
peak rates and advertising of off-peak storage heating appear
to have succeded in transferring to other times cf the day those

demands which can be deferred,
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According to the price theory of economics, of course,
prices should function as conditioners of demand and signals
from consumer to producer. As has been mentioned in the previous
chapter only recently has there been any evidence of a significant
price elasticity of demand, in the United States and other
countries with a high per capita consumption. It is gensrally
accepted that no such mschanism is currently operative in
developing sconomies although there is no confirmation of this in
the published literature, Suppliers have a responsibility to
stabilise prices and price trends. One featurs of the supply-—
demand relationship and price mechanisms in electricity supply
is the very long lags associated with rssponse to price changes,
Prices should not be changed too frequently since the consumers
of this commodity are often making long term decisions, Builders
may choose to install electric heating systems and householders
may decide to buy electric cookers on the basis of price levels
or trends at a particular date but they cannot readily communicate
their disapproval if the status quo with respect to competitive

fuels changes after a year or so.

The pricing of electricity is often one of the more
controversial issuas which arise between eleetricity supply
authorities and their regulatory bodies., Overregulation is often
the norm rather than the exception. It is easy to see why, since
a price risse in such a pervasive commodity can be a prime
contributory factor to an inflationary spiral. On the other
hand it is counterproductive to impose a restriction on future
investment in this way. Investment requirements will somehow
have to be raised if development is not to be curtailed, perhaps
subsidized by taxation elsewhere in the economy., Subsidy via
pricing levels is considered by some to be more equitable since
at least this ensures that electricity consumers contribute
themsslves to future system development according to the

aggregate of their individual levels of consumption,



- The second tool for ths supervision and control of regulated
industries consists of directives concerning investment criteria
and independent appraisal of investment programmes, The use of
some form of discounted cash flow (DCF) is almost universal,
Frequently a test discount rate (TDR) is decreed, The choice of
a suitable TDR is not purely academic¥*, and several possibilities
have been discussad very comprehensively by Henderson /30/,

including the followings:

- a rate reflecting the rate of interest on long term
government securities,

- a social time preference rate (STP), .

- a rate reflecting the opportunity cost of capital,

- a hybrid cost-henefit procedure, combining an STP rate of

discount with social opportunity costs,

The use of a positive TDR has rarely been challenged and
is nowadays invariably used, representing as it doses a trade-off

factor less than unity for future against present resource use,

The use of a high discount rate (10 - 15%) allows for the
imposition of some degree of capital rationing, As will be
seen this may be critical, The use of opportunity costs however
may achieve this same object, and high TDRs can lead to a myopic
view of project appraisal, The cynic would remark that the life
of power stations often exceeds that of many business concerns
and even governments, and the public interest endures longer
still, So it is often angued that the used of an STP rate
(3 - 5%) is apt. Capital rationing can be imposed bf the evaluation
of opportunity costs, This approach on the other hand can lead
to premature overcommitment of financial resources and inflexibility

to change in response to technological progress,

Perhaps fortunately the choice of the TDR is usually not
open to the system planner, being set by the regulatory body,

¥ In the early days of nuclear power the debate on the economic
viability of such plant as opposed to conventional methods of
electricity generation hinged to a great extent upon the
disount rate used for the sconomic appraisal, Lower TDRs
made nuclear plant marginally desirable, and vice versae.



government, or financing authority*, The planner has to be
aware however of the wide rangs of values that ths TDR may
assume, and the effect that thess may have on the shaps of
alternative investment programmes, In the UK the test discount
rate is currently set at 10%, this value is arrived at as a
reflection of:
" .. the minimum rate of return to be expected on a marginal
low-risk project undertaken for commercial reasons, " (/31/)

It remains to point out two virtues of a positive TDR,
the first of which has already been implied above., Progress,
even if not leading to major breakthroughs in the technology
of power supply, does lead to improvements in existing techniques
of design and manufacture, resulting in increased efficiency,
reduced cost, or both., Hence there are economies related not
directly to scale, but to time, A positive TDR does (in a
rather clumsy way) allow for this., Moreover the forecasting
of future costs and demand levels is an uncertain procsss and
the use of a positive discount rate does at least provide a
weighting factor to allow for risk and uncertainty. This is of
course not to be interpreted as an excuse for laxity in the

determination of input data.

Investment programmes are usually submitted to some higher
authority for inspection and approval. Investment reviews in the
UK involve the Electricity Council, the relevant Ministry or
Ministeries, and the Treasury (financing authority). Programmes
which may be optimal from the viewpoint of the electricity supply
industry may not be so in the wider framework of national policy
and may have to be altered at this stage to accommodate these
wider interests, Energy sector planning, cost-benefit analysis
and integration within government macroeconomic planning are
considerations which may render alterations necessary, Sometimes

the data which was used for the planning studies may be held to

A —————

* or, indeed, all three, Fortunately there does not seem to be
much evidence of a conflict of interests between these parties
although the prospect of such an occurrence cannot, of course,
be totally discounted,



be at fault, or may be rendered invalid by further considerations
which may not have been available to the system planner for a

variety of reoasons,

- The final tool to be described here is the regulation of
the financial performance of the industry. The need for this
is fairly obvious in view of the monopolistic position of
electricity supply. ODepending on prevailing conditions this can
take the form of an exhortation to attain at lsast a certain
financial surplus, or a restriction on permitted rate of return
on investment. Posner /50/, and others, have commented that
the imposition of financial targets in conjunction with marginal
cost pricing and a set TOR in fact leads to an overdetermined
problem. The UK White Paper of 1967 /31/ recognizes this point
and makses clear that the attainment of a financial target should
be the prime consideration:
" The alternative would be an indefensible lack of control aover
the return achieved on a very substantial public investment,
There are, inevitably, simplifications and compromises to be
made ... Nevertheless, despite these difficulties the system of
financial objectives has proved its value in practice: it cannot
provide a perfect formula for the resolution of all pricing and
investment decisions, but it does give a framework within which
such decisions can be reached, " °

From the vieupoint of local management a financial surplus
is desirable, It is important both for internal morale and

public relations that the undertaking be seen to be doing well,

Kahn /35/ points out that restriction of profits in regulated
bodies with monopolistic tendencies can sometimes, paradoxically,
lead to a coincidence of the interests of the monopoly producer
and its consumers, Uhen profits are restricted to a psrcentage
of the rate-~base, it is to the advantage of the producer to
extend that base, sometimes beyond the point where it would be
strictly necessary in the presence of competition. When this
occurs it often takes the form of an increased standard of

service with eventual benefit to the consumer,
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We now turn to an examination of the capital intensiveness
of the electricity supply industry and its implications, The
industry is generally agread to be extremely capital intensive,
ranking with water-resources projects in this respect., Garfiseld
and Lovejoy /25/ quote a capital turnover ratio (gross revenus
divided by capital investment) of 0,30 for power utilities in
the US, compared to an average value of 2,00 for manufacturing
industries in that country. 1In the UK capital investment for
the nationalized fuel industries can amount to £1000 million
annually, and this accounts for about 10% of the gross capital
formation (GCF). Of this well over half is incurred by capital
invaestment in the electricity supply industry., Power expansion
in developing countries accounts for 7 - 8% of GCF on averags,
This scale of finance, as may well be imagined, raises special

prablems of its own,

Schmitt and Monig /54/ have examined the capital requirements
of the electricity supply industry in the Federal Republic of
Germany. Tﬁey identify a shift towards capital intensity dus to
accelerated installation of largs nuclear plant, Total installed
capacity is expected to rise from 61,9 GW in 1973 to 128 GU in
1985, and owing to retirements of existing plant during this
period some 73,5 GW of new capacity will have to bse installed,

A conservative estimate of the cost of this expansion, taking
into account rises in the costs of labour and capital, is
89 x 10g DM, They comment that:

" .. tho slectric power industry's capital requirements over
the next ten years is so large that there are those in the
electricity industry and the banking sector who doubt that it
can be mst at all, "

Friedmann /23/, arguing the case for urgent mobilization
of financial rescurces for powsr expansion in devsloping countries

points out that:

" As a result of various factors = continued faster than GNP
growth of powsr dsmand, less scope for sconomies of scals,
faster than average price increases in squipment and heavy
construction and a particularly rapid shift to higher cost plant
(nuclear, lignite, hydro) - the proportion of investment taken
by powsr expansion in less devsloped countries is projected to
increase by about half, from about 7 — 8% in the past dscads to
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about 10 ~ 12% in the next, In terms of public rather than
total investment this means an increase from about 17% to about
25%, indicating that a difficult reallocation of public investment
funds will be required, Ue are not sure that this fact is fully
grasped by decision makers in countries and developing
institutions, ¥

An analysis of expenditure for power expansion in developing
countries suggests a ratio of 60% gensration, 40% transmission
and distribution. OFf this foreign exchange comprises roughly
60% of generation expenditure and 35% of transmissicn expenditure,
Thus on average half the capital expenditure for power expension
in developing nations requires foreign exchange, often in scarce
supplys It has been perceptively pointed out that the 'energy
crisis! precipitated by the OPEC oil embargo in late 1973 has
manifaested itself to oil-importing developing nations as a
financial crisis which continues to worsen with global recession,
inflation, and depressed prices for primary products. The
increased costs of enerqgy systems as imported by these countries
means that relative to the rest of the world little progress can
be made in real terms, Friedmann quotss part of the text of an
address by the President of the World Bank in 197S:

. " Even to achieve the wholly inadequate levels of economic

activity of 1975, the developing countries have had to borrow
large sums from the private capital markets. They will have
to continue to do so in the future, But there are limits to
credit-worthiness and these make it unlikely that they will
be able to borrow significantly more in real terms, over thse
next five ysars, than they are doing now ..

" The great increase in external capital flous .s. from the
levels of 1969 = 73 has been and will remain essential to sustain
economic growth in less developed countries, These new levels
represent between 2,5 and 3% of GNP (vs past figures of 1.5 to
2%), 12 to 15% of gross capital investment (vs 8 - 10%) and
about 30% of exports earnings (vs 20%). "

The increase of capital intensiveness has thus bsen
aggravated by the events of 1973, Price rises in petroleum
fuels have encouraged developing countries to accelerate
development of hydro resources and the installation of high
capital cost nuclear plant, in some cases where such plant is
only marginally desirable, This has been blamed for difficulties

in mobilization of capital, But perhaps this is a result of the



general trend of technological development in the power industry
(perhaps in industry as a whole) which has always been one of
increasing capital—-intensiveness = larger and larger generating
units, ever—increasing transmission voltages and line lengths.,
The logical results has been the present-~day state of affairss
the enormous scale of capital resources required by the power

industry,

furthermore for a developing nation a significant proportion
of this is a foreign exchange component and power expansion

may have to be curtalled in some cases owing to a lack of funds,

In the Federal Republic of Germany and the United States
funds for power development are raised by recoursse largely to
private capital markets, This source was at least partially
employed some years ago in the United Kingdom, with the issue of
British Electricity Stock guaranteed by the Treasury, The
nationalized fuel industries in the UK are encouraged as far as
possible to be self-financing. Manifestly this is not easily
achieved, Table 2~1 summarises the capital requirements of the
British electricity industry from 1970, Under the 1968 Gas and
Electricity Act the electricity industry was permitted to borrow
in international capital markets, this appears to have been done
at least to some extent. [Most loans howsver are granted by the

Treasury at comparatively low interest rates,

TABLE 21 CAPITAL REQUIREMENTS OF THE BRITISH*
ELECTRICITY SUPPLY INDUSTRY

Financial Gener= | Trans=~ Area Other| Total | Internal
year ation | mission| Boards Financing
£10° £10° £10% | £10® | £10® |Ratio g
1970 /71 180.9 45,2 143,6 5.0 | 374,7 53
1971/72 200, 6 36.3 138.9 8.9 | 383,8 70
1972/73 213.9 32,0 139.8 | 10.8 | 396,5 78
1973/74 222,2 33,7 140.9 | 11.4 | 408,2 62
1974 /75 280,6 40,6 162.8 | 15.0 | 499.0 48 .
1975/76 366. 6 55.3 181.,9 | 16.6 | 620.4 87

Sources: Handbook of Electricity Supply Statistics
(Electricity Council, 1976)

* England Wales and Scotland, ~
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Developing countries of course have limited recourse to
domestic private capital, The bulk of their financing derives
from government funds where forthcoming, bilateral loans, or
multilateral development aid organizations., In particular
gensrous bilateral loans have been made available at favourable
rates of interest for the specific financing of nuclsar stations,
For exampls, from 1975 20% of the loans for power development
made available by the US Eximbank wers diverted towards the
financing of the construction of nuclsear plant /23/. As uwas
pointed out in previous paragraphs it is likely however that
within the next decads or so adsquate funding from these sources
may no longser be available., Frisdmann suggesés more imaginative
approaches to the raising of capital for developing countrises,
and recommends recourse to the large international (Eurocurrency)
capital markets. International currency markets are an important
source of funding for many devsloping nations now. The Morgan
Guaranty Trust has estimated that the total external dsbts of
oil-importing developing countries at the end of 1975 amounted
to ¢ 150 x 109, of which some ¥ 60 x 10° consisted of liabilities
to commercial banks¥, In early 1977 a loan agreement for the
financing of part of the sscond stage of development of the
Ko=Ri powsr station in South Korea was signed in London. The
following extract is from a report in the Guardian, 1 March 19773
" More and more the problems of arranging the finance of these
multinational consortia projects are proving just as grsat as
the pursly technical or sconomic onés. 0One of the American
bankers at yessterday's signing ... commented that he forssess

the day when all such projects will be negotiated by a tri-
partite group of financiers, technologists and sconomists ...

" Tha problems of finding finance on this scale are indeed
immenss, The consortium signing yesterday's contracts coversd
only € 139 millions of the § 700 millions yet it involved nine
major international msrchant banks plus the ECGD*¥* and the
Eximbank esee "

S ———

# Myorld Financial Markets", [Morgan Guaranty Trust, New York 1976
**% the (UK) Export Credits Guarantee Dspartment,



Much may still have to be done however by many developing
nations to establish their credit-worthiness:
" Eyen in much easier times, the (World) Bank's experience
with public utilitites in developing nations has shouwn that
their financing problems have been due more to inadequate
domestic funding than any lack of foreign loans., One of the
major weaknesses has been poor pricing policies, low and badly
structured tariffs, and regulatory delays in granting
appropriate adjustments for inflation and other courses ...
(which) fall entirely under the control of local public utilities
management and political authorities of developing nations., " (/23/)
Hopefully therefore the ill wind aroused by the energy
crisis may yet encourage efficient organization, regulation,

and rational centralised energy policies in these nations,

Finally in this chapter brief consideration will be given
to some further constraints on system planning which may not
immediatsly be classifiable as caused by either engineering

or financial factors,

For several reasons it is often desirable to limit the
relative proportions of fuel usage, In engineering considerations
of planning, peaking, thermal and nuclear plant are assumed to
have no limits imposed on their utilization by energy or fuel
shortage., UWhen regarding primary fuel availability this may
not be so, A limitation on plant mix can be imposed as a
result of this which may render the mix non-optimal. A chairman
of the CEGB is on record as having stated quite bluntly that:

" osee sincé the early 1950s pressure has been put on us to
burn the least economic fuel ... " (/55/)

This seems at first sight to be a peculiar way of optimizing
fuel usage but in fact there are often sound reasons for doing
so. In the UK the need has periodically arisen to support the
local primary fuel industry, coal, The CEGB as a major customer
has a far-~reaching effect on the grouth of both complementary
and competitive fuel industries, It also has a profound effect
on the level of employment, both directly and indirectly. As a
result ., often against its will, the electricity industry can be

used as a political tool, Moreover in the UK as in most
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industrialised nations there is a strong almost symbiotic
relationship betwsen the CEGB and major power plant manufacturers.
A stabls and reqular equipment ordering programme is conducive to
stability in the power plant manufacturing industry, and this in
turn can give rise to considerabls export potential and can

thersfore aid balance of payments problsms.

The overdspendence of a nation on imported fusl can render
it vulnerable to international politically~directed action, as is
knoun only too well since the svents of 1973, President Nixon's
ill-fated Project Independence was instituted in the United
States ssssntially for reasons of economic and political freedom
from imported ensrgy sources, Started in 1974, it aimed for
energy self-sufficiency by 1980, but has since to all infents

and purposss been abandonsd,

Further constraints may constrain plant mix or fuel usage,
As mentionsd abovs a mix which is suboptimal with respeet to the
internal criteria of the power industry may aim for overall
national optimality in fuel usage., An indirect subsidy may bs
granted to local heavy industry, or to encourages the introduction
of a new lsvel of technology and to develop local expertiss in
the case of developing nations, For certain decisions national
pride and prsstige may bs crucial, The question of nuclear
proliferation is always the underlying and sometimss the
overriding consideration when the pros and cons of the introduction
of nuclear technology to a nation are being weighsd. A project
may have functions and yield social bsenefits not primarily
related to its power production capacbility., It may stimulate
regional development in depressed areas, It may be installed
in conjunction with desalinization plant, or it may bes mainly
intended for irrigation or flood control, Social cost-bensfit
analysis is required for propsr evaluation of such projects and
this is normally outside ths terms of rsfersnce of the system
planner. Planting programmes have to bs carefully timed to
harmonize with national development plans, Bilateral aid terms
may dictats the installation of certain stations, or their dates
of installation. Some prqjects can have undesirable often

indirect environmental effects and hence imposs non-monetary
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but nsverthslsss very real penalties., Finally in recent ysars
there has bessn increassd insistence that a purely economic,

in the senss lsast-cost, evaluation may not be appropriate for
certain types of project. Such has been the cass in the

continuing nuclear powsr controversy.

This plethora of constraints makes life no easier for the
system plannsr, Unfortunately constraints, particularly those
last mentioned, though oftsn important are all too often very
vagusly defined. Perhaps it is too much to ask ths planner to
take into account all possible repercussions of his planning
decisions, Nevertheless he is open to criticism if hs neglects
to do so, The usual approach is to ignore these difficultises
when examining broad long-term strategies and to distort ths
optimal strategies so as to accommodats as far as possible these
awkward constraints, whsn considering the short-tsrm planting

programmes.,
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CHAPTER THREE, APPRDACHES TO SYSTEM PLANNING

Forward planning is desirable for any organized activity,
In the case of electricity supply it is necessary for many
important reasens which have been develeped in the previous

chapters, The principle ones will be recapitulated below:

- The long construction and lead times associated with

large power stations and transmission projects, Typical lead
times for large power projects are of the order of five years,
and this presumes a well-=organized machinery for dealing with
the problems of logistics, sequencing and coordination during
all stages of planning and construction. The lead time will

of course vary according to local conditions, and is frequently
somewhat longer in developing countries., Delays unfortunately
are not uncommon, Some large power projects have attained
notoriety and entered popular mythology for their constructicnal
delays, Consequences of such delays can be serious, System
security may be imperilled and low merit plant will have to be
used thus increasing production costs., Delays also mean
vulnerability to cost inflation during censtruction, It should
be noted that the quoted lead times do not include provision
for the training of personnel where necessary. Many develeping
nations are in no position to install large generating units

or nuclear plant because of the lack of operating experience
and trained manpower, When such training is included lead

times can extend to ten years or more,

- The interactive nature of system operation arising from

the interconnection of stations by a grid network., This means
that the installatien of a unit or group of units cannot be
considered in isolation. The operation of the system as a
whole with and without the proposed installations has to be
examined, The problem of assessment of system performance is
more difficult than appears at first sight with the small
independent systems existing in developing countries where the
aeffects of the installation of large units (advantageous because

of economies of scale) may not be immediately obvious in terms



of system security and reliability of supply, and merit very

carsful study,

- The long physical lifetimes of stations, transmission
lings and powsr plant equipment in general, Stations last
from ten to fifty years or more, although lowsr values ars
often used for project evaluation and book~keeping purposes,
To gauge the performance of a powsr station over its usseful
lifetimse requires a planning horizon extending perhaps decadss
into the future, The actual useful lifetims of a station is
by no means certain, Frequently it is itsslf gresatly
dependent on the futurs development of the system as a whole,

and must bs viewed in this contsxt,

- The capital intensiveness of the electricity supply

industry, Large amounts of capital are required for investment

in system sxpansion. Planning should include preparation for

the mobilisation of capital, and due attention will need to be

paid to ths nead for foreign sxchangs., Restrictions may have

to be applied becauss of a lack of funds., All these considerations

demand assiduous forward planninge.

- Publicly regulated bodies ars answerabls to their regulatory
bodies or financing institutions for their financial performance,
Quite apart from considerations of corporate strategy, price
levels and tariffs have to be determined in the light of future
system development and growth of demand, Frequent price changes
are unacceptable both to consumers and regulatory bodises,

Tariff levels have to be directed towards a rseturn on invsstment
that is adsquate yst not to be interprstsd as an abuss of
monopoly position. Forward planning and sensitivity analysis

can provide usseful aids to judgement,

- The position of the elsctricity supply industry both as

an indicator and stimulator of ths gensral national economic
condition., Planners have not only to be aware of dsvslopments :
in the technology of power supply but also of likely or planned
trends in government macroeconomic policye. An incrsase in ths

availability of slectrical energy is frequently an sssential



prerequisite for accolerated industrial activity and the success
of major industrial projects is dependent upon an adequate
reliable supply of electric power, The planning of system
expansion has to be integrated carefully into any national
development plans, often before the Plan itself is mads

available for publicatiocn.

It is of course a fallacy to imagine that the planner has
to fix his ideas to start at a point in time five years or so
in the future. The conditions upon which estimates were mads
and previous decisions taken are continually changing; patterns
and trends are constantly shifting. Berrie /S/ mentions several
means of trimming plant margins tc accommodate these shifts; he
calls these 'regulators! of the planning planting margin.
Firstly, peaking plant can be installed in well under the oft-
quoted five-year lead time, As a very last rasort a crash
programme of installation of gas turbines or diesel plant can
be undertaken to maintain system psrformance, although such ad
hoc measures are bound to have costly repercussions enduring
well beyond the initial period for which corrective measureé
were required. Secondly, existing construction schedules may
be raphased, Unfortunately.it is always a risky business to
deliberately slow down construction schedules = it would lay
the electricity authority open to criticism from major contractors
and could well involve further financial penalties dus to cost
inflation., It is doubtful alsc whether construction programmes
can be accelerated to any significant extent. 0On the contrary,
it is often the delays in existing construction schedules
themselves which precipitate the need for corrective action,
Delivery dates of plant on order may be deferred to some extent
but there is little leeway in this respect. Finally, the
rescheduling of plant retirements. Power stations are rarely
used to the point of dilapidation, they are usually retired
when their individual load factors are so low that it is no
longer sconomic to maintain them in a suitable state of repair,
Short=term shifts in expansion strategies and load demand levels
can therefore bs accommodated fairly readily by postponing or by

putting forwards retirement dates of old stations,
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when svaluating development strategies for any power system
(the timing and scale of additions to and removals from the
system, and the operating strategy adopted), four principal

factors ars generally considsred:

- capital cost of new plant, P
- operating cost of the system, Q
- revenus from sales of elsctricity and rslated activities, R

- standard of system security (quality of supply), S

From the contents of the previous chapters it is clsear
that thess requirements ars often conflicting: P and Q should be
as low as possible, whilst it is desirabls that R and S be as
high as possible. For exampls a development strategy which
entails the planting of largely nuclsear plant leads to high P,
low Q, and owing to the gensrally largs unit sizes can lsad to a
degraded quality of supply in small independent systems, Psaking
plant on ths other hand gives riss tec low P but high Q, while
S is not liksely to suffser from this kind of strategy. Thus in
the most gensral terms a multi-objective optimization problem:
axists for system planning. A utility function or objectivs
function can bse proposed, this is to bs optimized (maximized

or minimized), For example:
minimize U(P,Q,R,S)
whers a typical objesctive functiecn could be:
u(pP,Qq,R,S) = aP + bQ = cR + X(S)

X(S) is é“penalty function wﬁiéﬁ assigns a penalty cost
to a degraded quality of supply. Constants a, b, and c assign
relative weights to the values of P, Q, and R, By using such a'
form of utility function all four cbjectives have bsen
transformaed onto a single scals of effectiveness, Quits apart
from the question of the validity of such an assumption it will
also be appreciated that the separatse objectives may not bse
completsly independent with respect to each other and hence a
simple additive utility function may not be acceptabls, As a
further comment it is pointed out that the svaluation of P, Q,

R, and S can bs difficult problems in themsslves,



Instead of optimizing with respect to the four objectives
it is usual in system planning studies to satisfice with respect

to one or more of them, Thus:
minimizae U'(P,R,Q)
subject to S >» A

The implicit assumption has been made that sinces P, Q, and
R are generally measured on the same scale of effectivensss
(monetary units) an additive form of utility function is
satisfactory for the three variables, 1t is sufficient that
the quality of supply never degrades to a level less than ths
index A in the constraint., This formulation treats objective
S as a 'hard' constraint - one that can never be violated in
any feasible solution., It is equivalent to assuming function
X(S) in the previous formulation as a barrier function: X(S) = o
if s < A, and X(S5) < 0O otheruise,

Even this form of objective function is not without its
disadvantages, Although it may be superficially true that P, Q,
and R are measured in equivalent units, yet problems of economics
and financing mean that there is a very real distinction between
money capital needed for investment in naw plant and machinery,
and other monetary outlays expended in system opsration, In
recognition of this a shadow cost of capital is often used to
roflect this distinction.

Further constraints may now be added to limit the rate of
capital expenditurs, or to pay dus attention to rationing of
foreign exchange, and to allow for more detailed considerations

with respect to system dsvelopment,

The objsctive is now the minimization of the discounted
present value of the sum of all net monetary outlays over a
predefined planning period, which may extend to infinity. The
constaints impossed relate to system security, capital limitations

and so on. Then, using OCF:

minimize PW (P + Q- R)
subject tos

~ quality of supply to be attained and/or maintained at all times

-~ and any othoer considerations to reflsct real-life restrictions,



Tho problem is still cast in very broad terms, and it is

common at this stage to make several simplifying assumptionss

The revenue from sales of electricity, it is arqued, is not
causally influenced by the planting strategy adopted and can
therefore bs dropped from the objective function since it can
be regarded as a constant. Thus the problem reduces to one of
cost-minimization, and the removal of one degree of fresdom
makes it at once much simpler. Two points arise from this
assumption which deserve elucidation, Firstly, a feasible solution
may not exist to the problem as formulated. This can arise, for
example if there is insufficient capital for system development
and a degradation of supply will have to be accepted, The
assumption will not hold under such conditions and the wholse
problem shifts emphasis to one of how best, with limited funds,
to satisfy conflicting requirements of demand - a problem of
rasource allocation, This form of the problem will not be
pursued further, suffice to say that such a state of affairs
may not be uﬁcommon in developing sconomies, In the second
case, assuming a feasible solution exists, the planting strategy
itself is dependent on assumed parameters in the DCF evaluation,
notably the TOR, Alternative strategies may be proposed which
may be different in detail and almost certainly in the value of
the objective function owing to the use of differing TDRs, In
the event that one or the other of the alternatives is accepted
and executed, it is hardly likely that the revenue will have been
the same, The industry can at least attempt, with no littlse
likelihood of success, to justify a tariff lsvel which ensures
an adequate return on investment (not necessarily the TOR,
because of regulatory considerations). Hence in practice revenus
often adjusts to Pit the strategy. It has been suggested that in
the United Kingdom a low discount rate was implicitly used for
gvaluation of the nuclear power programme, and the eonsumers of
elactricity in that country financed at least part of the national

nuclear power desvslopment programme,

It is unfortunate that the planning problem is so complex or
so large that it is necessary to negloct revenue in the appraisal

of investment strategies, This breach has not escaped the notice
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of plannsers, Berrie /5/ notss that a cost-minimization approach
constitutes part of a planning loop which is not closed, Turvey
/56/ disapproves of the fact that "in too many undertakings the
commercial side of the work is divorced from the planning sids
intsllectually as well as crganizationally", Nevertheless
despite thesse important considerations a cost-minimization
approach will be adhered to in this thesis; it will be assumsd
that due regard will be paid to all ramifications resulting

from this assumption,

Transmission constraints are oftsen ignored uhen assessing
system performance in planning studiss, It is assumed that
planting at least the required capacity dictated by thse gross
plant margin will result in feasible and safe opsration,
Limitations on pouwer flows and the necessity of reactive power
generation are often neglected until the very last stages of
planning., The model usually dealt with is the so-called 'point!
model, or 'infinite busbar' model, which consists of ths gensrating
units in the system interconnected by a lossless conductor of
infinite capacity, ssrving a point load of unity power factor,
Interest is therefore focussed on the scale and sequence of
_ additions. to generating capacity — a gsneratiocn expansion modsl,
It should be pointed out that this assumption does not necessarily
mean that transmission costs are ignored; some costs of transmission
development arising from the installation of particular stations
at particular sites can be readily accommodated by the inclusion
of these costs with station capital costs, Ths use of point
models is widespread and again is caused by the complexity of
the problem and the need for simplification, Traditionally too
planning has been dealt with by separate departments dealing
with the gensration and transmission aspects and such demarcations
are difficult to erase, Perhaps alsc the transmission charact-—
eristics of different systems vary from one to another so widely
that a generalised model, beloved of the mathematical programmer,
cannot be sasily constructed, Howsver with the advent of the use
of large digital computers in system planning there ssems to be
no strong reason why a simplified load flow model, specific to

a particular system, should not be incorporated as cne of thse
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constraints or in production cost models before the final stage
of detailed feasibility studies, 1In this respect a small system
is a positive advantage. Load flow studies for large networks
can be of such a degree of complexity that the systems must be

decomposed into separate subsystems for analysis,

Siting problems have proved awkward to handle and are often
neglected or simplified greatly. Most electric utilities do
however face severe problems as regards power station siting.
Quite obviously the choice of hydro sites is strictly limited,
but lsess obviously so are thoss of large thermal or nuclear
stations, Neglect of this point can lead to peculiar rssults,
A recent planning study /21/ outlined a possible scenario of
powsr development for Singapore, involving the installation of
2600 MY of nuclear capacity by 1989, Presuming these plant are
to be sited on land, one wonders how much attention was paid to
the problems of siting such plant on a small, densely populated
island¥®, Of course conditions such as these are usually scresned
out on further investigation, but it would be better if they

were not admitted as feasible alternatives in the first placse,

It is often not a tenable assumption that station capital
costs are proportional to capacity, especially for hydro plant
and esven for other types as well, One reason is the returns to
scale with respect to capital cost. But site shortages and
development can give rise to other powerful reasons. Turnkey
projects are still uncommon in many parts of the world and sites
are seldom planted up to full capacity in a short period. It is
in fact normal to develop sites in stages, with a few units
installed at each stags., Full development in one stage is
neither necsssary nor desirables, and often full site capacity
is reached many years after the commissioning date of the first
sets. Because of this development costs ars significantly
greater for the first stage, involving as it does initial site

preparation, much of the civil works (station buildings, etc)

* 1500 km?, population over 2 million,
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and the bulk of transmission development associated with the
station, Futurs installations will be cheaper per unit capacity,
Often future installations themselves will be conditional upon
prior installations, The introduction of certain units at a

site means that there is a strong incentive for installing units
of the same size or even the same manufacturer for future develop-
ment at that location, in the interests of standardization. Again,
a site may be available for the introduction of either nuclear

or base load thermal plant, but seldom both. Less attention

seems to have been paid to the existence of discrete unit sizes
than.is justifiable., Selection of the appropriate unit sizes

is far from irrelevant especially for the smaller system, Feuw
planning studies have paid attention to such considerations of
siting until the fipal stages. It may well be advantageous to

narrow down the range of alternatives at a much earlier stage,

Finally, for the most part perfect foreknowledge of load
data and costs is assumed, There have been notable exceptions
to this, in both generation planning /7/ and transmission
planning /29/.

The remainder of this chapter will be devoted to a discussion
of a planning methodology for a systematic and orderly approach
to the development and expansion of a power system, directed
towards the construction of a rational framework within which
the planner can make logical moves, within constraints and
considerations which have been outlined in the previous chapters,.
Such a .methodology, perhaps different in detail or emphasis, is
used by electricity supply authorities throughout the world, A

possible procedure is flowcharted in Fig 3-1,

Planning is a continuous rather than a once—and—For-a}l
process, There is continual feedback of results, refinement of
data, and frequent reiteration of critical stages in the procedurs
before usable results can be deemed to have been obtained.
Sensitivity analysis may have to be performed, The recommendations
of the planner ars then presented for an executive decision on

installation of plant to be made, but the planner's interest
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does not necessarily end thers, After the decision has been
taken the operation of executive machinery for carrying out the
installation in turn provides input data for future planning

studies,

Box 1 in Fig 3-1 represents the collsection of data, The
sources of such data are many. Econometric models will provide
statistical estimates of demand lesvels and perhaps shapes in the
future. [acroeconomic models may be required to provide and
indication of trends in the state of the economy which in turn
will condition demand. These models will also provide indices
of economic activity which will aid in arriving at a decision for
a suitable TDR, identification of inflationary or deflationary
trends, and likely changes in the costs of labour and capital,
Primary fuel availability will have to be examined, Monitoring
of system performance often provides a very useful check on the
validity of previous assumptions which may unjustifiably have
been taken for granted, and site surveys too have to be under-
taken well in advance of any proposed installations, Sites far
from population and load centres in particular have to be costed
with care. An eye has always to be directed towards imminent or
likely developments in the technology of power supply, Politiecal
directives may have to be sought and these in some cases may
encourage or suppress certain avenues of development., The
collation of input data is a lengthy and time~consuming process
but its importance cannot be understated. Scanty data hurriedly
assembled and casually checked have too often been used for
planning studies, the results of which have often been wide off
the mark in retrospect. Data collection ideally should involve
not only the utility operators and planners but also relevant
government departments, major primary fuel suppliers, major
industrial customers, develeopment and aid organizations, and

other interested parties,

Box 2 represents the checking and processing of input data,
Load projections from separate independent sources will have to
be checked and correlated, Cost projections will have to
related to indices of economic activity and shadow costs if

used will have to be evaluated, This stage not only involves
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the marshalling of a mass of numbers but also their compression
where necessary and translation into a form suitable for use by
mathematical programming models, Again care taken at this stage

is time well spent,

Boxes 3 to 6 represent various stages in the formal planning
process., Financial planning is accorded a box on its own,
highlighting its substantial and increasing importance in the
planning of system development, The investigation of trends
of development of the system is accorded three ssparate boxes,
representing a steady narrowing down of alternatives with an

increass of accuracy and detail,

The need for a modsl for treatment of long-term trends
(Box 3) is widely accepted, Such a model yields what has been
called the background plan, which provides the backdrop against

which more detailed plant installation strategiss can be evaluated,
Planning horizons for background plans are far into the future,
perhaps 20 to 30 years, A desirable attribute of such a modsl
is flexibility in use, and not necessarily pinpoint accuracy.
This is because the primary function of such a model should be
to present a general idea of the effects of variation of the
major parameters on the shape of the system in the future and
trends in costs. Despite their simplicity useful conclusions
can be drawn from such models, Jenkin /34/ describes a
conceptually simple model which uses elements of functional
algebra in its solution and which is amenable to parametric
analysis and for this reason very useful, The model can also

be used for simple sensitivity analysis., Intelligently directed
use of marginal analysis can also ald investigations into the
structure of the problem. Many global methods have been
described in the literature, The model CHOSE /49/, used by

the CEGB, checks for optimality with Kuhn-Tucker conditions
within an iterative framework based upon the load duration curve
and merit-order loading., Nicholson /&0/ describes a solution to
the plant mix problem which uses the projected gradient method
of mathematical programming. Beglari and Laughton /3/ typify
the linear programming approach which has been used in one form

or another since the 1950s, Dynamic programming is also well
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suited to the serial nature of system development, Petersen /48/
describes such a model, These last four models ars more complex
than the first and much more lengthy in terms of computer
utilization, not least because they include nuch more detail,

As such they lose much of the flexibility and usefulness of the
simpler models and can only be used to good effect where access
to large high-speed digital computing facilities is readily
available, Doubt has been expressed as to the need for such
complexity in models peering so far into the future., Berrie /5/
makes the point that planning models should be "properly
organized and be only as complex as the standard of data

available and the problem being solved requiréé".

Box 5 represents the stage of detailed feasibility studies,
By this stage the range of possibilities will have been narrowed
douwn to perhaps three options in the nsar Pfuture and horizons
are pitched to about five or ten years in the futurse, Greater
care has to be taken at this stage in cost estimation, site
availability, discrete unit sizes, load projections, and the
accuracy of the input data will be better and more reliable,
Explicit allowance can be made for transmission constraints,
the provision of spinning reserve, transportation of fuels whers
this may be a constraining factor, and perhaps even consideration
of the scheduling of planned outages, A detailed, possibly
hour-by-hour simulation of system operation, both under normal
(steady~state) and Pault (transient) conditions is required,

Thus the determination of the installation programme is usually

directed to the consideration of the installation of a single

unit or set of units in the near future., This has to be so
restricted since when taking into account type, size, and date

of installation the total number of feasible avenues of development

can be quite great sven with such a short planning period,

The case for an intermediate step betwsen Box 3 and Box 5,

called here the installation framework, is now presented, The

general trend in the evolution of system planning models has
been a steady increase in sophistication in models of the
background plan, essentially plant mix models, They can now

handle a wider range of constraints, but the inclusion of
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those fPacilities can all too often obscure long-term trends in
development which can themselves provide very useful guides

for the plannsr, An alternative approach is suggested (Box 4),
The model for the background plan should only include as much
detail as is necessary to gauge these long-term trends, and to
provide indications of recommended patterns of development, A
concious effort should be made to ensure that it is versatile,
flexible, and easily used, The guidelines suggested by this
model serve as part of the input data for the installation
framework model, more restricted in scope, but not as narrow as
that for the installation programme, This model will aim for
the medium to long-~term and will therefore take into account the
interaction of proposed installations in system operatioﬁ over
much of their lifetimes instead of restricting the horizon to
the immediate future, It will take into account constraints

on the plant mix (as dictated by the background plan), discrete
unit sizes of generating plant, sites and restrictions on site
capacity, variations in plant retirement schedules, and a
possibly more detailed loading simulation of system operation
under steady-state conditions. Constraints on finance can be
included, and perhaps even a simple load flow model used as

a constraint on possible alternatives, provided that the system
is not too complex in structure, As implied by the name, the
model will aim at providing a framework of possible development
strategies within which immediate installations can be studied

in greater detail,

The results of the four planning models can then be presented
for the executive decision to be made for the immediate future
(Box 7). Extraneous factors which cannot be handled by
mathematical models can be introduced at this stage although
hopefully with efficient planning they will not be too great in
number, Mathematical models of course can only provide rational
bases for decision making, and the executive decision on plant
installation will still be very much a matter of judgement

tempered by experience,

The planner's job can strictly be held to end there, but

he retains an interest in future steps. Arrangements have to
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made to carry out the decision. Loans have to be sought,
justified, and arranged, Personnel training may be necessary,
Contract specifications have to be prepared, tenders evaluated,
and contracts awarded, Arising from discussions uwith contractors
some specifications and projected commissioning dates may have to
be modified and this will have relevance to future decision=-
making., Upon satisfactory conclusion of paperwork construction
can commence, Even then changes can occur in commissioning

dates due to unforeseen delays and ths planner will have to
evaluate the impact of such delays, The time between decision
and implementation takes many years even when a well organized

experienced department is involved,

Throughout this whole lengthy process the feedback of
information provides part of the data for future planning
studies, System planning is therefore very much a fulltimse
occupation, The actual mechanics of the process vary widely
from one organization to another, and range from extremes of
the simplistic, ruled by hunches and intuitive judgements, to
the overcomplex, ruled by the mammoth computer., Intelligently
usad however computer-based planning models can ease the burden
on the planner, and can be a useful tool in his armoury, At
worst, they can at least provide a rationalization for his

recommendations,

The remainder of this thesis is concerned with the solution
of a particular problem = that of determination of the
installation framework., The theory, features, and performance

of such a model will be presented,



PART II



CHAPTER FOUR., THE INSTALLATION FRAMEWORK

A brief recapitulation of the requirements and basic features
of a model for determination of the installation framswork for

pouer system expansion or development is given below:

- It will be a point model, with no explicit treatment of
transmission losses in system operation, However some attempt
may be made to include costs of transmission development and
losses in the construction and operating costs of particular

stations at particular sitss,

- The objective of the model will be cost minimization within
imposed constraints relating to a particular standard of system
security, Present worth arithmetic will be used to weight all

axpenditures according to their times of occurrence,

- The planning horizon will be in the medium-term future -
from about 10 to 20 years, For this horizon it will be necessary
to gauge the effsects of interaction betwsen different plants in

system operation.

- Estimates of system operating costs obtained from a loading
simulation model will be as accurate as possible commensurate with
the improved quality of input data due to the somewhat reduced
horizon. Plant availability rates and the costs of provision of

adequate levels of spinning reserve will be taken into consideration,

- The existence of discrete unit sizes will be recognized,
Only a limited number of sites may be available and there may
be restrictions on minimum or maximum planted capacities at

each sitse,

- Guidelines, for example on plant mix, may be imposed as a
result of previous investigations into planning development

scenarios using a long—-term model to determine a background plan,

- Constraints may be imposed on the amount and rate of capital
expenditure for system development, which in turn may be differ-

entiated into local and foreign components,
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- Both optimal planting and retirement schedules may be sought,

- Escalation factors for capital and fuel costs may be intro-
duced to adjust prices relative to one another during the course

of the planning period,

- Predetermined or committed installations, to bc introduced
into the system during the planning period (as a result of

previously taken decisions) must be accommodated,

- It may be necessary to apply strict constraints on planting
dates for particular projects, For example the development of a
certain site may be constrained to be expedited before a given

date, in between two given dates, or only after a given dats,

- Constraints may also be imposed on the sequencing of planting
at certain sites, Some alternative units may only bs availabls
after prior installation of other particular units at a sits,

In this way ié will be possible to allow for the greater costs

of initial sits developmsnt and the reduced costs of follouw-on
units, Furthermore this type of constraint may be applicabls
where (a) a site may be developed with either (say) nuclear or
base-load thermal units, but not both, or (b) in the interests

of standardization, where the introduction of a particular unit
type and size dictates future site development with identically

sized units of the same typs,

Solution of the installation framework problem is best dons
with a computer-based model, As will be seen however the size of
the problem in such formulations is formidable and frequently
solution may be limited by the computational requirements,
Initially linear programming, both continuous and integer,
will bs described and discussed briefly (Sections 4,1 and 4,2),
The approach of dynamic programming is then presented in Section 4.3,
Finally an original two-phase method is outlined, which combines

dynamic programming with a decision tree search (Section 4.4).
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4,1 LINEAR PROGRAMMING

A linear programming (LP) approach to the determination of
an installation framework will bs examined in this section,
LP techniques are amongst the most useful af the many mathematical
programming tools availabls today, and were one of ths first of
the formal operational research techniques to be applied to aid
system planning, with much sarly work being focussad on ths
solution of the plant mix problem, Early formulations wers
troubled by an excessive number of constraints which made solution
difficult and time-~consuming, Recent developments havs achieved
a significant reduction in the number of constraints to bs handled,
The Improved Z-Substitutes method to be outlined below is ons

such formulation,

A plant in what follows is defined as an independent unit,
or a group of units of identical performance, size and vintage,
The load duration curve for each subpsriod (ysar) during the
study is approximated to by a histogram of S horizontal load
blocks (Fig 4.1-1),

FIGURE 4.1-1 LDC HISTOGRAM FOR THE IMPROVED Z-SUBSTITUTES METHOD
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NOTATION

d
ns

v o 2 32 - HAH.m

PYF

plant availability factor

capital costs for newly-introduced plant, per MY capacity.
This includes fixed costs, summed and present-worthed over
estimated plant lifetime,

minimum total installed capacity of system

demand associated with block s, year n, in the load duration
curve histogram, Fig 4,1-1,

fixed costs for existing plant, per Y capacity,

number of plant types.

number of sites available for plants of type i,

number of plants in the system prier to start of the study,
number of subperiods (years) in the planning period,
operating costs of plant, per Muh,

nominal capacity of plant, MU,

present worth factor,

raeserve factor, to allow for the provision of spinning reserve,
number of load blocks in the LOC histogram, Fig 4.1-1.
Duration associated with block s in the LDC histogram, h,
(Fig 4,1-1)

raduction in output of an individual plant from block s

in the LDC histogram to block (s+1).

Plant is divided into two classss: thoss which are installed

prior to the start of the planning study, and those which are

introduced during the course of it,

A', O', P', and 2' refer to plant installed prior to the

commencement of the study (existing plant),



FORMULATION

Objective function:

N M I Li
M , '
minimize Z(PUF)n > FonPan * Z > Cin1Pinl
=1 m=1 i=1 1=
mos 1 Y4 s
t t
+ 22 DmnzmnsT° 2 > DinlzinlsTs e+ (4.1=1)
m=1 s= } i=1 1=1 s=1
subject to constraints on:
total installed capacity:
i n 1 4
S P+ S 3> 3 P> D (14r)
st TN Fisim W7 oo
fOI‘ n = 1,2,.0,” ..(d.1-2)
instantaneous demand:
mos n 1 %4
> 2.t 22 3 32 > d
m=l ks MK =1 is1 191 ke I T ns
for n = 1,2,40,4N
and 8 = 1’2’..’5 ..(4.1"‘3)
individual plant operating capacities:
(a) existing plant:
S
' t po -
g 2! o SAL P for n = 1,2,4.,N
= and m = 142,40 ,M ee(b.1-42)

(b) newly installed plant:

S n
52_1 Zinls S JZ_1 Ay51Pisn

for n = 1,2,44,4N
1’2’..,1

and l = 1,2,..’L

i

1 ee(441=8b)

The inclusion of appropriate slack and surplus variables,
together with non-negativity constraints, will produce the

standard LP form, amenable to solution by the Simplex msethod,



NOTES

1. The use of substitute variables Z cenables a significant

reduction in the number of constraints to be handled by the LP,

If an individual plant's contribution to block s of the LOC

is U (existing plant) or ul (new plant), then by definition:

t — U . Y
Zs Us Us+1
and Z8 = Us - Us+1

Now if Z > 0, then constraint (4.1-3) has replaced:

L.
:§E n I i
Ul S T Uy, >d
m=1 mns = i3 1= ijls ns
fol‘ n= 1,2’.0,N

and 8 = 1,2,44,45

and constraint (4,1-4a) has replaced

1 t t am
’ 7 m = 1,2,..,m

and 8 = 1,2'..’5

and constraint (4,1-4b) has replaced

Usnis < % Aijlxijl for N = 1,2,44,N
J= 1= 1,2,00,]
1

1'2'.0’Li

The introduction of the Z variables has made the number of
constraints for individual plant operating capacity constraints
(4.1=8a and 4,1-4b) independent of ths number cf load blocks S,

The assumption that Z 2» 0 is a valid one under most conditions
provided that the merit order of loading doss not vary from one
block to the next, The reader is referred to Beglari and Laughton
/3/ for a formal justification and more complete discussion on

the Improved Z-Substitutes method,

Compared to simple conventional LP formulations the introduction



of the Z variables can reduce the number of constraints by up
to 80%, enabling a reduction of CPU time by factors of between

tuo and five /3/.

2, Escalation factors can be introducsd into appropriate
terms of the objective function to allow for inflationary or
deflationary effects in capital or operating costs. These may

he differentiated according to fuel usage or plant mix,

3 The evaluation of system operating costs is integrated
into the objective function in this LP formulation. Thers

is therefors no necessity for a separate loading simulation
madel, This integration has only been achieved by a linearized
modelling of system cperation. The model does not allow for
part load efficiencies of individual plants, nor for the cost
of provision of spinning reserve, This can lead to errors in

the estimation of production costs (eg for over-planted systems),

Furthermore the basic formulation docs not take into account
energy limitations for hydro plant. This shortcoming may be
remedied by the inclusion of further constraints (thase will

be linear) on the energy production of such plant,

4, A constraint on permissible plant mix may be imposed:

pijl < (Dmax)in
for n = 1,2’00’N

and i 1,2’00,1

il

where (D and (D are the minimum and maximum

min)in max)in
permissible planted capacities of plant type i in year n,
imposed by the background plan. Ni is the set of existing plant

of type i,

5. Constraints on maximum site capacity can be accommodateds

n
Z Pijl < (pmax)il for n = 1’2,00’N
J=1 $=1,2,00,1

and 1 = 1,2,00,'—

il

i
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where (pma )

<?i1 is the maximum site capacity for sits 1,

plant type i,
6, Optimal retirement programmes may bc cbtainod by imposing
the following constraints:

Let Xé be the nominal capacity of plant m, which is to be

retired at scome date prior to year Nm' Thens:

pr:m < XI';I for n = 1,2,00’Nm
and P' = 0 for n= N +1 ,N ':'2, ce ’N
mn m m

In a similar fashion predetermined installations effective
during the planning period may be introduced at the appropriate

dates,

7 An upper limit on the annual capital expenditure, or the
cunulative capital expenditurse over a number of consecutive
years, may be catered for by imposing linear inequality constraints

as required,

8. Conditional installations may proved difficult (though not
impossible) to handle since LPs become unwieldy with conditional

constraints, dichotomies, or multiple-fold alternatives /26/,

9, The assumption that plant costs are proportional to installed
capacity may not be acceptable in view of the significant
economies of scale available with power plant equipment, The

LP formulation described here is a development of a plant mix
formulation where the esxistence of discrete unit sizes is not
acknowledged. To include this as a constraint some form of

mixed-integer linear program (MILP) will be necessary,

Early uses of LPs for application to pouer system planning
vere inhibited mainly by the number of constraints to be handled
in practical cases, It appears that the CEGB developed nonlinear
formulations primarily becauss of this computational burden.

In recent years however exceedingly powerful and efficient

software packages have been made available for the solution of



- 79 o

large LPs and the CEGB now uses linear programming because of
the inherent simplicity and flexibility /34/,

1t may be notod that for the plant mix develorment problem
all costs and constraints are linear in nature with the single
excaption of tha est;mate of system production costs, Even this
may be made linear if a sufficiently large number of load
blocks is used to approximate the LOC, The drawback however is
still that to include accurate simulation of system operation
and to accommodate realistic constraints entails the penalty of
an extremsly large number of constraints, leading to a prohib-
itively large LP, As an example, a problem spanning 20 years
with five existing plants, 4 possiblc plant types and thres
locations for each plant type (a very modest~sized problém)
tha basic formulation leads to an LP with 560 constraints,
with 10 load blocks used in the LOC histogram, If further
constraints are now added to handle other considsrations the
number of constraints will be increased considaerably,. [orgover
if an MILP solution is sought this may well increase ths sizs
of the LP and therefore computational requirements to a

nrchibitive level,
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4,2 ZERO=-ONE PROGRAFMMING

Tha formulation of Section 4.1, designed from thes outset
as the solution to the dynamic plant mix problem, rapidly
increases in size and complexity if attempts are made to modify
it to obtain the installation framework. Howsver the advantages
of retaining an LP-type format are considsrable, and it might be
advisable to examine alternative formulations of the same problem
which may be more easily solved whilst remaining within a linear

framework.

The ideas within the formulation to be described arise from
the observation that in practice the number of choices open to
the planner at this intermediate stage in the planning process
is fairly limited., At this stage several sites will have been
identified for evaluation, certain unit sizes and types will
have been earmarked as possible candidates, and thce problem is
principally one of determination 'of optimal sequencing and
coordination of plant installationg¥*, If the number of alternatives
is fairly small, say less than about 50, a zero-one LP format

may be attempted,
NOTATION

The notation of Section 4,1 is restained, with the following

differences:

annual fixed charges for existing plant
capital costs, and fixed costs summed and present-worthed

over plant lifetime, for newly installed plant.

From these definitions the costs are no longer assumed to
be proportional to plant capacity, and the objection of 4.1 (9)
is overcome, These costs are now associated with g particular
plant or candidate for installation, and the quantities P are nouw
no longer indspendent variables but constants associated with

particular plant,

% Datman and Hamant /43/ recognize this fact and evaluate a large
number of alternative devslopment strategiss for solution of the
planning problem, Exhaustive enumeration can lead to an sxtremsly
large problem, but in this approach the planner's experience and
judgement are used to reduce enumeration to manageable levels,



FORMULATION

The objective function, similar to befors, is:

L.
1 i
minimize Z (PuF) Z Z ij n t= X:n1%in1
n=1 J=n m=1 i=1 1=1
Mm S 1 Li S
! ]
+ 22 mnzmns S + Z 2 2 DinlzinlsTs
m=1 s=1 i=1 1=1 s=1
00(402"1)
subject to the following constraints on:
total installed capacitys “
I Li n
] nt
Z me mn + E 1= pil ,j%l xijl > Dn(1+rn)
for n = 1,2,00,N 00(402"2)
instantaneous demand:
M S NI Li S
2 >zt v 22 3o, > d
m=1 k=s ™K j=1 i=1 1=1 k=s Ik = ns
for n = 1,2,0.,N
and 8 = 1,2,.0,5 00(4.2—3)
individual plant capacity constraints:
(a) existing plant:
'
g Zmr'as mn mn g X
for n = 1,2,00,N
and m = 1,2,0.,” 00(402“43)
(b) newly installed plants
n
Z Zims < MiPi 2 Xip
s=1 Jj=1
for n= 1,2,00,N
.i. = 1,2,00 ,I
and 1 = 1,2,.0,‘. 00(402"4b)

i
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zero-onae variabless

Xéj = 0,1 for mn = 1,2,..,m
and Jj = 152,004l ee(4.2=53)
and Xijl = 0,1 for i = 1’2,..’1
l= 1,2,..,Li
and j = 14250e4N e o{4.2=5b)

The X variables denote plant status:

if Xéj =1 plant m is retired in ysar j,
if Xijl =1 plant type i, location 1, is installed in year j.

To prevent a plant being installsd or retired more than

once during the planning period:

N
> X <1 POT M = 142500,M oo (4,2-6a)
n=1
N
and Z] Xiln < 1 for i = 1,2’00,1
n=

and 1 = 192,00,L oo (4,2-6b)
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NOTES

1. This formulation represents a zero—one program -~ the
independsnt variables X and X' are constrained to assume thse
values 0 and 1 gnly, It is not however a true binary LP becausse
the independent variable Z and Z' are still continuous. Special-
purpose methods are available for tho solution of linear 0-1
programs conveniently and sometimes more sconomically than for
the corresponding FMILPs /26/. Thus sclution can be easier though

the actual number of constraints can be very much greater,

2, In a senss this formulation can be identified more closely
with the problem -~ the question of assigning values of 0 or 1
to the indepsndent variables X and X' corresponds to the planning

decision of (choose)/(not choose), or (retire)/(not retirs),

-

3. Incorporation of factors for inflationary or deflationary
effects can be handled as before (Section 4,1 (2)); similarly
hydro energy restrictions (4.1 (3)), plant mix constraints
(401 (4)), and site capacity constraints (4,1 (5)).

4, Optimal retirement dates for existing plant may be determined
by the imposition of the following constraints:
If a plant is to be restired at some date in or before year Nmz

N

m
1 —

Note that this form is somewhat simpler than the squivalent
for the MILP,

5. Constraints on dates of installation can be readily handled

by similar constraints on ths variables X, If for example a

plant (type i, location 1) must be installed before or in year N,
Nq
> X1 = !

=1



Alternativsely if this plant is not to be installed befors

or in ysar N1 then:
N1
2 Xn =0
n=1

These general ideas can be readily extended to accommodats
a variety of possibilities, The following constraint dictates
that the plant must be installed betusen ysars N1 and N2
inclusives
N2
2 Xiny =1

n=N1 -

Similarly if the plant is only availahlse for installation

between ysars N, and N, inclusive, but at no other time:

1 2

N,=1. N

S X .. =0 and S X .., =0
n=1 inl n=N2+1 Vinl

In this way a variety of constraints with respect to

permissible ingtallation dates may be catersd for,

6. For conditional installations a Boolean truth tabls may be
constructed to map permissible combinations of plant installations
and dates of installations, and this snables (in principls)
complets generality in this respect, although this will add

considerably to problem sizs,

The existence of special softwars packages makes the
method attractive., The formulation is flexible and can be made
to reflect actual capital costs more accurately, Constraints
on sites and the sequencing of planting programmes can be handled,
A complete consideration of all possible combinations is hampersd
however by the size of the problem, sven wherse a small number of
candidates for addition is involved, The approach also suffers
for possibly inaccurate svaluation of system production costs
dus to the linsarization of ths LOC, neglect of part load plant

efficiencies, and costs of provision of spinning ressrve,



4,3 DYNAMIC PROGRAMMING

In contrast to the prsvious two formulations, a general
nonlinear aporoach is now described, This approach may bs
necossary for more accurats sstimatss of system operating
costs and handling of real=lifse constraints, Ths interactive
nature of system opsratian entails discontinuous and nenlinear
constraints and leads to a significantly nonlinear function

for system production costs,

Dynamic programming is well suited to the idsa of planning
additions to the system and rstirements of existing plant,
being as it is a staged serial process, Dynamic programming
also has the desirable attribute of bsing ablse to handle.a
wids variety of constraints which nsed not necessarily be linsar
or aven continuous, A global solution is always achieved,
Appendix A outlines a derivation of the dynamic programming
algorithm together with a brisf discussion on its solution,

advantages, and limitations.

Examples of the use of dynamic programming for system
planning whilst recognizing the existence of discrets unit
sizes are the approaches of Booth /7/, Dale /17/, and the WASP
computer package used by the International Atomic Energy Agency
/21/. All these formulations smploy the forward programming
algorithm, the basic approach of which will be described in

the ssctions to follow,

There are two phases to the solution of a dynamic program,
firstly a build-up phase in which optimal recursive stats functions
and policy functions are dstermined, and sscondly a traceback
phase whers they ars used to generate the optimal sequence of
decisions and the cost of this optimal policy, For the forward
programming algorithm the build-up phass moves forward in tims,

whilst the traceback phass moves backuward in tims,
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NOMENCLATURE

C capital cost function,

Cn(gn) is tho cost of implementing decision d at year n.

dn decision vector, operative from the beginning of year n.
F recursive state function,

Fn(sn) is defined as the cost of expanding or dsveloping
the system in an optimal manner from stats 3 at
year 1 to statse 3q at year n,

G recursive policy (vector) function,

En(gn) is tha optimal decision vector to be applied at
year n for expansion along an optimal path, if the
current state of the system is described by She

N number of time intervals (eq years) in the plannong period.

N = horizon ysar.

R running cost function,

Rn(g) is the cost of system operation in year n for the
system described by state vector s,

Sn state vector, describing the system at the beginning

of time interval n,

Z objective function, representing the discounted present

worth of all monstary outlays over the planning period,.

This is to be minimized.

The functions C and R are so defined as to include the
present worth factor and any inflationary or deflatiocnary

effects relative to year 1, or any other base year,

The state vector s and decision vector d are for the time
being not defined with precision., For the moment it will be
assumed that these vectors provide a sufficiently complste
description of the system and the additions and removals at

each ysar during the planning period.



FORMULATICON

minimi

with the tr

St T

and constra
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192500 9M

N
ze 2 = Z{Cn(ﬂn) + Rn(gn)}
n=1
ansition function:
8 - for n =
-n =N
ints: gn € Sn
and d € Dn(gn)

eo(4,3-1)

oo (4.3=2)

oc(do3"'3a)

0o (4,3=3b)

This dynamic program can be solved by the following recursive

Punctional equation (ses Appendix A):

F(s)

min
-n

min

=M

with the initial condition:

Rewriting Eqn 4,3-4 as:

F(s))

and letting:

G (s)

Then, (a)

and (b)

d#
=N

by definition, FN(E

to tho problem:
z = min [F(s)]

the policy function

strategy of expansion, via recursive application

* = -X-_
En—1 En—1(§n d

for n

F,(s)

N

d { Cn(gn) + Rn(En) + Fn-1(§n - gn)}

d { Cn(gn) + Fn-1(-§n - En)} + Rn(gn)

2,3,00’N
0 if s = §1
oo otheruise

% - g%
Cn(gn) + Fn--1(§n gn) + Rn(gn)

) provides the solution to

= Fu(sf)

En will provide the optimal

2

for n = N'N-1’00,2

0s(4,3=4)

eo(443=5)

ee(4,3-6)

0o (8.3=7)

ee(4.3=9)

from Eqns 4.3-2 and 4,3=7

2,39409N 1is the optimal sequence of decisions

the optimal policy for least-cost expansion.
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NOTES

1e In principle the solution to this formulation is straight-
forward, Initially n = 2 (since the system is completely

definod at the start of the planning period when n = 1) and

Eqn (4.3-4)is solved for svery feasible state Sq Thaese functions
are then stored for each year n in quantized form, Index n is
then incremented and the process repeated till n = N, This is

the build-up phass.

The solution to the problem is given by Eqn (4.3-8)., Tha
optimal policy will be obtained in the tracsback phase by the

recursive application of Eqn (4,3-9),

2, In practice, as so often is the case with dynamic programming
formulations, problems in implementation of the method of solution

can arise due to computer cors or CPU time limitations.

The optimal values which defins the functions Fn and En
have to be computed for svery feasibls stats vector at ysar n,
and this can take on formidable proportions as sven with a small
system ths number of possible states can be considerabls, Many
of these can be rsjected as strictly infeasible (Eqn (4.3-3a))
or undesirable (eg excessive overplanting) but a large number
may still remain for any practical problem, This can lsad to
prohibitively largs cors storage requirements and excsssively

long computation times,

For this reason carsful definition of the state and
decision vectors is necessary. Too much dstail will increasse
the numbser of feasible states and hence the computational

burden, whilst insufficient destail will degrade accuracy,

3. The constraints of Eqns (4.3-3) have been presented in
generalized terms, This is virtue of the dynamic programming
approach = no specific form of constraint is required, A
variety of constraints can be accommodated, these need neither
to bs linear nor continuous., In fact since constraints will
tend to reduca the number of feasible states and decisions, the

solution of a dynamic program is often easisr the greatsr ths



number of constraints, as long as they can be coded appropriately

for ths computer to handle sefficiently,

4, For this dynamic programming formulaticn the estimate of
system operating costs is not integral with the minimization
expression at each stage. There is thus a need for a separats
loading simulation model* for determination of Rn(gn). A
separate nonlinear model can be constructed for this problem
to give more accurate estimates of production costs, This is
of course an optimization problem in itself, It should be
noted howsver that Rn(gn) will have to be evaluated for every
feasible state at each year and hence in the interssts of
gfficient solution it cannot be made too complex or too time-

consuming,

5. A backward solution to this problem is admissible since

the transition function (Eqn (4.3-2)) is linear and sasily
inverted with slight redefinition of the decision vector (see

next Section), The advantage of a forward programming approach
however is that the final state function FN(E) givas an indication
of the sensitivity of the objective function to different final
state vectors., Thus the K-best suboptimal solutions can be
obtained for K different final system states, It is not

generally possible to obtain the suboptimal sequences of decisions
for the game final state without an increase in storage capacity.

Arguably this latter information would be more useful.

5. The effect of truncation at the end of the planning period
can also be corrected with the use of forward programming,

Booth /7/ describes how this may be done by approximating

annual costs beyond the horizon year to a geometric progression
and summing this series to infinity. The usefulness of this
refinement is perhaps doubtful since in any real-=life application
the focus of attention is weighted to a period well before the

planning horizon.

* So called because they simulate the loading of the system in
response to projected demand curves in order to arrive at
an estimate of system operating costs,
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7. Constraints on ths dates of installation of particular
plants at particular sites are easily handled by appropriate
inclusion into the constraints of (4.3-3b). Finite lifstimes
can be catered for with the forward programming modsl, Howsver
installations which are despendsnt upon previous decisions may
not be so readily accommodated. The Markovian restriction on
the applicability of dynamic programming may prevent this, if
the prior decision upon which futurs decisions ars dspendsnt
cannot be directly related to the state vectors at svsry stage
ne To do this could requirs a high-dimensional state vector

which in turn imposes a great computational burdsn.

Dynamic programming is potentially a powsrful tool for the
determination of the installation framswork. The limitations
due to copputer size or time are very rsal, howsver, Dstails
of a program outlined by Dals /17/ show that only a maximum of
150 states a year could be accommodated, UWhilst this may appear
to be a largs number, nots that a system which may contain up
to 10 different single units can be constructed in 210 = 1024
possible ways if no constraints are opsrative, Real-lifs systems
are considerably more complex than this. The WASP program had
the number of fsasible states curtailed because of core
restrictions /21/ and in such cases a true global solution may
not be identified, In principle a more accurate simulation of
the loading of the system may be used to estimate production

costs but in practice this cannot be mads too comprehensivs

without increasing computing time to a prohibitive level.

A further significant drawback is the inability to handls
conditional constraints which do not affect consscutive ysars,
owing to the non-Markovian nature of such constraints, For ths
same reason constraints on the cumulative rate of capital
expenditures cannot be handled without an increase in dimension-

ality of the state vector.
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4,4 A TYO0-PHASE SOLUTION

The approach of dynamic programming holds promise for the
solution of the installation framework problem., Discraete unit
sizes can be handled easily and the algorithm mirrors closely
the actual planning process of selection of candidates for
installation from a finite set of discrete values at various
points along the temporal axis up to the planning horizon. In
principle it is possible to simulate the loading of a system
and hence estimate production costs more accurately than with

linearized models.,

Limitations in application ariss not from ths principles
involved but from the method used in solution - the standard
computational algorithm, This necessitates the evaluation of
a grseat many feasibls states and leads to computational
rastrictions in practice. Ouwing to these it may not be possible
to examine the full feasible range of possibilities sven with
sophisticated methaods of data compaction in state description,
Attempts to handle conditional and cumulative constraints ars
thwarted by the necessary increase in dimensionality in the

state vectors,

In this section an original alternative two~phass solution
is proposed, which attempts to overcome the shortcomings of the
forward dynamic programming approach, This uses simple
continuaous~function dynamic programming in the first phase of
solution. In recognition of the potential size of the problen,
the emphasis in this phase is not the attainment of great
accuracy but merely the determination of valid estimates of
optimal costs of development and optimal policies of expansion
over the whole range of feasible states (this guarantees a
global optimum). The state and policy functions generated in
this phase contain much useful information. They ars employed
in the sscond phase of solution where a logically structured
search is carried out for an optimal policy, guided by ths
estimates gensrated during the build-up phase, This traceback

phase treats the problem as a discrete-valuaed one, and it is



here that close attention is paid to accurate determination of
both capital and production costs, The full range of constraints
including those which ars non-flarkovian, can be dealt with

during traceback fairly readily, The guidelines of optimal
development contained in the state and policy functions of the
continuous-function dynamic program also have a further function
in this method, They can be used to implicitly evaluats and
perhaps rsject a large number of feasible development strategiss
at an early stags of the search through the uss of simple rules
akin to those of the branch=and-bound and implicit enumeration

algorithms of mathematical programming /26/.



NOMENCLATURE

c capital costs of implementing decisiaons,
Cn(dn) or Cn(Un) = the cost of implementing dacisions

d_ or Un at year n,

decision vector, to take effect frcm the beginning of

=N
year (n+1). 4, C U
F state function for dynamic program, build-up phasa,
Fn(sn) = cost of system expansion in an optimal manner
from statse s, at year n to the horizon year N,
G policy function for dynemic program, build-up phass,
En(gn) = dacision vector to be applied at year n if the
system is in state S0 in order to achieve optimal
- expansion from year n to horizan year N,
N number of time intervals (years) in the planning period,
R function for system operating costs,

Rn(gn) or Rn(xn) = cost of operating the system dascribed

by 8, oT Xn, in year n,

s, state vector for system in year n. R C Xn

Un decisions implemented at year n (plant installations)
Xn state of system in year n.
Zn cumulative cost associated with state Xn' Defined as the

total monetary outlay (capital costs of decisions + running
costs of system) from year 1, through the path by which

state Xn was attained, to year n.

Functions Cn and Rn are present-worthed and adjusted for

inflatiocnary or deflationary effects accordingly at year n.

S and gn are simplified state and decision vectors., 1In this
formulation the elements of these vectors represent the installed
capacities of each plant type, Oimensionality is therefore equal
to the number of plant types, Xn and Un on the other hand are

the corresponding complete state and decision descriptions,
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CONTINUOUS-FUNCTION DYNAMIC PROGRAM

The following formulation for a dynamic program diffsrs from

that of Section 4.3 in two important respects:

(a) 1t uses the backward programming algorithm, The reason for

this will become apparent later,

(b) 1Instead of dealing with generalised state and docision

vectors, simple low-~dimensional vectors are used,

The basis of this approach follows that of Petersen /48/.
It is a solution to the plant mix problem:

N .
minimize EE; & Cn(gn) + Rn(gn)} eo(8.4=1)
with the transition function:

841 = 83 *+ 9, POT N = 1,25004yN 0o (4s4=2)

and the constraints:
S € Sn eo(8.4=3a)

and d_ € on(gn) ee(4.4=3b)

Solution is by the backwards recursion formula:

min
Fn(gn) - gn { Cn(gn) + Fn+1(-3-n + En) + Rn(gn)
for n = N,PJ-1,..,1 00(404"4)
initial condition: FN+1(§n) = 0, Por all s, oo (4,4=5)
Rewriting Eqn (4.4-4) as:
= * #*
Fn(gn) Cn(En) + Fn+1(-3-n + En) + Rn(gn)
for n= N’N-1’00’1 ..(404"'6)

Then the policy function for stage n is defined as:

En(gn) = E!?_l" for n = N,N"'1,00,1 00(404-'7)



Te The existence of discrete unit sizes and all implications
arising from this has been simply ignored in this dynamic program,
The functions Rn(gn) and Cn(gn), and hence the state and policy
functions, are now assumed to be continuous with respsct to states
and decisions. Solution is by construction of a grid in the
multidimensional state space s, and evaluation of the values of
the state and policy functions at each point in this grid by
application of Eqns (4.,4-4) and (4.,4-7), The computational
burden for this phase of the problem will be firstly dependent

on the dimensionality of the state and decision vectors, and
secondly on the number of points in the grid, A coarse grid

lassens the computational burden at the expense of accuracy.

2. Despite the simplified state and decision descriptions cars
will nevertheless nave to be taken in view of this computational
requirement, If each component of ths state vector is quantized
to M levels, the number of times Eqn (4.4-4) will have to be
solved over a MN-year period for a 4-dimensional state vector
will be Nl"l4 (eg if M = 10, N = 20, de = 2 X 105) - a formidable
prospect. The simulation model for evaluation of the production
costs Rn(gn) cannot thersfore be too claboratse nor too time-

consuming.

3. Patersen /48/ outlines methods by which computational
requirements can be reduced significantly, The first arises

from the fact that the capital cost function Cn is additively
separable with respect to the components of the decision vector,
hence the 4~dimensional minimization can be reduced to a sequencs
of four uni-dimensional minimizations, The second will be valid
if a particular linsar form of the function Cn is acceptable,
Using theses methods Petersen achieves, with 20 grid divisions

for each element of the 4~dimensional state vector, and

N (probably) = 20 years, a computation time reduced "from

about 50 days to the order of 10 minutes" (UNIVAC 1108 computer),
The reader is referred to the original cited paper for details

of how these economiss ars achievad,
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4. The use of backuward recursion means that many constraints
will have to be ignored, Those which can be handled in this

phase are:

minimum total installed capacity at each year,

- upper and lower bounds on installed capacity for each plant
type at each year (imposed by the background plan*),

- upper limits on annual capital expenditures or operating
costs, or both, but not cumulative constraints,

- minimum or maximum plant capacities that can be installed
in any one year,

- escalation factors for capital and production costs, perhaps

differentiated according to plant type.

Those constraints which are ignored are by no means
insignificant. They include the existence of discrete unit
sizes, installation dates, individual site requirements and all
constraints which may arise from siting considerations, those
selections for installation which are conditional upon prior
choices, and cumulative capital expenditure constraints,
Moreover treatment of finite individual plant lifetimes,
retirements, and correction for truncation effects at the

planning horizon are also neglected,

Se This formulation, for a simplified continuous=function
dynamic program, can be regarded as a relaxation of the complete

installation framework problem, Now for the general case of

tuwo related mathematical programs:
Problem A: min f(x), subject to x € S
Problem B: min f(x), subject to x € S

Then if S, C Sgs problem B is said to be a relaxation of
problem A (conversely, problem A is a restriction of problem B),
and if 55 and 5? are the solutions to problems A and B
respectively, then:

?(x") > £(xP)

This important rosult is of great significance for the solution

# the dynamic program itself may be used to determine the background
plan, although it is a singularly insfficient way of doing so,



- 97 -

of many integer or discrote-value mathematical programs /26/.

In the context of the installation framework problem, the

following useful conclusion may be drawn:

- That ths solutions to the [ subproblems imbedded in the
simplified continuous=function dynamic program are always
at maost an underestimate of the true solution of the
installation framework problem, since the constraint set
for this latter problem is a subset of the constraint sst

for the former,

The next phase of solution will utilize this conclusion
and the propserty of invariant imbedding to gquide a logically-

dirscted serial search during the traceback phass.
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THE DECISION TREE

Decisions applied over the planning period can be regarded

as branches in a decision tree, connecting the states of the

system (nodes in the tree) at various years in the planning
period (levels in the tree) -~ Fig 4.4-1. An expansion strategy
or policy can therefore be regarded as a path in the tree from
level 1 (initial ysar) to level N (horizon year)., It is clear
that even for a modest-sized system with a restricted set of
feasible decisions the total number of nodes and branches can

be very large indeed,

1 The objective will be to conduct a search along the decision
tree whilst at the same time terminating the ssarch along
unpromising paths as soon as possible, Information from the
state and policy functions derived previously will be used to

do this,

2. Let the state of the system in any year be denoted by

Xn’ Xé, X;, etc, and the decisions (by definition active from
year n+1 onwards) by U, u[;, up, ete, as if Fiq 4,4=-1, In this
special form of directed graph the branches only interconnect
nodes between consecutive levels, and there is no interconnection
betueen nodes at the same level, Each node will have in general
several successor nodes, but aluays only one predecessor node.

A node is therefore uniquely defined by the path leading to it
from the root node (at level 1), Nodes at the same level can
represent identical system states but they are considered to be

unique since they were arrived at through different paths,

3. Associated with each node is a cost Rn(xn) - the cost of
operating the system Xn in year n, Similarly, associated with
each branch is a cost Cn(Un) ~ the cost of implementing the

decision Un in year n, The cumulative cost of a node is defined:

n
zn(xn) = E Ri(xi) + ci(uj_)
= Zn-1(xn-1) R (Xog) + Cn-1(un-1)
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FIGURE 4,4-1 DECISION TREE
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Zn(Xn) is therofore the total cost of arriving at state X at
year n, via the decision sat Ui’ i =1,2yes4n=1, At the initial

root node therefore:
z1(x1) = 0

Furthermore, from the definition, (X,.,) is the objective

Zoe Y

function, to be minimized,

4, Since decisions inveolve the introduction of new plant
into the system (or at the least no additions at all), each
decision can nevar involve negative monetary outlays. 1In
addition, system opgrating costs Rn are always positive,

Tharefore:
Zn(xn) > Zn-1(xn-1)

Moving from a lower to a higher lavel in the traes (away
from the root, forwards in time) can nsver reduce ths value of
the cumulative cast Zn along the current path., From this we

can put forward two important rules to guides the sesarche

Supposa that a feasible path to the horizon has been

established, with a cumulative cost at the horizon Z, (X  .)=12_. .

N+1" " N+1 min

Call the decision set which dafines this path gmin'
(a) 1If the cumulative cost Zn(Xn) at any node exceads 7 . ,
whera n < N, then no further emanations from this node
can improve on the current bast path Emin’ since all
subsequent branches and nodes cannot involve negative

monatary outlays,

(b)  1If s, is the state vector representing Xn’ then Fn(gn),
by dafinition, is the least cost of expanding thes system
from this state at this point in time to the planning

horizon, There is no cheaper way., Thus if:
Zn(xn) + Fn(gn) > 74, where §n£; X

then any subsequent path through node Xn to the harizon

cannot improve on ths current best path Umin'

A lower bound has therafore been established for nods Xn.
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If this exceeds Zmin’ then all emanations from this nods

have been implicitly evaluated and discarded as unfavourable

paths for expensian,

5. The solution to the continuous-function dynamic program can

also provide a useful indication for the selection
at each node, through use of the policy functions,
case of a node Xn, represented by the state vectar
recommendsad decision vector to be applied for this

optimal expension is given by:
S = Sqle)

This use of the policy function can therefore

of branches
Consider the
Eng_ Xno The

year far

direct

branching to those choices at each year which are most likely to

be favourablas,

Ouwing to the neglect of many constraints in the simplified

dynamic program it should however be noted that neither Fn nor

En can provide accurate estimates, and they are only to be used

as gquides for decisions or for the establishing of

lower bounds

and implicit evaluation of vertices., The evaluation of capital

and operating costs and the handling of all constraints will be

carried out in chronological sequence during the branching process

and search in the decision tres,

6. This second phase of solution as outlined above may best be

regarded as a development of the straightforward traceback process

of the dynamic programming standard computational algorithm,
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THE TRACEBACK ALGORITHM

This algorithm summarises the discussion of the
provious subsection,

INITIALIZE: sst n =1, Zmin = oo

STEP 1 Determine the state vsctor R corresponding to
state X . Calculate R (X ).
n n''’n

(a) 1Invoke state function to deterime the optimal cost
of expanding from this state at this ysar to horizon,
(BOUNDING) If zn(xn) + Fn(gn) > Z ;. 90 to STEP 3,

(b) 1Invoke policy function to determine the recommended
decision for implementation this year, d_ =G (s ).

-n ~ =n'=n
(c) 1Identify all feasible decisions u, from this node,
Go to STEP 2,

STEP 2: Select an unexplored decision closest to gn' If all
branchses have been explored, go to STEP 3, Designato the
selected branch as explored, and calculate Cn(un)’ whers
Un is the selectsd branch,

(BRANCHING) Set n=n + 1

Calculats Xn Xn-1+ Un-1

and zn(xn) = zn_1(xn_1) + R

(u__4)

(x_,)+¢C

n=1%""n=1 n-1'"n-=1

(BOUNDING) IF zn(xn) > 2., 90 to STEP 3,

If n = N+1, go to STEP 4,
Otheruise, go to STEP 1.

STEP 3:  (BACKTRACKING) Set n=n -1
If n = 0 then the search is completed and all branchss
have sxplicitly or implicity been sxplorsd., TERMINATE,
Otheruise go to STEP 2,

STEP 4: The current path provides a better value of the

objsctive function than Z , .
min

set Z . = zN+1(xN+1) and U . o=U;, 1=1,2,.0,N

Go to STEP 2,
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NOTES

1, The search procedure is flowcharted in Fig 4.4-2, It
normally follows the chronological sequence of decision-making,
but backtracks when the horizon is reached or when it is found

that future branching from the current node will be unprofitabls,

The non-Markovian restrictions which limit the direct
application of dynamic programming in Section 4.3 can be readily
accommadated during the traceback phase of this method as outlined,
Cumulative constraints on capital expenditures can be checked by
reference to previous decisions and states along the current path,
and this may render certain decisions at the current year
infeasible, Dates of installation can be dealt with when deciding
upon the feasible branches at any nods, Conditional installations
may best bs taken into account by selecting possible decisions
from a pool of available plant at each lsvel in the decision
tree; this pool of candidates will undergo transformations from

year to year according to decisions made along ths current path,

2. Computational requirements ars fairly modest, At each
stage during the process only a single current path is under
consideration and for sach level in ths tree only the following

information needs to be stored:

- state Xn, decisions Uqs and the costs Rn and ¢, associated

with thess,

- cumulative cost of the node, Zn’
- pool of candidates for selection at year n,
- functions F_ and G_.

n n

In addition to the above, the current best path, Emin’ and

its cost at the horizon Zmin has to be availabls,

It will also be possible with little incrzase in storagse
requirements to detail the K-best optimal paths, For branching
and bounding, the worst (Kth) of these will be used for comparisons
with current values, Note that in contrast to forward dynamic
programming these are the K-best paths and not .the K-best fipal

statas,
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FIGURE 4,4~2 FLOWCHART FOR TRACEBACK SEARCH
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3, Initially, with Zmin

path to the horizon (a feasible expansion strateqy)., This may

= 0o 4 the ssarch locates a feasible

not necessarily be optimal, although it is likely to be close to
the optimum due to the guidance when branching from ths policy

functions.

Upon reaching the horizon, the ssarch then backtracks a year
at a time, moving again towards the horizon along branches which
may improve upon thse objective function, and backtracking when
branches cease to be promising, UWith efficient bounding ths
unfavourable moves can be isolated quite sarly on in the search,
Cumulative errors in the build-up phass are liksly to be of
lesser magnitude closs to ths horizon (because this phase movss
backwards in time) and this is most useful since it is in this
region whers thers are the qreatest number of branches and

bounding nesds to bs efficisnt,.

The search tsrminates when the root nodse of the tree has
besn reached, and when all branches from this nods havs been
implicitly or explicitly explored. The solution is Zmin’ and

the optimal expansion strategy Emin’

4, States Xn and decisions Un are now complete state and
decision descriptions, no longer simplified state and decision
vectors, In this phase there is no dimensionality restriction

as with the dynamic program of Section 4,3,

S. Ths total numboer of states for which Rn(xn) has to be
svaluated will be much less during the traceback search than during
the build-up phass of ths forward dynamic program of Section 4,3,
The loading simulation model can thsrefors include somewhat mors

detail than before.

Ge Computational requirements for ths build-up phase are much
less sxtensive than bafore since it will now be appreciated that
accuracy in this phase is not the prime objective., It may bs
noted that ths modsls for evaluation of Rn(gn) and Rn(Xn) )

nesd not be the sams, although their results must bs consistent

for propsr bounding, This should be the case since ssssntially
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the two models solve tha same problem,

For a 4-dimensional state vector, if the number of gquantizsd
levels for each ccmponent of the state vector is halved, core
storage and CPU time requirements are reduced by a factor of
24 = 16; this indicates the possible savings in computational

effort.

7. [floreover the build-up phase need only be carried out oncs

in many real-=life planning applications, The state and policy
functions so assembled will contain all the necessary information
for branching and bounding during traceback for all problems
relating to the same system for which all constraints handled
during the first phase are unchanged (eg TDR, plant mix and
installed capacity constraints, load curves and escalation

factors).

With this data traceback searches may be conducted with
variations in the additional constraints which were ignored
during build-up, In fact thess turn out to be those which are
often varied for marginal analysis-type runs: data for candidates
for selection (number available, type, dates of availability),
site considerations (minimum or maximum planting limits,
sequencing of installations), retirements of existing plant,

and constraints on capital expenditures,

At the extreme, when all additions to the system throughout
the planning period are committed with respect to dates of
installation and number available, and when all retirement
dates of existing plant are fixed, the tracsback search

degeneratss to a simulation model of power system development,
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CHAPTER FIVE., LOADING SIMULATION MODELS

This chapter describss solutions to the problem of the
simulation of the operation of an electric powar system, troated
as a point model of an interconnected group of gsnerating units,
supplying a point load of unity powsr factor. Many successful
models have bsen developed to this end, and in contemporary powsr
systems often provids indispensable tools for sconomic plant

scheduling in large complex nstwarks,

The models to be dascribed hers have a different purposs,
They are dssigned for incorporation into a computer~bassd powsr
system planning or dsvolopment packags, In this context a modsl
is required to supply an assessment of the likely minimum cost
of operation of a power system within constraints as imposed by
the demand and its variation with tims, individual plant opsrating
restrictions, availability of hydro snergy, and so on, Used as a
subroutins within a computer packags the model would bs accasssd
a great many times during a single planning study, Hencs ths
prims requirements: accuracy coupled with spesd of exscution and
a modest central memary core requirement. Unliks a model faor
plant scheduling, details of the actual individual operating
conditions for each plant or unit in the system ars not normally
of interest, it is sufficient to bs surs that sach plant or unit

ie always opserated within prsscribed limits.

whilst the primary function of such loading simulation
models* is an sstimats of system operating costs, they are often
alsa used to check for feasibility of opsration of a particular
configuration of units, Although the total installsd capacity of
a system may exceed sxpected maximum demand, operation may in
fact be infeasibls when ths need for provision of spinning ressrva
and plant outags rates ars taken into account, Ths simulation

model should identify such infeasible casss,

The load to bs supplied by ths system can be presented in
the form of a chronological load curve (CLC) which defines ths
variation with time of system demand levels over a particular

R ————

"% often simply called simulation models in the literaturs,
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pariod - the simulation poriod (usually 24 hours, hencs a daily

load curve). Alternatively a load duration curve may be used,

this is a transformation of the CLC which provides a powsrful

tool for the analysis and modelling of system opsration. Coordinates
on the LDC relate the demand level to the total numbser of hours

(the duration) for which this demand lsvel is equalled or exceeded

over the simulation period,.

To date the most widely employed simulation models for
planning applications have been those which use the LDC, and
their variants. In their simpler forms these models are straight-—
forward, Their basis dsrives from the concept of merit-order
loading: if plant is loaded onto the LOC in order of decreasing
afficiency, ylelding a plant duration curve which matches the
LDC, the resultant cost of operation is the minimum cost of oper=-
ation to satisfy the given load conditions., Ssction 5.1 outlines
such a model suitable for casss whers the system is described in
terms of the plant mix. A more sophisticated version of these
LDC-based models is described in Section 5.2, this is a probabilistic
model which attempts to include the effacts of individual plant
outage rates, For several reasons LDC-based madels may not
provide a sufficiently accurate simulation of system operation;

these rsasons ars discussad in Ssction 5,3.

Apart from models utilizing the LDC, formal mathematical
programming proceduras have been applied to the problem of the
simulation of system opsration following the CLC, these include
the Pontryagin Maximum Principle /28/ and Dynamic Programming /24/,
Such models do not usually suffer from the main drawbacks of LDC
modsls (uhitb arise from the loss of chronological data) since the
CLC is used for load description., However because of computer time
or core limitations their uss has hitherto been restricted to
programs for plant scheduling in real time or short-term horizon

operation, rather than for planning purposes.

The remaindsr of the chapter outlinss the theory for a
computationally efficient procedurs, based exclusively on dynamic
programming and taking advantage of properties inherent in
Bellmant's Principle of Optimality and the standard computational
algorithm (Appendix A), the structurs and nature of the problem,
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togethaer with a few fairly roalistic assumptions. The basis of

this original method is as follous:

- The system is divided into two subsystems, the hydro and
nonhydro (thermal) subsystems. Dynamic programming is used to
solve what is essentially an allocation problem for each subsystem,
The information acquired from these computations fully describes
the performance of the two subsystems with respect to power output,

spinning raserve, and operating cost.

- The system performance functions so obtained are used in

the solution of a further dynamic program which traces the optimal
trajectory of reservoir levels for minimal cost of operation,
within constraints imposed by chronological demand and spinning

raserve requirements, and safe limits on rsservoir levels,

Computational problems associated with dynamic programs
arise with multidimensional state and decision vectors. For all

the dynamic programs above the dimensionality is unity.

Section 5,4 lists the notation to bs used in subsequent
sections, The dynamic program for the optimal resevoir trajsctory
is outlined in Section 5.5. In Section 5.6 the basic dynamic
programs for the system performance functions are described,

The efficiency of thess dynamic programs can be greatly enhanced
by utilizing the concepts of operating linses and operating

values - Section 5.7, and the improved formulations which result
for the hydro and thermal subsystems are presented in Section 5.8
and Section 5.9 respsctively, Finally a brisf appraisal of the
complete simulation model is given in Section 5.10,
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561 A SIMPLE PLANT MIX SIMULATION MODEL

Here thse problem of estimation of system oporating casts
when the plant mix of the system is specified is dealt with,
The input to the model will be an annual load duration curve and
a state voctor g, dimensionality equal to the number of plant
types in thes system, sach element of which is squal to the installed
capacity for that plant typse,

Let there bs four plant types: 8, = hydrg, s, = nuclear,

2

8, = thermal, and 84 = peaking, The types have been ordered in

i:creasing operating cost order, Lst cq be the operating cost per
unit energy output of plant type i, It is assumed that this valus

is the average for all plants of each particular plant typs, and
that individual variations do not transcend ths plant mix cateqories,
Then following merit order loading, plant is loaded into the LDC as
shown in Fig 5.5-1, successively up to ths limit of installed
capacity, until peak demand is met. The minimum cost of opsration

is then: 4
> cy Ay where A, is the arsa enclosed by plant

1=1 type i in the LOC as in Fig 5.1~1.

FIGURE 5.1-1 MERIT ORDER LDADING (1)
LDAD

> DURATION
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There are several objoctions to this simple form, Firstly,
certain plant types are inherantly unsuitabls to operation at
lou load factors and hence a minimum annual load factor may bse
applied as a constraint, Thus for example minimun load factors
12 and 13 applied to nuclear and thermal plant respectively may
mean that thase plant are not loadad to their capacity limit,
Hence in Fig 5.1-2, Py s;sz and/or Py s;ss, according to whsther
the load factor constraints ars opsrative., Frem Fig 5,1-2 it will
be sean that for this example system opsration now becomas
infeasible owing to insufficient peaking capacity to meet pesak

loads,

Secondly, sesnergy limited hydro plant has not been dealt with
realistically; since owing to this restriction it may not be
possibls to use all ths hydro complement to satisfy bass loads
~aven though hydro plant has the lowest opserating costs. Thus a
proportion of hydro plant may be used to displéce that of the
peaking complement -~ Fig 5,1-3. The constraints operative will be:

A1+A5<EH and  p, + pg < 8y

whars EH is the limited energy available from hydro plant,

FIGURE 5.1=2 MERIT ORDER LOADING (2)
LoADA
ungserved

unservad snargy
load

*DURATION
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Plant loadings Py (bass~load hydro) and Pg (peaking hydro)
will have to be determined iteratively in order to allocate the
available hydro onergy to the greatest sconomic advantags, It
may bs noted from Fig 5.1-=3 that now the minimum load factors
l2 and l3 are satisfied in the neu loading arrangement, and

operation is feasible,

Instead of iterative loading, if the assumption is made
that storage hydro plant is used to satisfy peaking loads alone
and that the aggregate storage capacity of all reservoirs is used
to this ond in a daily cycle, then the follcwing non-iterative

method can be used:

Let the total inflou to the hydro plant be F MY squivalent.
The aggregate storage ressrvoir capacity is R Muwh esquivalent,

Then the annual energy used to satisfy peak loads is:

Ep = 365 x min(R,24F)

and the remaining energy, for base loads, is:

Eg = max(0,8760F - Ep)

FIGURE 5.1=3 MERIT ORDER LOADING (3)

[
LOAD Py + Pg 5;81

Ag A1 + Ag <E
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Then for the merit order leading, first psaking hydro plant
is loaded until:

P > 84 or As> Ep
then base hydro plant is loaded until:
Py> 8y = pg or A1>EB+EP-AS

The remainder of the LDC is then filled by loading with
nuclear, thermal, and finally peaking plant in that order (merit

ordsr),

A third possible objsction is the neglect of spinning raserve,
In practice some of the plant will have toc bs loaded belou rated
capacity (CMR). In the absence of further information it will be
impossible to decids how spinning reserve is to be distributed
amongst the various plant types. An approximation can be made
by reducing the CMR of each plant type by a (possibly weighted)

factor according to the amount of spinning ressrve desired,

The general ideas of this simple modsl can be extendsd to
the subdivision of plant type categories into individual stations
or sven units, which are then locaded in merit order with dus
attention paid to the need to attain minimum annual load factors,

hydro energy limitations, and the provision of spinning reserve,
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5.2 PROBABILISTIC SIFMULATION

Prababilistic simulation models represent an attempt ta
incorporate scme aof tho uncertainties inherent in power system
operation into a formal framewark, The use of such modsels has
gained widespread acceptance and they are used in the dynamic

programming formulations of Baoth, and the WASP package (Section 4.3).

It is recagnizad that accurate matching aof the load duration
curve and the plant duration curve does not occur, particularly
aver fairly long (monthly or annual) simulation periods., The
reasan for this is the finite outage rate of individual units,
which means that ugually no single unit can be fully utilized

over the simulation period,

It is convenient in probabilistic simulation work to inter—
change the X and Y axes of the conventional LDC, as in Fig 5.2-1,
1P the Y-axis (duration) is now normalized, then the LDC, Fo(x),
reprasents the proportion of the simulation period H far which
demand equals or exceeds the associated demand level x. It may
alsa therefore be regarded as the probability that this demand
level is exceeded or equalled in the simulation period, This

concept is basic to the approach of probabilistic simulation,

Let the system comprise N units, each of capacity X and
opsrating cost per unit energy Coe Let the cumulative capacity
of n plants be 29 is z = :Z:g=1 xj. Furthermore, let ths
availability af plant n be Pne Far the simplest case, whers
stochastism in demand data is ignored, and where a plant is
regarded to be either available or not, then the praobability of
its being available is P and the probability of its being
unavailable is (1-pn). The basic probability of load distribution
will be conditioned by the accumulated outage rates of all units
in the system. Suppase that the LDC Fo(x) is defined by a grid

in the (X,Y) plane, with grid size in the X-direction dx,

Then successive convolved probability distributions Fn(x)

each for a system of n units can be obtained recursively from:
Fx) = »p

where F (x) =0 if x 0.

th_1(X) + (1= pn)Fh_1(X - dx) for all n € N
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The final convolved distribution FN(x) represents the
probability distribution of load for the whole system of N units,
By definition, the installed capacity of the system is zy,
the value of FN(zN) is the probability that this system installed
capacity is equalled or exceeded -~ the loss-of-load probability
(LoLpP),

s and

Furthermore the areag

2]
H FN(x) dx is the expected value of the energy
N that the system cannot supply.

Either of these tuo quantities provides a useful measure of
the inability of the system to mset a required load distribution
(or load duration curve) , which proves very useful in the context
of system planning, where quick evaluation of different plant

configurations with respect to system security may be required,

Suppose now that the least efficient plant is removed from the
system, The probability distribution for the remaining (N-1) plants

is now given by the inverted form of the original recursive formula:

Py (¥) = F(X) = (1B )y (x-=ex)

whers F, ) =0 if x<0

Nu1(
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and the expected cost of generation of energy for this upit is:

z
chNH g

N
FN_1(x)dx

ZN_1 N

In order to estimate system operating costs, therefore,
plant are successively removed from the system in rsverse merit
order, the new probability distributions for the reduced system
computed, and the individual opsrating costs evaluated and summsd,
one plant at a tims, When all plants have been removed, FN-N = ﬂD
is the original load duration curve, and the total operating cost
over the simulation period will have been detsrmined (Fig 5,2=2).

Note that the build-up of the convolved distributions is
independent of the order in which plant are considered, It would
appear a more efficient and convenient procedurs to develop the
convolved distributions in merit order, and to evaluate operating

costs at the same time, Howsver by starting with F, and working in

N
roversse merit order there are some important advantagess

- By removing from the system any unit, the performance of the
system (LOLP, etc) without that unit may be evaluated. Thus the

impact of major plant outages (esg for maintenance) may be obtained
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for a varisty of conditions.

- Treatment of hydro energy limitations may bs attained using
a peak-shaving method. If staorage hydro plant is removed from thae

system of N units, the distribution F shouws the sxpscted

Ne1
energy gensration from this hydro plant to be:

2N

FN_1(x)dx
N=1

EN = pNH g
z

Now if this snergy EN exceeds that available from the hydro
unit, dus to energy shortage, then the distribution F'N__1 will havs
to be further modified for the remaining N-1 plants in thse system
before the process is continued., The reader is referred to Booth /8/
for an exposition of the general method and its extensions to

accommodate hydro and pumped storage constraints, together with
details of applications of the model,.

Spinning reserve requirsments can be handled as in ths
previous section by loading all or some plant to less than CMR.
Part=load efficisncies of individual plants can be accommodated
by multiblock representation of individual plants, Thus a larga
unit may be represented by two load blocks -~ a basa~load block
and a peak-=lcad block, It may be noted that because of the esti-
mation of operating costs in reverse merit order certain constraints
such as those imposed by minimum load factors can prove awkward,
These will have to be accommodated by further modification of
the probability distributions according to whethser or not the
constraint is violated, in a similar manner as that used for

treatment of energy-limited hydro,
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5.3 COMMENTS ON LDC-BASED MODELS

Simulation models utilizing the LOC have many advantages,
Such models are fairly sasily programmed for computer use, are
gconomic in terms of computational effort, and provide reasonably
accurate estimates over a wide range of variation of major
paramaters (system composition, load curves), They do houwsver
suffer from sevseral disadvantages if more careful simulation
and more accurate estimates of opsrating costs are required,
Thess shortcomings ariss mainly from the loss of chronological

data when the transformation from CLC to LOC is mads:

- The LDC, being a cumulative integral along the CLC, loses

the time sequence of load variation, This can lead to possible
inaccuracies where large storags capacity hydro plant is concerned.
With a large reservoir there is, in effect, a stock-control or
inventory problsm = whether to use the hydro energy as and when

it becomes available, or to store it for later use to greater
advantags., Pumped storage stations bring in a furthsr consideration
- the optimum time sequsnce of ressrvoir replenishment and
depletion as a result of the pumping/gensrating strategy adopted,
Reservoir levsl trajectoriss will have to be detsrminad for most
efficient system opsration since thsse in turn will affect the
operating strategy for the remainder of the system and hence
operating costs, Consider two CLCs, one with wsll defined midday
and evening psaks, and the other with these peaks mserging to an
afternoon-evening plateau, It is not too difficult to conciesve

of two cases which yisld very similar LDCs, yet with differences
in the optimal trajectory of reservoir levels which may be
significant, Whilst for the first case thers may be time for a
degree of reservoir replenishment, in the second case this may

not be so., Hence overall system operating costs may differ, and
this difference cannot be identified with the usse of an LDC.
Furthermore the situation may ariss whersby because of too rapid
reservoir deplestion hydro plant may not be availabls when required,
and system peaks may not be met at all (although in practice

this condition is probably more apparent than real).

Thus with LDC-based models only the net snergy transfers



- 119 -~

integrated over the simulation period may be modslled; for systems
with large ressrvoir storage capacity, or with pumped storage plant,
the actual utilization of ths hydro complement may present quits

a different picturs depending upon the chrenoclogical sequencsa of

demand,

- Secondly there is no satisfactory explicit allowance for

the provision of spinning ressrve, As was mentioned in Chapter 1,
spinning reserve requirements vary not anly from one system to
anothsr according to local practics, but alsc with both the
magnitude and the rats of changs of demand, Thus again becauss

of the loss of chronological data it will be impossible for an
LDC=based model to pay adequate attention to ths spinning TES8rve

rsquirsment.

Thoe distribution of spinning reservs amangst the units in
the system itsself constitutes an optimization problem, requiring
an iterative solution for ths models of Sections 5.1 and 5,2,
Obviously to provide spinning rsserve by loading all units to a
fixed fraction of CMR is not an accurate reflsction of the
actual strategy of system operation. On the other hand the
assumption that the provision of such reserve costs nothing
is manifestly untrue. Spinning reserve considerations are
probably mors critical in smaller systems since there is liksly
to be a wide disparity in unit size and fewer units on line at

any one time,

- Thirdly, there are important constraints, often neglected,
on the loading of individual units, Largs units in particular,
whether nuclear or thermal, cannot be safely operated at low
loads, and it is also desirable for such units to maintain a
steady continuous cutput. A satisfactory overall lcad factor
for a unit as determined from its position on ths LDC does not
always guarantee that ths unit is not operated intermittently.

Such constraints can be particularly important in the mid-merit zone,

The remainder of this chapter presents the thsory for a
somewhat mors complex model, which simulates the loading of a
system according to chronological demand and spinning ressrvse
requirements, Oy doing soc it attempts to overcome most of the

disadvantages listed abovs,
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5.4  NOMENCLATURE

Sy, operating cost function for thermal unit k

C,C!' recursive cost functions for thesrmal subsystem

C., performance function for thermal subsystem

dy,0 demand level, Mu

f hydro inflow rats, MW equivalent, allowing for losses
in conversion

G subset of units in subsystem that are operatsd in
generating mods, GCS

HY sat of units comprising the hydro subsystem HYCS

number of units in system or subsystem

subset of units in subsystem that ars not operated (off). 0CS

power output of unit or subsystem, MU

T T O &

subset of units in hydro subsystem that are opsrated in

pumping moda. PCHYC S

qy,Q reservolr or pssudoreservoir lavel, Mwh equivalent, allowing
for losses in conversion,

ryR spinning ressrve lsvel, MU

R performance function for thes hydro subsystem

] set of upits comprising the system

T number of time intervals in CLC over simulation period

ZXTE time interval betusen points t and (t+1) on CLC (hours)

TH set of units comprising the thermal subsystem, THCS

Y4 operating valus of unit or subsystem, MU

Z,Z' roacursivse opsrating value functions for hydro or thermal

subsystem

A unit is defined as the smallest unit of capacity that

can be indepsndently operatad,

Subscripts HY and TH refer to the hydro and thermal subsystems
respectively, .
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5.5 THE OPTIMAL RESERVOIR TRAJECTORY

In this saction the problem of simulation of system oporation
is cast into a form amenabls to solution by dynamic programming.
System operation can clearly bs thought of as a control problem,
whers decisions are applied, in the form of output levels of
individual units, in such a way as to minimize total system
operation costs over the period spanned by the CLC., Constraints
whizh have at all times to bs satisfied include the provision of
adequate levols of power and spinning reserve, individual plant
operating conditions, and permissible safs raessrvoir lesvels, The
obvious dynamic programming formulation which would result would
entail a state vector of dimensionality equal to ths number of
reservoirs in the system, and decision vector of dimensionality
aqual to ths number of units or groups of units, Dbviously for
practical casss this dynamic program would bs computationally
well beyond the capability of all but the largest computers and
totally unsuitabls for a planning loading simulation model,

To overcome the problem of dimensionality in the decision
vactor, the system is now regarded as comprising two subsystems
which may bs ogpsrated independently of esach other: the hydro
subsystem, consisting of those units whose operation directly
affacts reservoir levels, and the thermal subsystem, which
consists of all remaining plant within ths system, The following
transition function can now be presented, relating the state
vector g (reservoir levels) to the decisions Py (hydro output)
at time t, to the state vector at time (t+1):

qj(t+1) = qj(t) + (1’“1 - 1%3 P AT,

whers qj refers to the level of reservoir jy and
J is the set of hydro units associated

with this rsssrvoir,

In view of the computational penalties associated with a
multidimensional stats vector (Appendix A) the following

assumption is mades

- That for the purpose of simulation all raservoirs in the system

may bo combined and treated as a single aggregate pssudoresservoir,
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By making this assumption some accuracy has at onco been
lost, insofar as it cannot now be certain that individual
raservoir levels remain at all times within their safe operating

bounds,

The transition function for the system with a single

agqregate pssudereservoir is nows

q(t+1) = q(t) + (f = p, (L)) AT,

Tﬁis is now a upidimensional pioblem with q the state
variable and Puy (power output of hydro subsystem) the decision
variable,

The abave equation praesumes that the hydre inflow rats to
the reservoirs is constant, and this may not be true siﬁce
inflow rate may vary with time, More significantly perhaps it
may vary in real cases according to prior operaticn of upstream
hydro stations when several hydro stations are cennscted in
cascade on a single river, Unfortunately an attempt to handle
this form of variation in f(t) will render the system non-
Markovian in nature, and thus cannot be handled by dynamic
programming. Howsver if the pretence of a pseudoresserveir is
maintained the problem does not arise, and in this formulation

it will bse ignored,

Socondly, a pumped storage cycle efficiency of unity has
been assumed; this is not generally justifiable, Now if the
bounds on pHY(t) are given by:

Pa< Pyt < Py where p,< 0< Py

Then if pHY(t) = Pps losses in the pumped storage cycle
will mean that the net decrease in reservoir level (ignoring for
the moment hydro inflow) will be epspHY(t), where ®ng is the
weighted average pumped storage cycle efficiency, Since pHY(t)

is negative, this means reservoir replenishment,

But if pHY(t) = pgo then no hydro plant can be pumping,

and the net decrease in reservoir level will be pHY(t).

In betuwsen these extremes tha net efficiency of the storage

cycle cannot be ascertained without a greater knowledge of the
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actual operating strateqy adopted for the hydro subsystem, but
a linear variation may be suggested, Let ths net pumped storage
cycla efficiency be G(p):

P.y(t) =p

HY A

The transition function now beconss:
a(t+1) = q(e) + [F(t) = p (£)6(p, (£))] AT,

Constraints are applicable on the reservoir levsls, power
demand, and spinning reserve, For the moment, consideration of
the constraints on individual operating levsels for the units in
the system will be deferred to a later section, The constraints

for the dynamic program here are:

instantaneous demand:

Pi(E) + pyy(E) = D(E)

instantanecgus spinning reserve:

rTH(t) + rHY(t) = R(t)

pormissible safe reservoir bounds:

Qmin < q(t)< Qmax

The chjective function which is to be minimized is the cost
of operating the system over the simulation period. Assuming that
there is no variable cost of operation asscciated with the hydro
subsystem and that there is no interconnexion with neighbouring
systems and hence no import or export of ensrgy, then this
operating cost is incurred wholly by the thermal subsystem.
1t is reasconable to supposs that this cost is a function of
the power output and spinning reserve that the subsystem is

called upon to provide, The gbjective function is then:
T
min 3 Cp(ppy(#)mg (6) AT,

Now for the hydro subsystem, the function RHY(pHY) is
defined as the spinning reserve available from this subsystem
when delivering power ocutput Phys A moment's reflection will

disclose that there may not in fact be a unique value of reserve
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for any value of Py? although as will bs seen later there ars
not an infinite number of values., For the moment howsver it

will be assumed that the function RHY can bs adequately defined,

Several simplifications can now be made, From the instant-

anecus demand and spinning reserve requirementss

1l

Pry(t) = D(t) = p, ()
R(t) - rHY(t)

R(E) = R (B (£))

]

and rTH(t)

It is a reasonable assumption that a CLC spanning a psriod
which is an integer multiple of a day is cyclic, Hencs ressrvoir
levels, demand and reserve lsvels are equal at the start and end
of the simulation psriod, The cyclic nature of the constraints
and the trajectory means that an initial condition for the '
dynamic program may be set at any instant, not necessarily
coincident uwith the start of the CLC. For exampls the initial
condition may be q(t') = g at the time of maximum o(t), or
maximum O(t) + R(t) ; time instant t' becomes stage 1 in the

dynamic program, - -

The simplified dynamic program is now recapitulated hers for
convenience, Note that in this casc the transition function is
not sasily inverted, and hence only backward programming as
applicable for solution.

T
minimize :2% CTH[D(t) - pHY(t), R(t) - RHY(pHY(t))]ZXTt

with the transition function:

a(t+1) = q(t) + [r(t) - pHY(t)G(PHY(t))]A Ty b= 1,2500,T
and the constraints
Uin < q(t)<-0max t=1,2,00,T

Other constraints on Phy M2y implicitly be operative from the

and R, .., e

definitions of the performance functions CTH HY
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The dynamic program iz solved by backwards recursion:

F(q) = ';‘::{ {cm(o(t) = pyy(E)s R(E) = R (P ))AT,

+ Ft+1 q -[(f(t) - pHY(t)G(pHY(t))ATf]}
for t = T,T"_‘I_Q“91

with ths initial condition:

F (g) =0 for g = q

= o9 othorwiae,
and the solution to the dynamic program is F1(q0).

The above formulation has a unidimensional stats vector
wvhich ensuras a rapid and compact solution, S5ince what is
required in this application is the cost of operation (value
of the objective function) and not ths sequencs of decisions
which give rise to it (the optimal policy), a single backwards

build=up phase will usually suffice for the required solution,
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5,6 SYSTEM PERFORMANCE FUNCTIONS

The function RHY(PHY) was defined in the previous section
as the spinning reserve available from the hydro subsystem
when delivering a power ocutput Phye As was then pointed out,
this may not necessarily be a unique function of output. wse

now make it so by applying the following assumption:

- That the hydro subsystem is operated in such a manner
that, for whatever level of ocutput the subsystesm producas,
the spinning raserve provided is maximal for that level

of output,

An optimization problem has now been created for this .

subsystem,

For the system performance functions strict constraints
can be imposed on the allowable output levsels that individual
units can produce, For the most genseral case, that of a reversible
pump-turbine, the following bounds on the range of feasible

operating conditions may be identified:

- The 'maximum' pumping capability, Py
- The 'minimum' safe pumping capability, Py
- The minimum safe generating level, P3

- The nominal rating (CMR) of the unit, Ps

- The overload capacity of the unit, Pge This is the output
that the unit is capable of supplying under emergency
conditions, It is assumad that this output can be maintained
indefinitely, although in normal operation Pa is never to

be exceedsd,
r

From these definitions:

PSP, <0<p;<p, <Py

These parameters will be used to relate the output of any
single unit to the spinning reserve that it provides. A unit k€ S
can be operated in one of three modes - pumping (for pumped storage

plant only), off, or generating:
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k€ P, unit pumping, p1(k) <plk) < pz(k) <o

In this mode the spinning reserves available is -p(k),
since the unit may be tripped instantanesously and thus

immediately increase nat system output by an amount =p(k).

KEO, unit off, p(k) =0

In this mode both pouer output and spinning reserve are
zero, The unit may only be brought onto bars aftsr a
finite time interval,

KE G, unit generating, O <:p3(k)$§;30<)s; pa(k)

Under these conditions when producing powsr output p(k),
the spinning reserve availabls is ps(k) - p(k), it being
assumed that the unit can be brought up to its full

overload level within a very short, almost instantaneous

time interval,

for a pumping unit alone, kﬁ/b; for a generating unit alona
(this includes all thermal plant), K& P,

A dynamic program for maximizing reserve from the hydrg

subsystem may now be formulated:
N

HY
find RHY(pHY) = max &%% r(k)

subject to: NHY .
% P(K)> by

where p(k) is the output of hydro unit k,

and the values of r(k) are defined as:

r(k) = =p(k) if pqa(k) < p(k) <pok) (ke p)
r(k) =0 if p(k) =0 (k€ o)
and r(k) = pg(k) = p(k) if p3(k) < p(k) <pslk) (k€ G)

- the above dofinitions also define the feasible region for p(k)e
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Tha problem can he regarded as an allocation problem

(Appendix A), soluble by the following forwards recursiaon

formula:
max
Fk(p) = p(k) {r(k) + Fk-1(p - p(k))\ for k = 1,2,00,NHY
with the initial condition: Fu(p) =0

and thae required solution is: RHY(p) = FNHy(p)

This is a unidimensional state, unidimensional decision

dynamic program,

The function CTH(pTH'rTH) was defined in Section 5,4 as
the cost of operating the thermal subsystem in order to provide

output PrH with spinning reserve » It is tacitly assumed that

r
TH
this subsystem is operated in an optimal manner, that is:

- The thermal subsystem is operated at minimum cost,.

In a similar way as before, the function may be obtained
as the results of an allocation problem solved by dynamic

programming, as follouws:

CrulprhstTh) = min > ck(p(k))
KEGCTH

subject to the constraintss

N

TH
g p(k) > Py

ands

> -
. (pg(k) = p(k)) > oy
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For solution, the recursive relation is:

Felpyr) = TR {ck(p(k» +rk_1(p-p(k>,r-r(k)>}

for k = 1,2".,NTH

where r(k) = 0 if p(k) =0 (k€ 0)
and (k) = pg(k) = p(k) if pz(k) < p(k) < p4(k) (k€G)

The above definitions for r(k) alse define the feasible region
for p(k).

The initial condition is: Fo(p,r) =0

and the required solutien is: F

CTH(pTH’rTH) = NTH(pTH’rTH)

This is a two-dimensional state, unidimensional decision dynamic

pragram,
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Se7 OPERATING LINES AND OPERATING VALUES

From the definitions of spinning reserve as presented in
Section 5.6, according to tho mods (pumping, off, or generating)
in which a unit is operating, the relation between a unit's output
and the spinning reservs it provides may be plotted on the (p,r)

plane; hence Fig 5.7-1,

The lines so obtained will be called opsrating lines for the

unit, These linss define the spinning reserve available from the
unit as a function of the output it produces, From the definitions
the lines are always linear, with a gradient of -1, Clearly for

a single unit the spinning reserve available is a unique function
aof its output,

Turning nou to the case of a system comprising more than one

unit, in general ths spinning reserve available from the system

FIGURE 5.7-1 OPERATING LINES FOR SINGLE UNITS
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will no longer be a unique function of system output., It will

in fact depend upon the status of avery unit in ths system -
whether off, pumping, or generating, The status of each unit
determines the system operating line which is active for that
particular sst of conditions, and hence the relationship between
output and spinning reserve for tho system, Tha following general

rules will apply in regard to unit status and spinning reserve:

- If a unit is off, it makes no contribution to the spinning

roserve provided by the system.

- If a unit k is pumping, supplying =p(k) My to the system,
the spinning reserve of the system is increased by p(k) Mu,

- If a unit k is generating, supplying p(k) MU to the system,
the spinning reserve available from the system is augmented
by this unit's contribution, ps(k) - p(k) Mu,

mathematiCaliy the spinning reserve provided by a system S
is given by:

2 plk) + 2 (pg(k) = p(K))

kePCSs ke GCS

Figure 5,7~2 shows the individual operating lines for thrse
generating units, the operating lines for the system which consists
of these three units are tabulated in Table 5,7-1, and graphed
on the (p,r) plane in Fig 5,7=3,

For the most general case, a system of N units each of which
may be operated in one of thrsee possible modes, there are 3N
operating lines (this includes the origin, which corresponds to
the case for all units being off). Each operating line is valid
between lower and upper bounds which are determined by tha status

of each unit in the system:

lower '
= 2 p,(k) + T palk)
bound KE P 1 KEG 3

uPPOx S p (k)
p + 20 p,uk)
bound KEP 2 KEG 4

il

These parameters are also tabulated in Table S5,7-=1.
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It can be more convenient to replacs spinning ressrve r

with a new variable, called the gperatinqg value z of a unit

or a system, defined simply as:
z = p+r7T

The operating linas for the system of thres units of Fig 5,7-2,
plotted this time on the (p,z) plane, are shoun in Fig 5.7-4.
Operating lines are now horizontal straight lines, along any ons
operating line the operating valus z is constant., A change in
the operating status of one or mors of the units in the system
will cause another opsrating line to become active., There are

a finite numbser of operating lines for any finits system,

FIGURE 5,7-4 OPERATING LINES FOR THE SYSTEM OF FIG 5.7-2,
ON THE (p,z) PLANE
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TABLE 5,7=-1 OPERATING LINES FOR THE SYSTEM OF FIG 5.7-2
LINE | STATUS OF UNIT OPERATING LOWER UPPER
A 8 c VALUE BOUND BOUND
0 0 0 0 0
ARY o dg(1) dq(1) d, (1)
B8B!? 0 G 0 dg(2) d.(2) d,(2)
cc 0 0 G d5(3) d3(3) da(S)
DD* G G 0 d5(1) + d5(2) d3(1) + d3(2) d4(1) + da(z)
EE? G 0 G d5(1) + d5(3) d3(1) + d3(3) d4(1) + d4(3)
FF?* 0 G G ds(z) + d5(3) d3(2) + d3(3) d4(2) + d4(3)
GG!' G G G d5(1) + d5(2)

+

4g(3)

d3(1) + d3(2)
+ d3(3)

d4(1) + d4(2)
+ d4(3)

In terms of the operating value, the following rules apply

according to the status of each unit in the system:

If a unit is off, or pumping, it makes no contribution

to the operating value of the system,

If a unit k is generating, regardless of its output,

the operating value of the system is increased by ps(k).

The operating value of a system S is thersfore given by:

z = 2
ke GCSsS

and the spinning reserve of the system, when aggregate system

output is p, is:

r = z=p

wheras

> p,k) +

kEP

keEPR

> paK)Sp< 20 k) + > p,(k)
KEG KEG

Finally, the opsrating lines for the system of Figure 5.7-1 are

shoun in Figs 5,7-5 and 5,7-6, Although many of the lines are

coincident they are draun separate for clarity,




FIGURE 5,7-5 OPERATING LINES FOR THE SYSTEM OF FIG 5,7-1
ON THE (p,r) PLANE
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5.8 IMPROVED FORMULATIDN FDR THE HYDRO SUBSYSTEM

Armed with the concept of operating lines and operating
values, the dynamic program of Section 5.6 for the hydro sub-

system may now be recast into a more efficient form,

Thé discussion is first directed towards an example of
a hypothetical hydro/pumped storage system consisting of ons
pumping unit, one reversible pump-turbine, and two generating
units (details and parametcrs in Table 5.,8-1), Unit A can be
operated in ons of two modes (pumping, off), unit B in one of
three (pumping, off, generating), and units C and D each in ons
of two modes (off, generating)., Thers are thus 2 x 3 x 2 x 2 = 24
possible operating lines for this subsystem, These are listed in
Table 5,8-2 and graphed on the (p,z) plane in Fig 5,8-1, from
which it can be seen that many of the lines are coincident,
or merge, so that for this system there are effectively just
eight operating linss,

Now if the system be operated at maximum operating valus,
the trajectory sought is the line AA"BB"DD"FF"GG"HH" in Fig 5,8-1,.
Note that lines CC' and EE' do not form part of the maximum

operating value trajectory.

TABLE 5,8-1 DATA FOR HYPOTHETICAL HYDRO/PUMPED STORAGE
SYSTEHM OF FOUR UNITS

UNIT TYPE DPERATING LIMITS (Muw)
Py ) P3 Py Pg
A pump =50 =10 - - -
B roversibla | _qoq 10 10 75 80
pump~turbine
c generator - - 5 50 50
D generator - - 10 100 110
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OPERATING LINES FOR THE SYSTEM OF TABLE 5,8-1

LINE | STATUS OF UNIT LOWER UPPER OPERATING
ND BOUND BOUND VALUE
A B C D (mw) (My) (M)
1 0 o o0 o0 0 0 0
2 0 0 0 & 10 100 110
"3 0 0 G O 5 50 50
4 0 0 G & 15 150 160
5 0 P o O -100 -10 0
6 o P 0 & -90 90 110
7 6 P G O -95 40 50
8 0 P G G -85 140 160
9 0 6 0 O 10 75 80
10 0 G 0 G 20 175 190
11 0 G 0 o 15 125 130
12 0 6 G G 25 225 240
13 P 0 0 0O -50 ~10 0
14 P 0 0 G ~40 90 110
15 P 0 G O -45 40 50
16 P 0 G .G -35 140 160
17 P P 0 O ~150 ~20 0
18 P P 0 & -140 80 110
19 P P G O -145 30 50
20 P P G G -135 130 160
21 P G 0 O -40 65 80
22 P G 0 G -30 165 190
23 P G G O -35 115 130
24 P G G & ~25 215 240
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FIGURE 5,8~1 OPERATING LINES FOR THE SYSTEM OF TABLE 5,8-1
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The determination of the trajectory of maximum
operating value can be formulated as a dynamic program, Now from
the definition of operating value, the trajectoriss of maximal
spinning reserve and maximal operating value as a function of
subsystem output are identical, Furthermors it will only be
necessary to rastrict attention to a particular range of sub-

system output, This comes about as follows:

Firstly define the following points on the p—~axis for
ths hydro subsystem:

p.= >, p,(k).
A yeny 1

= = k) -,
Pg W Pa(k)
pc= 2o p4lk)

k € HY
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Pc is the maximum output that the subsystem can ever attain
under normal operating conditions, From Pg to Pc for all systems,
the maximum operating value remains constant, equal to >_ ps(k).
This is the operating valus of the system when k EHY
all units (that are capable of being so operated) are operated in
generating mode. .The system can never attain a higher operating
value, and for any system output within this range can never
provide a greater spinning reserve, Attention can therefore be
solely directed to the range pAs; pHY<: Pge In this regiony
for almost all practical cases, the upper bound constraints on
the operating lines are never active, the next higher operating
line coming into effect before an upper bound is reached (ses

Fig 5.8-1). Hence the following simplified optimization problems:
Z,(py) = max > pek)
HY PRy KESCHY S

subject to the single constraint (lower bound only):

op, 0 k) <
kE%Q_HY Pyll) ke%(_:uv P3k) < Pyy

This problem may be solved using dynamic programming, which
will at the end of the build-up phase yield the solution as a
function in feasible state (p) space,

The recursive relation is:

e (P) | oo KED (off)
Fk(P) = max Fk_1(P - p1(k)) ees KE P (pumping)
et (P = P3(€)) + pg(k) ces KEG (gifi‘z;-)-

for k = 1’2,00,NHY

With the initial condition:
Fa(p) =0
and the solution is:

Z.o(puy) = Fy, (puy)
HY*"HY NHY HY
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This is a greatly mors efficient form than that presented
for the hydro subsystem in Section 5.6, Instead of having to
conduct a search over the feasible operating range for each unit
(decision space) for each quantized value of p, it will now
only be necessary to make a scalar comparison of at most three
values, The formulation in fact is that of a ternary dynamic

program,

The required function RHY(pHY) can now be obtained from the

following rules:

. < = -
(b) if py <P y< Ppy Ryy(Ppy) = 2 pelk) = by
k EHY
(e) if pyy<p, Ry (Pyyy) = S0
or pyy> P (infeasible operation)

During the course of solution of this dynamic program
the constraints on individual operating ranges for each unit
in the subsystem have bsen satisfied, The function RHY(pHY)
is therefore only defined for feasible operating strategies

for this subsystem.
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5.9 IMPROVED FORMULATIGN FOR THE THERMAL SUBSYSTEM

The two~dimensional dynamic program for the thermal sub-
system as outlined in Section 5,6 is here made mors efficient
by breaking doun the problem into two separate unidimensional

dynamic programs.

PROBLEM A. Consider first the following problem:

Find C(pTH) = min >° ck(p(k))

kK €GCTH
subject to ths -
single constraint: > P(k);; Py
kE€EGCTH

The solution to this problem yields the minimum cost
trajectory for operation of the thermal subsystem when ths
caonstraint impaosed by the need to provide spinning reservs
is simply ignored, It may be obtained using ths following

recursive formulas -
min
R(p) = o (k) [ e (p(Kk)) + F_,(p = p(k)) ] fork= 19290 0Ny

where p(k) = 0 or pi(k) g p(k) < p,(k)

with the initial condition: Fo(p) =0

The solution beings: C(pTH) = Fy (pTH)

. TH

During the build-up phase, lst:

FAP) = [ (p*(K)) + F_,(p - p*(k))] POT k = 192y00,Npy,

and define a sscond recursive state function:

Fr(p) Frq(P) if p¥(k) =0

[F|'<-1(p ~ p*(k)) + ps(k)] if pa(k) < p¥(k) < py(k)

il

or  Fi(p)



For these auxiliary state functions, the initial condition iss

| _
Fi(p) =0
th
At the NTH—- stags, let:
2'(pp) = FY (ppy,)
TH NTH TH

The function Z'(pTH) provides a measurs of the operating
value (and hence spinning reserve) available from the thermal
subsystem uwhen opsrated along the minimum cost trajectory and

producing output Prye

PROBLEM B. In a manner analogous to that of Section 5.8,
the maximum ressrve trajectory for the thermal subsystem can

be obtained as:

2(pr,) = Fy (ppy)
™ Ny P TH
F._.(p) ves KED
where:  F(p) = max rk-1( - p.(k)) + p(k) kEG
k=1'P = P3 Ps
with the initial condition: Fo(p) = 0

This is a binary dynamic program since for this subsystem
no units can be operated in pumping mode. Again as in Problem A,
an auxiliary state function for sach stage k is defined, giving

an gstimate of the operating cost along the maximum resserve

trajectory:
C'(pTH) = F&TngTH)
whers: F{((p) = F&_‘l(p) if K€D
or  FUR) = [Fs_o(p = pgll)) + g lpy(k))]  if ke

with the initial condition: Fé(p) =0
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Let:

= k
Pa k%TH P4(k)

and pg= = puk)

: k €TH

1t should be noted that functions Z(p) and C'(p) are only
defined for p < Pye Furthermore, the maximum reserve and minimum

cost trajectorics meet at p = Pge

Therefora, if PAC P Pg?
(a) zp) = z(p,)
(b) C*(p) can be estimated by linear interpolations

P -p, ‘
ﬁ (c(pg) ~ C*(p,))

cr(p) = '(py) +

The general shape of the functions C, C', Z, and Z' are
shouwn in Fig 5.9-1, These can provide sufficient information
to estimate the operating cost of the thermal subsystem,

CTH(pTH'rTH)’ as follous:

The arguments of the function correspond to the coordinates
(pTH’ Pry * rTH) = (pTH'ZTH) on the (p,z) plane of Fig 5.9~1,
With reference to this figure, the point will 1lie in one of

four regions:

REGION A: Prin< 2 < z'(pm)

» It follouws that the spinning reserve requlired is equalled
or exceeded by operating the subsystem along the minimum cost
trajectory. 1t cannot, by definition, be operated more cheaply.

Hence for this region:

CrulPrpTyy) = Clogy)

REGION B s which implies that rTH<: 0.

2TH< P '
This is an infeasible region, and CTH(pTH’rTH) = 09
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FIGURE 5,9-1 FUNCTIONS C, C', Z, AND Z'
FOR THE THERMAL SUBSYSTEM~

cosT

c'(p)

'U_—_—__.—-——-—-—— — —

C (p) = cost along minimum cost trajectory

c'(p) = cost along maximum reserve trajectory

Z (p) = operating value along maximum reserve trajectory
2'(p) = operating value along minimum cost trajectory
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REGION C: 2> Z(pTH).

Operation of the thermal subsystem along the trajectory of
maximum reserve will still not provide the required spinning

reserve, This too is therefore an infeasible region, and

CrylPryetoy) = o

- '
REGION Ds z'(ppyy) < 21 < Z(p.m)

Operation is feasible, but the operating cost is not
explicitly defined by either of the functions C(pTH) ar C'(pTH).
An estimate can be arrived at by linear interpolation in ths

z = direction:

2y = 2'(pgy) ,
CrulPrys=y) = Clogy) + 2(pry) = 2 (P (€*(ppy) = clppy))

Although an approximation, this relation was found to
give reasonably close estimates to the required opsrating
cost of the thermal subsystem, Alterpative methods of
arriving at estimates of CTH(pTH’rTH) are outlined in
Appendix B,
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5.10 APPRAISAL

In Sections 5.4 to 5.9 the theory for a simulation modsl
based upon the CLC was dsvsloped and presented, In comparison
to LDC~based modsls such as those of Sections 5.1 and 5.2 the
CLC~based modsl is much mors complex. However since (albsit in
a very simplified manner) it attempts to mirror actual system
operation it is likely to provids mors accurats sstimates of
production costs, By doing so it also overcomes most of the
shortcomings of LDC~based models which dsrive from the loss
of chronological dataj; of those discussed in Section 5,3, only
that of intermittent opsration of individual units cannot be

directly accommodatsd,

All this has only been achisved at the penalty of incrsassd
computational effort, and the CLC-based modsl is 1liksly to
require a computing time an order of magnitude or so longer
than a fairly comprehsnsive LDC-based model. Hence such a model
will have to be used sparingly = it would be unsuitabls, for
example, for the dynamic programming formulation outlined in
Section 4,3 of Chaptar 4.

Several simplifying assumptions were mads in the course of

development of the model which require further discussion:

- The assumption that system operation can be adequatsly
modelled by consideration of a single aggrsgate pseudoreservoir,.
The validiby of this assumption will depend on ths structure

of individual systems but can generally bs held to be accsptable,
particularly if it is borns in mind that ths objsctive is a
rapid estimate of operating costs and not accurate simulation
of detailed opsrating strategies., As has béen mentionsd ths
assumption does not guarantes that ths levels of sach individual
ressrvoir ars within their safe opsrating limits, Morscvsr with
such an assumption accurate trsatment of hydro units in cascade
along a single river system is impossible., Errors may also

arise because of inaccuracies is sstimation of true pumped
storage cycle efficisncies, and also the implic@t assumption

of a pumped storags cycls over the simulation period, But it

will now be rsaiized that such an assumption is necessary for
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computational economy - an n-reservoir problem not only entails
an n=-dimensional state vector in the dynamic program for optimal
reservoir trajsctoriss, but also requires separate system performance

functions for n indepsndant hydro subsystams,

- A further assumption which requirss clarification lias in
the definition of the system parformance functions for the hydro
subsystems that the subsystem is opsrated along the trajsctory
of maximum ressrvs, This is difficult to justify formally; it is
merely pointed ocut here that in practice for many mixed hydro-
thermal systems ths hydro complement is often largely used for
ragulatory functions®, If thae premise of hydro subsystem opaeration
along the trajectory of maximum rasarve is accepted, ths modsl
will seek the most sconomic resasrvoir trajectory within this
constraint, It should be noted that the opsrating line along
which a system opsrates doas not affect the rate at which
resgrvoirs are replenishad or deplated, this is solely depandant
upon subsystem output, If it doss turn out to be more economic
to supply the rsquired spinning resaerve partly or wholly from
the thermal subsystem, such a condition will be duly identified

and costed accordingly,

- The third assumption to be discussed hers is the definition
of spinning ressrve available from a unit. It was assumad that
a unit could bs brought up to its overload level within a vary
short, almost instantanecus time interval, irrespective of its
prior output capacity. This is manifestly untrus since gensrally
a few minutes will be required for a unit's overload capacity to
be attained. The quantity r used in previous sections may more
precissly be desnoted online rather than spinning raserve, In tha
construction of the modsl however the objective has been to make
axplicit allowance for the provision of spinning ressrve and

to develop a rational and consistent maethod for estimating ths
cost of providing it. Input data may be adjusted upward in respect
of the spinning reserve requirsment if it is considered necassary

to nsutralize arrors arising from this assumption,

* not specifically for reasons of economic system opsration
but bescause of the favourable physical characteristics of
water turbinss for regulation.
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The overall structure of the model will now be clear. The
main problem - of tracing the optimal trajectory of rsesorvoir
levels for minimal operating cost - is a time serial optimization
problem with two separate optimization problems incorporatad into
its constraints, These subproblems can be viswed as allocation
problems, for which in general dynamic programming may not bs
the best or most efficient means of solution, The advantages

howsver are significant:

- Constraints on feasible operating regions for individual
plants turn out to be discontinucus (although linear) and thus
can sasily be accommodated through the use of a numerical method
of solution, as is the case with the standard computational
algorithm, There is no particular special form required for

k) and although
these can be expected to be linear, quadratic or even more

the individual cost functions for thermal plant (c

avkward forms may be used to allow for lowsr part-load efficisncies,

- From the use of the standard computational algorithm, results
are obtained approximated in state space, Thus it turns out that
the functions ZHY(p) for the hydro subsystem, and C(p), 2(p),
C'(p) and 2'(p) for the thermal subsystem are conveniently very
close to the form in which they arse required for application

to the optimal trajectory of reservoir levels problem, To usse,

for example, linear programming for the solution of the subsystem
problems sach time a value for RHY(pHY) or CTH(pTH’rTH) is
required would impose an enormous computational burden since
dynamic programming is used for the solution of thse reservoir

problem,

- Since in planning applications the individual operating
levels for sach plant in the system are not normally of interest
only a single build-up phase is required for the subsystem
performance functions, O0ffline storage of the policy functions

will not normally be necessary.

- Furthermore since for any particular subsystems the recursive
functions will remain unchanged unless plant is removed or
installed, the results of a single build-up phasa can be used for
the solution of a variety of reservoir trajectory problems,

without the performance functions having to be recalculated,
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In this respsct the problem-solving approach differs from that

of an LDC-based model, where sach simulation is principally
dependent upon ths number of units in the system. In this multipls
dynamic programming approach ths evaluation of system performance
functions will be proportional to the number of units in sach
subsystem, but as long as the system remains unchanged the
solution of all reservoir trajectory problems for that system

but with different chronological load curves will be independent

of system sizs.

- When used in the planning environment, in thes context of
system development or expansion, where the system is altered

in the course of time by the addition or removal of small
numbers of units, the property of invariant imbedding giﬁes
rise to significant economies in computation which partly offsst

the apparsnt CP time penalty of using a complex model,

Consider as an example the function ZHY(p)’ arrived at
from the stats function FNHY(p). During the course of derivation

of this function, the functions Fk(p), k = 1,2,..4N,,, reprosentad

HY
the performance functions for the NHY subsystems sach comprising

the first k units in the computational ssquencs,

Therefore if it is required to add M units to a system of
N units it will only be necessary to compute state functions
for a further M stages; the initial condition for this computation
at stage (N + 1) is simply FN(p) — which has already bsen

svaluated,

Similarly if it is required to retirs unit j in the system
of N units it will only be necessary to rscompute the state
functions from stage j to stage (N = 1) (ths number of units in
the new system). The initial condition for this sequence of
recursive functional relations is Fj“1(p), since the state functions
for all imbedded subsystems preceding unit j in the computational

sequence are unaffected by its removal,

In this way sionificant savings in computation time can be

be achieved when ths model is used in the planning environment.
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In Section 5.7, the ideas of operating lines and operating
values were introduced, and these proved useful for reducing the
computational requirement for the system performance functions,.

An approximate idea of the economiss effected by the use of the '
improved formulations of Sections 5.8 and 5,9 can be obtained

from Table 5,10-1. The improved formulation for the hydro sub-
system does not reduce core requirements but speeds up computation
particularly where there are few reversible pump~turbines in ths
subsystem, The improved formulation for the thermal subsystem
results in very significant savings both in core and CP

requirements,

Successive grid reduction can bs used for the solution on
the reservoir trajectory problem, This method has the advantags
of more rapid convergence and faster solution, Another useful
advantags is early identification of infeasible cases. The model

can therefore be used not only for its primary function of cost

TABLE 5.10-1 COMPUTATIONAL ECONOMIES FROM THE USE OF
THE IMPROVED FORMULATIONS

CENTRAL MEMORY CP TIME
PROSLER CORE PER STAGE PER STAGE
Hydro subsystem:
Basic 100 1 ooo At
Improved 100 200 At to 300 At

(see naots 4)

Thermal subsystems

Basic 10 000 100 000 At
Improved 400 1 200 At
Notes:

(1) All state variables quantized tc 100 levsls,

(2) Ten iterations assumed for unidimensional decision searches,
For Fibonacci or Golden Section searches this will reducs
the interval of uncertainty to about 1%,

(3) At = time required for a single scalar comparison,.

(4) Depending upon the number of reversible pump-turbines
in the hydro subsystem, :
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estimation but also to check for feasibility of opsration. For
example, system simulation may be carried out for the same

system but with four diffsrent CLCs corresponding to:

- most severe demand (eg winter)

- most severa (demand + ressrve), (eg winter, as above, or
for worst-case plannsd or forced outages)

- reduced reservoir inflows, and psrhaps a reduced permissible
range of reservoir levels, to simulate system loading

during dry-season conditions.

For the above cases it will be sufficient to check that the
system is capable of operation under such chronological constraints
and an accurate solution is not required, hence a coarse grid can
be used., If the system passes these tests satisfactorily, a final
simulation to a greater degree of accuracy can be conducted,

corraesponding to:

- a curve which is adjudged to be representative of an annual

'average' CLC, for cost estimation purposes,

fhe rasult of this last loading simulation yields the

required estimated production cost,

A disadvantage of the model is its inability to remove a
single unit, other than the last in the computational sequencs,
from the system without extensive recalculation of the recursive
state functions, Therefore it is not convenisntly possible to
evaluate system performance accurately under conditions of

planned outage of particular units,

The model is completely deterministic and ne provision has
been made for stochastic effects with regard to plant performance,
load curves, hydrological inflows, and so on. It is possible to
accommodate these to a degree, Osaling first with the effect of
plant forced outage rates, it is common to reduce CMRs and thus
consider the nominal rating as a guaranteed output level, More
rigorously, however, noting the stage~by-stage nature of the
construction of the rscursive state functions, the Markov chain=
like structure can be exploited to evaluats the cumulative
effects of plant forced outage rates, in a similar manner to

that used in Section 5.2 (probabilistic simulation). This will



not impose a great computational penalty.

Turning next to the effect of uncertainties in load variation
and hydralogical inflows (stochastism in chronolegical constraints)
a methodology exists for the treatment of such dynamic programs,
Unfortunately stochastic dynamic programming /27,36/ imposes
great computational penalties, although alternative simplifications
as suggested by Henault, st al /29/ may reduce the computational

burden.

Whether or not stochastic effects are formally included
into the model the nature of the computational process remains
unchanged, and the model retains all its advantages, To date it
has not been considered necessary by the author to incorporate
such a level of sophistication into the model; in the planning
context it is felt unuvarranted in visw of the quality of the

input data,

Owing to the complexity of the model it is generally
unsuitable for application teo the leading simulation of large
networks with many units, In such cases LDC-~based models should
provide acceptable results since the system can be regarded as
more 'homogeneous'! - less sensitive to the effects of individual
plant loadings. The model is howsver eminently suitable when
applied to small or medium~sized systems where such effects
can be important and erroneous results may be obtained from thse
application of LDC~-based models, In such systems the effects of
individual plant loadings can bse significant, particularly
where the rating of a unit is a significant fraction of total

installed capacity.

A flouwchart showing the suggested layout for the use of
the CLC~-based model in the planning environment is shown in

Fig 5.10~1,
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CHAPTER SIX. CASE STUDIES

A sat of computer programs has been written incorporating
the theory outlined in Chapter Four (Section 4,4) and Chapter
Five (Sections 5.1 and 5,4 to 5.9) for the determination of the
installation framework for power system generating planning. In
this chapter two case studies will be presented, and their results
analysed and discussed. To facilitats inspection of the results
a brief description of the main fPeatures of ths package ig given
below, Morse complete details on the use of the programs are to
be found in /53/.

Te The package consists of four main indsependent programs, to
be executed in sequence., This format has been adopted to
sncourage data checking and inspection of results at intermediate
stages, to prevent possible wastage of computing resources. The

principal functions of the four programs are:

- Input data processing and simple data checking;

- Assembly of the recursive state and policy functions for
the continuous function dynamic program (build-up phass);

- Traceback phase with branch-and-bound search for the
discrete function dynamic program;

- Detailed output listings of optimal expansion strategies,

2. The subperiod for planning studies is a year, A single
consistent monetary unit is used throughout; all capital costs
and operating cost coefficiesnts ars ta bs expressed in tserms
of this unit, Constraints applied on capital sxpenditure are
differentiated according to local and forsign componsnts and

are cumulative over any given number of consecutive years,

3. A plant is defined as a group of one or more units of
identical size, performancs, and vintags, Each plant is
uniquely defined by a name, the number of units it contains,

and its date of installation.
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4o Paramsters supplied as items of input data for seach plant
refer to a single unit comprising the plant, Capacity paramstors
(in MY) follow the definitions given in Section 5.6, thres being
required for non-hydro plants and five for hydrc plants.
Reservoir capacities and hydrolegical inflows for the latter
again refer to a single unit of the plant, and are measured in
Muh or MY equivalent respectively, Cost coefficients for non-
hydro plant define the opsrating cost for sach unit according to
the quadratic roelations

operating

2 .
cost ¢, + C,P + Csp monetary units per hour

p being the instantanscus cutput of the
unit in MW, and

ars the constant cost

C4s Coy and ¢ he
cosfficients,

3
Thaess definitions apply both to plant in the initial system

(the system at the start of the planning period) and the plant

in the pool (candidates for addition during the planning period).

5. For plant in the pool of candidates for selection the
follouwing parameters are additionally specified:

I The minimum number of units ta be installed over
the planning period;

N The maximum number of units that may be selected gvaer
the planning periods;

J The first year in which this plant becomes available
for selections

K The last year of selsction, by which some of tha units

of the plant must have been installed.
This is to be interpreted as follows:

~ ° Between years J and K inclusivse, at lsast [ and not more
than N units of the plant must be installed. Nat less
than M units may be installed in the first year that

units of the plant are selected,

These four parameters may be used to describe a variaty of

common conditional—-type constraints which apply in real 1ife
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sequencing cof site development:

(1)

(i1)

If the optimum number of units to be installed is to be
determined in the study, then J = K = programmed year of
installation, and 1 < N,

I1f on tho other hand the optimum date of implementation
of a project is required, then M = N = number of units to
be installed, and J < K,

(1i1) IPM =H and J = K then this represents a committed

(iv)

(v)

6o

addition to the system of M units of the plant in year J.
Thus plant currently on order or undser construction and
due to bs commissioned during the planning period, can be

introduced to the system at the appropriate datss,

If K > horizon year, then the installation of the plant
is optional, if K  horizon year, its installation is

mandatory, beforse or in ysar K,

If K < J, the plant will never become avallablse for
selection at any date during the planning period (unless
it is relecased toc the pool by another selection -~ ses
following peragraphs)e.

In addition to the above, any plant in the pool can releass

up to two other plants to the pool, and remove up to two other

plants Prom the pool:

(1)

(1i)

If plant A releases plant B, then the latter becomes
available for selection the year after the date of
installation of plant A, This featurs is included to
accommodate site cost considerations and sequencing of
site development - the greater costs of initial site
development and planting, and the usually cheaper costs

of fPollow~on units,

I1f plant A removes plant B from the pool, then the
sslection of plant A disqualifies plant B as a candidats
for future selection. This feature may bs used to
accommodate up to three mutually exclusive choices

available fPor planting at a single site (eg different
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plant types, or different unit sizes).

(iii) As a special case a plant may reneu itself to the pool,
In such cases parameter N defines the upper limit to the
number of units that may be installed at any one ysar and

not over the whole planning periocd,

(iv) A plant may remove itself from the pool.

e The first program in the package inspects all capital cost
data, and a least=squares fit is performed for each plant type,

to a function of the form:

. a
capital a +a

cost = 1 2P p being ths nominal capacity

of the unit in megawatts,
This fit is obtaiped using only first-order information
by means of a numerical search procedure (a modification of the
Nelder—flead flexible polyhedron search). In this way upper and
lower bounds on each of the coefficients Ay 3,9 and a; can be
imposed, These cost coefficients are used for capital cost
estimation (function Cn(gn) in Section 4,4) during assembly of
the recursive functions. Dummy plants (which never becoms
available for selection at any time during the whole of ths
planning pericd) may be supplied toc the pcol to diroct the
numerical lsast~squarss fit ssarch to an acceptable set of

coefficiants,

8. Three daily load curves are used for loading simulation of
the system at each ysar during the planning pericd, The first
of these is a curve representing conditions of most severs
demand or (demand + reserve) expected during this subperiod;

the sscond is a typical load curve encountersed during dry-seascn
operation, A flow factor is to be supplied for each of these
curves, this is a factor by which aggregate reservoir inlows

are to be multiplied before loading simulation,

These first two curves serve only for checking of feasibility
of system coperation under such “difficult! conditions, The third
daily load curve, representing an averags for the.year, is used

for evaluation of system production costs in that ysar, For this
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curve the flow factor is assumed to be unity,

An annual load duration curve is genserated from the third
(maverage") daily load curve, and then each of the curves is
reduced to a skeleton curve for efficiesncy in chronological

loading simulation.

9, During the assembly of the recursive state and policy
functions an LDC-based loading simulation model is used, In
this (the second) program a penalty cost is applied for every
MY by which demand cannot be satisfied, and for every Muh by
which energy cannot be supplied, Penalty costs arse assumed to
be five times average cost of peaking capacity and fivs times
average production costs of peaking plant., Escalation factors
for penalty costs per MW are assumed equal to those for peaking
plant, escalation factors for penalty costs per MwWh are required

as input data,

Ouring traceback (the third program in the package) the
user can gelect simulation of system opsration using either an
LDC~based model (Section 5.1) or a CLC-based model (Sactions
5.4 to 5.9), the former being somewhat less accurate though
significantly faster in execution than the latter, The use of
an LOC~based loading simulation model during traceback is

intended for preliminary exploratory runs.

When CLC-simulation is employed, system performance functions
are updated every five years during the traceback search., This
is done to correct the running cost functicns for inflationary

or deflationary effects in respect of fuel costs.

10, For computational economy installations are limited to a
single plant, any number of units, each year. This assumption

is acceptable for a small or medium-sized system, and also
enables some simplifications to be made during the build-up
phase, All gelections are deemed to take effect in the year
following chosen date of plant installation, whilst capital costs
agsociated with these additions apply in the year of selection.

No salvage value is associated with plant retiremsnts,
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11. All programs are compiled by the Imperial Colleqse FORTRAN
Compiler, and run on the Imperial College Computor System
under KRONOS 2,1,0-06 oporating system, In tho discussion of
the case studies which follow, all references to computer CP
time are in equivalent CP seconds on a CDC 6600, None of the
programs requires a field length greater than 60 0008

(25 000 decimal) for compilation, loading, or execution,

12, All costs mentioned in the discussion or listed in computer
output are discounted and present-valued to year ons of ths

planning study.
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661 CASE STUDY ONE,

This case study investigates the installation framework for
a comparatively small system, with a total installed capacity at
the start of the planning period of 946,5 MY - approximately 40%
hydro, 54% conventional fossil-fuclled thermal plant, 65 psaking
plant, and no installed nuclear capacity, Over ths planning
period of twenty years, programmed removals of existing plant
amount to 120 MW thermal (years S and 8) and 60 {14 peaking
(year 10). These and ths plant mix constraints dictate the
installation over the next twenty ysars of at lsast 220 MW hydro
540 MW thermal, and 200 MW peaking capacity, A test discount
rate of 10% is stipulated, and the fifteen best (least-cost)
strategies of expansion are required, The monstary unit used

throughout corresponds to US$ 103.

Details of the initial system are given in Table 6,1-1, and
of the pool of candidates in Tables 6,1=2. For convenisnce ths

following code has been adopted in naming ths plants:

1st character Site identifier (A to J inclusive) for plants
in the pool, X denotes existing plant, Z

denotes plants which are rsnswable,

2nd and 3rd Plant typs (HY, NU, TH, or PK)
4th Alternatives at a single sita
5th Whether a Committed installation, a free choice,

or Released to the pool by a prior selection,

"Sites" Z aro peaking selections, either gas turbines
(zPK1 & ZPK2) or diesels (ZPK3 and ZPK4), Four 30 MY units of
sither type are to be installed in years 5 or 6 (ZPKIC and ZPK3C)
and subsequent planting of peaking units is to bs with the same
type as initially selected = gas turbines or diessls, Units
“sizes for futurs installations ars 30 MY and 60 MW, Apart from
the committed installations in ysar 5 or 6, all other peaking

options rensu themsclves to the pool,

A summary of the remaining site details and constraints is
given in Table 6,1-3, Two of the sites can bs planted with

nuclear capacity, although this is optional and thermal units
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may be selected instead, It is one of the objectives of this
study to dstermine whether to introduce nuclear units within

the next twsnty years, These units, it has been docided, can
be installed from year 10 onwards (at site E), provided a

decision is made nouw,

Other items of input data are graphed in Figures 6.1-1 to
6.1-4, which are generally self-sxplanatory, The system was in
all years required to supply a spinning reserve amounting to
20% (maximum demand), 10% (dry season), and 10% (average) of
system demand, The flow factor for the maximum dsmand curve
was unity, and for the dry season curvs 0,7, Table 6,1=4 shous
the applied capital-expenditure constraints, It may be noted
that in view of plant costs in ths pool these constraints are

fairly strict,

The performance of the least-squares fit procedure is
graphed in Fig 6,1=5, This shows that owing to different site
development costs and the cheaper costs of follow-on units
there is considerable disparity in the cost per MW of many units
of the same type, The least-squares fit algorithm did not
- convergs for peaking units, but as can bes seen from Fig 6,1=5
the capital cost coefficients are satisfactory. The cost

coefficients were:

hydro: 1.237x10% + 1.166x10°(p)' *000
nuclears: 8.271x103 + 1.031><103(p)c"999
thermal: 2.812x10° + 6.698x102(p)0'969

1,000

peaking: 4.424x103 + 2.666x102(p)

Data processing and checking required a CP time of

approximately 4 seconds,



TRBLE B6.1-1 CASE STUDY ORE .
SYSTEM AT YEAR

SYSTEM COMNTRINS 6 THERMAL PLANTS

PLANT PLANT N3.OF  YEAR YEAR CAPRCITY (1D CIST COEFFICIENTS
ME  TYPE UNITS N ouT MINIMUMT NOMINAL OVERLORD

XTH1 THERML 3 0 15 5.000 20.000 30.000 5.0C0E-03  2.53GE-02 0
XTh2 THERML 3 0 20 5.000 27.500 30.000 5.0006-03  2.04CE-02 0
XTHY THERML 4 0 ) .00} 10.0C0 1G.000 1.000€-03 2.9705-02 0
XTh4 THERML 4 0 26 20.000 55.C00 60.000 1.00CE-C2 2.33¢E-C2 0
XTHS TheRIL 4 o] 5 5.000 20.000 20.000 3.00CE-03  2.530£-02 0
XKy PEARNG 3 0 10 .00y 20,000 20.000 0 7.1310€-02 0
SYSTEM CONTRINS 3 HYDRO PLANTS CAPACITY (D RESERVDIR
PUPING CENERATING CAPRCITY  INFLOW
NCMINAL  MINIMUM  MINIFUM NOMINAL GVERLOAD M 2]
XHY) HYDRO 2 0 27 0 0 .001 50,000 $5.000 250.000 25.000
XHY2 HYDRD 4 0 30 0 0 .001 53.000 £0.0G3 0 30.0c0
XHYD HYCRO 4 o 21 0 0 .031 20.030 20.000 ¢} 15.000

~ {('\l’ -



TABLE 6.1-2A CASE STUDY ONE
CARDICATES FOR RDDITIAN.

YEAR 1

PLANT  PLANT T3T. N3 YEARS LIFE CAPITAL COST CAPACITY (10 COST COEFFICIENTS
MNYE TYPE AVAILBL AVRILABLE YRS FOREIGN  LOCAL RN N3H v
MIN MAX  FIRST LAST

ATHIC THERML 2 2 1 1 25 A4.775+04 2.40£404  50.0 115.0 120.0 2.500€-02 2.310€-02 0
ATH2C  THER™ML 1 1 2 2 25 4.87E+04 2.33E404 50.0 115.0 120.0 2,50CE-02 2.310€-02 a
CY™HIF THERIL 5 6 4 7 25 2.57€+04 7.6CI403 20.0 55.0 60.0 1.203€~-C2 2.311E-C2 o}
CTHIR THCRML, 2 6 21 15 25 2.-4wC+04 B8.063E+33  20.0 55.0 60.0 1,200£-02 2.311L-C2 Q
CTH2F THERML 2 2 4 7 25 5.2°2404 1.57E+04  50.0 115.0 120.0 2.7000-02 2.20CE-C2 ]
CT™oR THERML 2 3 21 15 25 4.50L+«04 2.15F4C4  50.0 115.0 120.0 2.70CE-C2 2.25uc-02 o]
CTHIF THERML 2 2 4 7 25 7.53E+04 2.8B3E+04 100.0 160.0 200.0 4.300C-C2 2.210€-02 <]
CTH3R THERM. 1 3 21 15 25 7.29E+04 3.02£+C4 100.0 1680.0 230.0 4.300€-02 2.210E-C2 o]
OTHIF THEPHL, 4 4 6 13 25 3.04£+04 5.01E+03 20.0 55.0 60.0 1.000€-02 2.3:10C-02 4]
DTHIR THER™ML 2 6 21 17 25 2.81£+04 6.006+03 20.0 55.0 63.0 1.000€-02 2.31CE-02 4]
DTHRF THERML 2 2 & 13 25 5.205+04 1.76E+04 50.0 115.0 120.0 2,450£-02 2.29E£-02 4]
DTHER THERM, 2 3 21 17 25 A4.€CE+04 2.39E+D4  50.0 115.0 120.0 2.4506-02 2.29%E-02 o}
OThIF THER™L 2 2 6 13 25 7.53L+04 3.37E+04 100.0 1603.0 2C2.0 4.2035-G2 2.20%£-C2 0
QTHIR THERM 1 3 21 17 2% 7.02E€+04 3.0-£+04 1C0.0 183.0 200.0 4, 200E-02 2.27E-Q2 0
ETHIF THERM, 2 2 10 21 26 2.1%E+05 4.1490+04 202.0 430.0 503.0 1.250E-01 2.03°€-02 o]
ETHIR THERML 1 4 21 21 25 2.200+05 3.%62+404 2C0.0  <200.0  500.0 1.240C-01 2.012E-02 0
EN2F NJCLR 2 2 i0 21 25 4.27C+05 1.432405 400.0 550.0 €00.0 1.20C€-01 6.1400-03 4]
ENeiR MR 1 4 21 21 25 4.2350405 8.125+04 400.0 550.0 &Q0.0 1.3CCE~C1 6.140E-03 4]
EMNUIF NUCLR 2 2 10 21 25 5.47E+05 2.46E+Q5 500.0 750.0 600.0 1.50CE-01 6.000C-C3 4]
ENU3R MUCLR 1 3 21 21 25 5.470+05 1.0CE4U5 500.0 750.0 80C.0 1.508£-01 6.000E-C3 o]
FTHIF TolRIL 2 2 15 21 25 2.1GE+C5 6.04C+04 200.0 40.0 5C3.0 1.25C6-01 2.0228-02 o]
FTHIR THERM, 1 4 21 21 25 2.206+05 5.600+04 200.0 400.0 500.0 1.25CE-O1 2.C32E-02 0
FNU2F NUCLR 2 2 15 21 25 4178405 2.05€-05 4C0.0 530.0 €00.0 1.300€-01 £.1402-03 0
FHUPR  NUCLR 1 4 21 21 25 4.3%+05 1.395+05 400.0 550.0 609.0 1.200€-01 6.14€-03 o]
FMUWF NUULR 2 2 15 21 25 5.3%405 2.40E405 500.0 7%0.0 0UO0.0 1.900E-01 6.00:¢-03 0
Frajs2 NUQR 1 3 21 21 23 5.376+0% 2.30L+0% %5C0.0 7%0.0 800.0 1.50C-01 6.00.2-03 1]
AL PEIRNG 2 6 21 21 15 4.685L+03 4.00C+0) .0 0.0 30.0 0 7.000L-G2 1]
IFXIF PEARNG 2 & 21 21 15 8.1CE-03 1.95C403 .Q 3.0 3.0 0 7.350£-02 o]
LKA PTANG 1 3 21 21 15 9.4E+403 0.4s0403 .0 €0.0 60.0 0 6.7¢60£-02 1]
L FEARG 1 3 21 21 15 1.55€+04 3.1CE4D] .0 60.0 €0.0 0 7.06CC-02 0
ZPAIC PEARNG 4 4 5 6 15 4.60E+03 4.60£+03 .0 30.0 30.0 0 7.000E 0
2730 PEAKNG 4 4 5 6 15 B.17£+03 1.55E£+03 .0 30.0 30.0 0 7.350€-02 0
oUrTIYX  MUCLR 4 4 21 1 0 1.10E+05 0 .0 100.0 o] 2] o] 1]
DUMY®  NUCLR 4 4 21 1 0 3J3.10E+05 4] .0 300.0 o] 0 <] Q
DUMTY®  THERIL 4 4 21 1 0 4.15E+05 0 .0 750.0 0 0 0 Q
DUrPMY®  PEAKNG 4 4 21 1 0 7.468+04 4] .0 250.0 o] 0 4] 1]
DUrHY®  PEAKNG 4 4 21 1 0 1.408+05 0 .0 500.0 0 [s] 0 9]

9t -



TROLE 6.1-2A (CONTD)

PLANT  PLANT TOT. M) YEARS LIFE CAPITAL COST CAPACITY (D RESERVEIR
ME TYE AVRILBL AVAILABLE YRS  FOREIGN  LOCAL PUrP ING GENERATING CAPCTY INFLOW
MIN tRX  FIRST LAST NO MIN min ey oD Lot ] (2]
BHYIL  HYDRO 1 1 3 3 50 1.05€+05 5.67E+04 0 ] .0 100.0 100.0  300.0 30.0
BHYZC  hiDRO 2 2 4 6 50 4.458+4C4 2.42E404 o 0 .0 100.0 1£0.0 0 €2.0
GHYIF  HYDRO 3 2 7 8 50 5.13C0+04 J.CCE+O4 o 0 .0 33.0 32.0 1Co.0 2.5
GHYIR  HYDRQ 2 4 2} 11 50 2.12E+04 1.20€+04 0 0 .0 30.0 30.0 s} 0
HHYLF  HYDRD 4 4 8 21 50 6.03E+04 2.13C+04 o o .0 40.0 £0.0 25.0 0.0
HHYIR  HYCRO 1 4 21 21 50 2.43L+04 1.20€+04 [+] 0 .0 40.0 £0.0 0 [+]
HHYRF  HYDRO 2 2 8 21 50 1.03C+05 4.50£+04 [+] o] .0 €0.0 100.0 53.0 680.0
HHYOR  HYDR0 b 2 2] 21 50 4.5:C+04 2.6%E+04 0 0 .0 80.0 100.0 o] 0
IHYLIF  HYDRO 4 4 10 21 50 6.336+04 23.27E+04 0 0 .0 “5.0 50.0 250.0 75.0
IHYIR  HYDRO 1 - 23 21 50 3.03E+0% 1.83E+04 0 0 .0 5.0 50.0 [+] o]
IN2F HYDR3 2 2 10 21 50 1.21£405 6.COL+0D c 0 .0 0.0 102.0 500.0 150.0
IHYZR  HYOND 1 2 21 21 50 5.6C 3.CeE+04 ] V] .0 80.0 100.0 0 o
IAYSF HYDD 2 2 10 21 S0 1.67€+405 B.1GE+04 0 0 .0 1.0 150.0 500.0 150.0
IHY3R HYDRD 1 1 21 21 50 B8.76E+04 5.43E+04 0 0 .0 145.0 150.0 0 o]
JHYIF  HYDRO 4 4 15 21 50 5.25E+04 2.7GE+04 o0 0 .0 5.0 50.0 63.0 25.0
JHYIR  HYDRQ 1 4 a1 21 50 2.0iE+04 1.21E+04 0 0 .0 5.0 50.0 0 0
JHY2F  HYDRO 2 2 15 21 50 ©.93E+04 5.55E404 0 0 <0 8C.0 100.0 100.0 50.0
HHY2R  HYORO 1 2 21 21 50 4.21E+04 2.37E+04 o 0 .0 0.0 100.0 [} o

= €9l -
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RELEASES
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TABLE 6.1-28 CASE STUDY ONE
POOL FODIFICATIONS, YEAR

1

CTHIR T0
CTHIF T0
CTHER T3
CTHIR 0
OTHIR T
DTHZR T3
O7THIR T0
ETHIR 70
ENU2R T0
ENUIR 10
FTHIR T0
FNU2R 10
FNU3R T0
GHYIR kel
HHYIR T
HHYZR n
IHYIR T0
IHY2R T0
INYIR T0
JHYIR T0
JAY2R T0
ZPRIF T0
ZPKIF ™
PKR2F T3
ZPRAF T0
ZPKIF IPX2F T3

IPKIF  ZPR4F  TO

POOL »
PCOL
PC3L »
POOL .
P3AL »
PO3L
P33L .«
P3CLy
POJL »
P3OL
POSL .
FCI»
PO
P33l
PCOL
P33
PCOL
POA3L.
PJ3L .
PO3L .
POJL .
P3JL»
POOL.
P33,
FOOL .
PBIL.
POOL .«

AND
AMD
AND
fIND
AND
AND
AND
AND
FND
AND
A0
RAND
AND
AND
aND
AND
AND
AND
AND
RAND
AND
AND
RAND
AND
AND
ANMD
AND

REMOVES
REPOIVES
RCMOVES
REMOVES
RIMOVES
REMOVES
REMOVES
REMOVES
REMOVES
RCMOVES
REMOVES
REMIVCS
REMOVES
REMCVLS
KETRIVES
RIMQCES
REMOVES
REMOMVES
REMUVES
REMOVES
REMOVES
REMOVES
REMOVES
REMOVES
REMOVES
REMOVES
RCMOVES

CTH2F
HIHE

CTHIF
CTHIF
OTHZF
DTHIF
DTHIF
ENUSF
ENUJF
ETHIF
FNU2F
FNUJF
FTHIF
NarZ

HHY2F
HHYIF
IHY?F
I4Y3F
IHYIF
JHYSF
JHYIF
IPR3F
IPK1F
4PKIF
ZPKIF

K10

CTHIF

CTHIF
CTH2F
DTHIF
OTHIF
DTH2F
ENUIF
ETHIF
ENU2F
FNUJF
FTHIF
FHURF

IHYaF
InYLIF
HYer

IPK W

PR
ZPRaf

POCL
POOL
PO3L
PUOL
POOL
POCL
PA0L
FI0L
P33L
P30L
PIOL
PR3
POOL

* POOL

FO3L
FOL
PO3L
PC3L
PCOL
POOL
PIIL
POOL
POaL

POOL
POOL
POOL

- %91 ~



TABLE 6,1-=3
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SITE DETAILS FOR CASE STUDY ONE

SITE

STAGE

DATES

COMMENTS

ysar 1

yaar 2

Thermal plant currently under
construction, due to be introduced
into system during ths planning
period: 2 x 115 MY in year 1,

and 1 X 115 MY in year 2,

year 3

years 4 to 6

Hydro plant currently under
construction, 1 x 100 MY to be
comnissioned in ysar 3, to be
followed by a further two ident-
ical units in yecars 4 - 63 the
optimum date is to be established

years 4 to 7
by year 15

An available thermal site,

Initial planting with (2) 5 or

6 x 55 MY, or (b) 2 or 3 x 115 MUy,
or (c) 2 x 180 MW, Subsequent
planting to be with units of ths
same rating. The site is to bse
fully developed by year 15,

years 6 to 13
by year 17

Similar to site C. Again optimum
unit sizes and planting dates ars
sought, Full development of this
site is compulsory by year 17,

from year 10

A large site earmarked for thermal
or nuclear development, Initially
a choice of (a) 2 x 480 MY thermal
or (b) 2 x 550 MW nuclear, or

(c) 2 x 750 MW nuclear sets,
Follou-on units are to be of the
same typs and size; up to

4 x 480 MW thermal, 4 x 550 My
nuclear, or 3 X 750 MY nuclear,
Development of this site is
optional,




TABLE 6,1-3 (CONTD)
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SITE

STAGE

DATES

COMMENTS

from ysar 15

A further large site available
for devslopment with large
thermal or nuclear units,

Except for dates of availability,
the site is similar to site £,

year 7 to 9
by year 11

A hydro site which must bse planted
with 30 MY units, Ootimal dates
of installation and the number to
be installed at the second stagse
ars to be daterminsd,

from year 8

An optional hydro site with 40 My
or 80 MU choice of unit size,
these being mutually sxclusive
alternatives,

from ysar 10

Another optional hydro site,

with the choice of 45 W, SO0 M,
or 145 W unit sizes., As with
all other sites, subssquent site
development will be with thes same
unit sizes as initial planting,

from ysar 15

Similar to sites H and I, with
the choice of 45 MW or 90 W
units.
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TABLE 6.1-4 CAPITAL EXPENDITURE CONSTRAINTS
FOR CASE STUDY ONE

i Fe Ly Ky
usg 10° usg 10°

1 to 4 250 200 3

5to 9 . 400 300 3

10 to 14 500 400 3

15 to 20 500 400 3

To be interpreted as follous:
- At year i, the maximum capital expenditure over the past
K, years, including year i, is not to exceed F, (foreign component)

or L, (local component).
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DEMAND IN MEGRAHATTS

FIGURE 6,1-1A CASE STUDY ONE
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DEMAND IN MEGRUATTS

FIGURE 6.1-1B
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DEMAND IN MEGRHATTS

FIGURE 6,1-1C CASE STUDY ONE

CHRONCLOGICAL LOAD CURVES OVER PLANNING PERICD
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DEMAND IN MEGARHATTS

FIGURE 6.1-2 CASE STUDY ONZ&
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PATH CONSTRAIHT IN MEGAHATTS

7

FIGURE 6.1-34

CASE STUDY ON®
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PATH CONSTRAINT IN MEGRHWATTS

FIGURE 6.1-3B

CASE STUDY ONE
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FIGURE 6.,1-4 CASE STUDY ONE
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The assembly of all stats and policy functions required a
CP time of 175 seconds. The optimal expansion policy (from
initial state at year 1) and expansion costs to horizon as
predicted by these recursive functions are shown in Table G.1-5,
Total cost of optimal system development ~ costs of installation
and costs of system operation - is predicted to be not greater
than USE 1.66 x 109 over the twsnty-year planning period,
involving nst additions to the system over this period of
1627 MY hydro, 44 Y nuclear, 1073 MY thermal, and 740 MU

peaking capacity., This produces a stats vesctor at ths horizon:

2007 MW hydro
44 MU nuclsar
1579 Mu thermal
800 MW peaking

"

320

Tables 6.1~6 show similar optimal expansion strategiss, not
from the initial state at year one, but from randomly gensrated
initial feasible states at randomly generated start years within
the planning period, to the horizon. Inspection of Tables 6.1=5

and 6,1=6 reveals the following general trends:

- Largely hydro installation in recommended in ths first
half of the planning period, whilst the second half
foaturss the planting of mainly thermal and peaking
capacity., This is a reflection of truncation effscts at
the planning horizon, a shortcoming which can only be
satisfactorily overcome with a steady-state or infinite-
horizon model., Hydro (and also nuclear) plant ars
associated with high capital costs coupled with bensfits
which are only fully realized over ths whols lifs of thse
plant., In many cases plant lifetimes will extend to well
beyond the planning horizon, Ouing to truncation at the
end of the planning period the full bensfits of the
installation of such plant are not recognized closs to

the horizon.

- Truncation at the horizon is also rasponsible for the fact
that installation of substantial nuclsar capacity is not

recommendad, Plant mix constraints (Fig 6.1=3A) precluds
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the installation of nuelear plant until year 10, at which
date the myopic view taken by this model causes it to
select thermal or peaking capacity in preferonce to
nuclear, If howover the planting strategy is forced to
deviate from that recommended in Table 6.1-5 in such a
way that some nuclear capacity has becn installed after
year 10, under certain conditions the continuance of a
nuclear planting programme can be advocated, This will
happen if there is a shortfall in hydro capacity and
excessive thermal and peaking capacity; in such cases
nuclear planting is preferred to hydro. T7The policies of
Tables 6.1-6 have been selected to illustrate this,

Annual planting programmes are generally quite small and
saldom conform to actual options for addition as defined

in the pool of Table 6,1-2. It will never be possible, for
example, to install 44 MW of nuclear capacity in year 17,
lloraover the sequencing of installations will in general
not satisfy the constraints contained in the pool data.
Actual planting strategies will therefore be distortions

of the optimal policy of Table 6,1-5, and may in the event
differ significantly from the continuous~function idealized
case, The traceback searches to be described in the
following paragraphs will demonstrate to what extent this

OCCUTIS,



TABLE 6.1-5 CASE STUOY ONE

CATIMAL EXPANSION

STRATEGY FROM STATE FUNCTIONS

A
b4

DONOVRAE LN -

EXPANSION C3ST
TG HIRIZIN

1.6639C7E+06
1.615395C+06
1.5652726+06
1.2864%E+06
1.224710€+006
1.038047E 406
8.783342€+09
8.250147E+4CS
7.62437GE09
7.190733E+05
5.472544 405
6.8204G4E+05
4.1i737804+05
5.178144€+05
4., 7470490E4+05
4.197532€-05
3.592871E405
2.951055E405
2.202711E+05
1.185032E+405

HYDRG

300.000
380.800
360.000
485,027
587 543
759.543
§50.CC0
£50.002
1055.000
1211.32

1360.328
1253.328
1835.323
1825.328

2007.07¢

43.000
43.000
43,501

1152.837
1385.291
1578.462

43,
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o8
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NICLR THERML
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Oﬂ§OODDDD

PEAKNG

'00-8-0
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TABLE 6.1-6A CASE

NEs OPTIMAL ELPANSION S

TRATEGIES FROM STATE FUNCTIONL

YEARR

19

YEAR

EXPANS ION COST
T8 HORIZ3N

1.217431E+05
7.164413E+04

EXPANSION COSTY
TO HOR1ZON

6.310278E+04

EXPANS BN COST
T0 HIRIZON

2.578750€+05
2.503753L+05
2.1414C4€+05
1.7366L0E +05
1.583003E+05
1.28Q873E+05
B8.142772E+04

EXPANSION COST
TO HORIZIM

3.37894EE +05
2.110331E405
1.9049937E+05

EXPANSION COST
70 HORJZON

2.837113E+05
2.50G360€+05
1.550155E£405
8.872235C+C4
5.817252E+04

EXPANSION COST
T3 HORIZON

1.68261 1E405
1.457592E405
1.227720€+05
3.728273E+04
7.056971E+04
3.80408:C+C4

STATE
HYDRO MUCLR

1531.824 1001.273
1591.824 1001.273

STATE
HYTROD NUCLR

1313.338 1358.017

STATE
HYDRO NUCLR

1380.812 1470.5C8
1380.812 1470.580
1300.812 1470.588
1380.8312 1470.%80
1300.B12 1470.%83
1380.8312 1579.568
1330.812 1625.568

STATE
HYDRO NUCLR

1659.354 25,151
1659.654 29,151
10650.654 29.151

STATE
HYDR) NUCLR

£06.453 1626.004
816.776 1£20.004
1109.702 1628.004
1109.702 1777.247
1103.702 1777.247

STRTE
HYDRO NUCLR

1793.624 1631.107
1708.624 1631.107
1750.624 1631,107
1768.624 15631.107
1763.624 1631.107
1760.624 1631.107

[¢g %)
THERML

3187.558
3187.5%8

o
THERML

2516.199

2]
THERML

1096.684
1056.604
1146.694
1146.684
1145.694
1146.684
1146.694

[¢a 2]
THERML

1382.756
1€23.517
1687.344

(D
THERML

1613.%87
1613.587
1613.587
2605.587
2685.587

<MD
THERML

1834.525
1934.525
1634.525
1834.525
1934.525
1834.525

PERKNG

222,460
222.160

PEAKNG
404,507

PEAKNG

376.767
376.767
375.767
375.767

PERKNG

233.117
233.717
275.63%
275.635
275.835

HYDRO

oo

HYDRO

HYDRO

0000000

HYDRG

[=]e)e]

HYDRC

8.312
292,926

HYDRO

000000

OECISION (MD
MICLR THERML

oo

o]
0

DECISION (1D

MUCLR THERML

o} o
DECISION <MD

R THERTL
[} O
Q $0.000
o} o}
0 [}
109.000 [+}
45.000 0
0 [+]

CECISICN (D

NUCLR THERML
0 230.761
0 73.827
0 [+}
DECISION (0
NUCLR THERML
0 [+]
[} 0
149,242 1072.C00
0 [+]
[} 0
DECISION (40
NUCLR THERML
0 0
[+} 0
+} 0
0 0
+} [+}
0 0

PEAKMG

PEAKNG

256,301
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£0.0C0

PEAKNG
0
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o]
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TRBLE 6.31-6B CASE STUDY ONE.

EXPANSION COST
TO HORIZON

1.501390€+06
1.495731E+05
1.1970.9E406
1, 2093(C%E +06
8.2293776+05
8,299 +(05
7.743300E405
7.819505E+0%
5.715557E+0%
7.604954C+05
4.347619€+05
5.760591E+G5
5.51€720E+05
4, 40190E+05
3.81232°€405
3.49277GLEOS
1.789537E+05
1.0496320€ 05

EXPANSION COST
TO HORIZON

B8.475152E+05
5.692161€+05
6.060433E405
5.2271125+05
A4.3GIK27E+0S
3.611V00E+05
2.692003E+05
2.120554%E+05
1.051031E+05

EXPANSION COST
TO HCRIZON

2.857807E+05
2.508372E+05
1.800316E+05
1.065214£+05

801.351
801.351
801.351

HYDRQ

1540.064
154Q.064
1546 .04
1543.064

zzx=z

TIMAL EXPAYSION STRATEGIES FROM STATE FUNCTIONS

.Coo

STYATE
NUCLR

505.870
930.0870
©30.870
054.786
G54.796
654,765
10<3.024
1043.024
1049.024

STATE
NUCLR

(€324
THERML

725.832
725.032
725.832
725.832
725.832
725.832
725.832
725.0832
825.032
B825.832
077.435
£8£8.473
819.473
S33.473
1042.473
1253.631
1438, 168
1516.000

(4 o]
THERML

1522.665
1522665
1522.665

3518.327

(M0
THERML

2637.357
2537.357
2637.357
2637.3%7

PERKNG

367.222
367,222
367.222
370.033

DECISION (D
MNUCLR

HYDRO THERML
0 0 0
18%.C000 0 0
0 0 [}
385.C00 0 Q
0 0 0
74.21) aQ 0
79.580 0 0
166.66% 0 100.000
0 aQ .Ca0
447.173 o} 51.€03
0 0 11.038
0 0 %0.C00
0 0 50.000Q
184.E865 0 54.000
0 .000 217.158
177.487 Q 178.5%37
o} 0 77.632
o} o]
OECISICN (1D
HYDRG NUCLR THERIL
0 425,008 0
29.200 0

aQ
42,333 23.626  433.000
7 Q ]

11.279 Q o
0 83.228 760.062
0 [ o
0 0 832.000
] 0 [+]
DECISION 4D
HYORO NUCLR THRERIL
o} 0 0
o} 0 0
0 0 0
0 0 0

PEFXNG

ooo

27.254

42,203

- 08t -~
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TRACEBACK SEARCH NO 1

This was an exploratory search with LDC-simulation, and
required a CP time of 27 seconds, A skoleton listing of the
fifteen optimal planting schedules produced by the program is
given in Tables 6.,1=7. From these it can be seen that apart
from the fixed installations at site A and the first stage of
development of site B, the fiftesn schedulss show the following

features:

- Site B, second stage planting to be expedited at the
garliest possible date, ysear 4.

- For site C, 115 MU units are preferred, For initial sits
develaopment, two units are to be installed in year 7 (the
latest parmissible date), with two follow-on units in year
14, unless site D is planted with 180 MY units, in which
case three follow-on units are to be installaed in the

second stage of development of site C, in year 14,

Optimal strategies Nos 9, 12, 13, and 14 also featurs

a further single follow-on unit at site C in ysar 19,

- In contrast, thare is no particular preference shouwn for
any unit size at site D, all thres options being fsatured,
First stage development of this site is to be at thes latest
permissible date (year 13), with 4 x 55 fU, 2 x 115 MW, or
2 x 180 MY, For the secand stags davelopment, if 55 MY
units are chosen, tuoc follow-on units are to be installed
in year 17, followed by another four units in year 193 if
115 MW unit sizes are sglected then two follow-on units at
year 17 (scheduls tla 15 also featuring a further follow-on
unit in year 19); if 180 MU units, then two such units in

year 16 constitute ths second stage sits dsvelopmant.

- For site E, 480 MW thermal units are preferred to the
nuclear options, Initial planting is in year 15 (two
units) with a single follow-on unit in year 18; unlass
site D is planted with 180 MU units, in which case initial
developmant of sits E will be in ysar 17, with no

subssequent site development bafore ysar 20,
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Initial development of site G will beo as late as possible
(year 9). The sscond stage of development involves the
planting of a further four units, also at latest permissible

date, year 11.

For site H, 80 I unit sizes are preferred, two units to
be installed in year 8, For strategies Nos 1 to 4 inclusive

a single follow-on unit is to be installed in year 19.
Site I, 145 My units, two to be installed in year 10,

Sites F and J are not to be developed in the next twenty

yearse

No significant preference is shoun for diesel or gas turbines
for the peaking complement, neither for the 30 MW or 60 fU
available unit sizes, Gas turbines however appear to be

marginally more sconomical,

No installations are to be made in ysar § and year 16 or 18,

The total costs of system development range from USE 3.535 x 10°

to US# 36545 % 109. These costs and the installed capacities at

the end of the planning period are summarized for convenience and
comparisons in Table 6,1-11, Details of the best, 8th best, and

15th best development schedules are reproduced in Tables 6.,1-8,



TROLE 6.1-~7A CASE STUDY DONEe. TRACEBACK SEARCH N3 1

YEAR MUMRER ) NUMBER 2 MIBER 3 NUMBER 4 NUMBER 5 MJIBER 6 NUMCER 7 NIEER B8 NUMBER 9 ['FDER 10
3 2 X ATHIZ 2 X ATHIC 2 X ATHIC 2 X ATHIC 2 X ATHIC 2 X ATHIC 2 X ATHIC 2 X ATHIC 2 X ATHIC 2 X ATHIC
2 I X ATHIC 1 X ATH2C 1 X ATH2C 1 X ATH2C I X ATH2C 1 X ATH2C 1 X ATH2C 1 X ATH2C 1 X ATH2C 3 X ATH2C
3 1 X BHYIC 1 X BHYIC 3 X BHYIC 3 X BHYIC 1 X 2HYIC 1 X BHYIC 1 X BHYIC 1 X BHYIC 1 X BnAviC 1 X BHYIC
4 2 X BHY2C 2 X BHY2C 2 X BHY2C 2 X BHY2C 2 X BHYZ2C 2 X BHY2C 2 X BAY2C 2 X BHY2C 2 X BHY2C 2 X BHY2C
5 NALL NULL NULL RULL NALL HULL NULL NULL NULL NJLL
6 4 X ZPK2C 4 X ZPX1C 4 X ZPe3C 4 X 2Px1C 4 X 29R3C 4 X ZFRIC 4 X ZPx3C 4 X ZK3C 4 X 2px3C 4 X ZPx1C
7 2 X CTH2F 2 X CTH2F 2 X CTH2F 2 X CTH2F 2 X CTH2F 2 X CTH2F 2 X CTHZF 2 X CTH2F 2 X CTHaF 2 X CTHoF
8 2 X HHY2F 2 X HH 2 X HHY2F 2 X HHYZ2F 2 X HHY2F 2 X HHY2F 2 X HHYZF 2 X HHY2F 2 X HMY2F 2 X vY2fF
] 3 X GHYIF 3 X GHYIF 3 X GHYIF 3 X GHYIF 3 X GHY}F 3 X GHYLIF 3 X GHYJF 3 X GHrifF 3 X GHY:F 3 X GHY}F
10 2 X IHYDF 2 X IHYDF 2 X IHY2F 2 X IWYJF 2 X IHYJF 2 X IHY2F 2 X IHY3F 2 X IHY3F 2 X JHYSF 2 X IHY3F

13 4 X GHYIR 4 X GHYIR 4 X GHYIR 4 X GAYIR 4 X GHYIR 4 X GHYIR 4 X GHYIR 4 X GAYIR 4 X GHYIR 4 X GHYIR
12 6 X ZPKJF 6 X ZPKIF 6 X ZPK3F 6 X ZPKiF 8 X I'KIF 6 X Z°KIF 6 X ZIPK3IF 6 X Z/K3F 6 X ZPKZ & X ZPviF
i3 2 X DTW2F 2 X DTH2F 2 X DTHaF 2 X DTh2F 4 X DTHIF 4 X DTHIF 4 X DTHIF 2 X DTHZF 2 X DTHF 2 X DTHYIF
i4 2 £ CTHZ 2 X CTH2R 2 X CTH2R 2 X CT-2R 2 X CTH2R 2 X CTH2R 2 X CTh2R 5 X ZPK3F 2 X CTHD S X ZPx1IF
15 2 X ETHIF 2 X ETHIF 2 X ETHIF 2 X ETHIF 2 X ETHIF 2 X ETH)F 2 X ETH}F 3 X CTHaRr 2 X ETHIF 3 X CTHIR
16 Null NULL NULL NULL MULL NULL NULL 2 X DTHIR NULL 2 X DTHIR
17 2 X DTHZR 2 X DTH2R 2 X DTHZR 2 X DTHeR 2 X DTHIR 2 X DTHIR 2 X DTHIR 2 X ETHIF 2 X DTH2R 2 X ETHIF
i8 1 X ETHIR 1 X ETHIR 1 ¥ ETHIR 1 X ETHIR 1 X ETHIR 1 X ETHIR 1 X ETHIR HAL 1 X ETHIR NAL

19 1 X YRR 1 X HHYZR 1 X HHYZR 1 X HHYZR 4 X DTHIR 4 X DTHIR 4 X DTHIR 2 X ZPKIF 1 X CTH2R 2 X ZPKIF

20 I X IPK4F I X ZPR2F 8 X ZPKIF 6 X ZPKIF 3 X ZPK«F 3 X ZPR2F 6 X ZPK3IF 6 X ZPRIF 3 X IR 6 X ZPKIF

TOTAL

COST  J.5354E+06 3.5360€+06 3.5382E+06 J.5366E+06 3.5427E+06 3.5434£408 J.5405E406 3I.LAIBE+06 I 5410GE+06 I.5430€+06

EZSZEEXTEFE ETSITITIEXX FBEXITTTER

- £l -



TABLE 6.1-78 CASE STUDY ONE.

TRACEBACK SEARRCH NO |

SKELETON LISTING OF OPTIMAL STRATEGIES 11 TO 15, LDC-SIMULATICN

CANOV D WA~

NUMBER 21 NUMBER 12 NUFBER 13 NUMBER 14 NUIBER 15
2 X ATHIC 2 X ATHIC 2 X ATHIC 2 X ATHIC 2 X ATHIC
1 X ATH2C 1 X ATH2C 1 X ATH2C 1 X ATH2C 1 X ATH2
1 X BHYIC 1 X BHYIC 1 X 8AYIC 1 X BHYIC 1 X BHYIC
2 X BRYZC 2 X BHY2C 2 X BhY20 2 X BHYZC 2 X dHY2C
NILL HULL NULL NULL HNILL
4 X 2PK1IC 4 X ZPx1iC 4 X ZPK3C 4 X ZPxiC 4 X ZPx3C
2 X CTHoF 2 X Ciar 2 X CTH2F 2 X CTH2F 2 X CTHeF
2 X HHYZF 2 X HHY2F 2 X HHY2F 2 X HHY2F 2 X HHY2F
3 X CHYIF 3 X GuYiF 3 X GHYIF 3 X GHYF 3 X GHYJF
2 X IHYOF 2 X IAYJF 2 X IWYIF 2 X IHY3F 2 L INYDF
4 X GAYIR 4 X GHYJR 4 X GHYIR 4 X GHYIR 4 X GHYIR
& X ZP«iF 6 X ¢PRIF 6 X 7Px2F S X IPKIF 6 X ZPR3JF
4 X DTAIF 2 X DTWZ2F 2 X CTM2F 2 X DTn2F 2 X CTH2F
2 X CTHIR 2 X CTH2R 2 X CTHeR 2 X CThaR 2 X CTher
2 X ETHIF 2 X ETHIF 2 X ETHIF 2 X ETHIF 2 X ETHIF
NULL NULL NULL ~uLL NULL
2 X DTHIR 2 X DTHZR 2 X DTH2R 2 X DTH2R 2 X DTHIR
1 X ETHIR 1 X ETHIR 1 X ETHIR 1 X ETHIR 1 X ETHIR
4 X DTHIR 1 X CTH2R 1 X CTw2R 1 X CTH2R 1 X DTH2R
6 X ZPXAF 3 X ZPK2F 6 X ZPK3F & X Z°K3F 3 X PKAF
3.5439E406 3.5495E+06 3.5447£+406 3.5451E+06 JI.5451E4+06

- vl ~



TABLE 6.1-8A CASE STUDY BNEs TRACEBACK SCARCH NO 2
OPTIMAL E)PMSION STRATEGY» NUMBER

YR SYSTEM CHAMGES FOR THIS YEARR INSTNJ.ED CAPK.ITY AT STNIT OF YEAR COSY OF AODITIONS SYSTEM CUMAATIVE TR
HEGAWATTS) FOREIGN LoCAL RUNNING COsST AT
HYORO NELR THERM. PEAXNG TOTAL CasT END OF YERR
(ALL COSTS PRESENT~ORYHED TO YEAR OE)
1 INSTALL ATHIC 2 X 115 MJd THERML 380 0 507 60 S47 9.54000E+04  4.9600CE+04 5.56%0E+04  2.00646E+05 1
2 INSTALL ATH2C 1 X 115 M4 THERML 380 [+} 7 60 1177 4.604360+04  2.19813E+04  65.44376E+04  3.30118€+05 2
3 INSTALL BHYIC 1 X 100 M4 HYDRO 380 0 es2 60 1202 9.23246E+04 4.971226+C4  7.29303E+04  5.4C00LE+05 3
4 INSTALL BHY2C 2 X 100 M4 HYORG 400 0 852 60 13%2 7.30510€+04 3.97355E+04  6.63626C+C4  7.27220E+05 4
5 NG AOOITIONS THIS YEAR €80 [+] 052 60 15682 4.13839€+04 7.68620€+0% 5
RETIRE XTHS 4 X 20 red THERML
& INSTALL ZPK3C 4 X 30 Ml PEAKNG 680 +} 772 60 1512 2.41002E404  4.57225E+03  5.46239€+04 8.52215%t45> 6
7 INSTALL CTHRF 2 X 115 rd ThERML 680 +} 772 1680 1632 7.45666E+04 2.24271€404 6.76117€+04 1.D1EB2AE+D8 7
8 INSTALL HHYQF 2 X 80 MJd HYORO €80 0 1002 180 1862 1.375046+0% 5.E8008E+04  7.B2081E+04  1.283947E+056 8
RETIRE  XTH3 4 X 10 M4 THERML
@ INSTALL GWYIF 3 X 30 Md HYDRO 840 [} 62 180 1982 $.094849€+04 5.31862E+04 6.97302€+04 1.50334€+0% 9
10 INSTALL IHYDF 2 X 145 1J HYDRO 030 [¢] 062 180 2072 1.848196+05 9.03060C+04 6.73042E+04  1.949586E+06 10
RETIRE XPX} 3 X 20 M PEANG
11 INSTALL GHYIR 4 X 30 MJd KYORD 1220 [} 962 120 2332 4.41453E404 2.48706E+04  5.21B15E+04  1.9670LE+06 11
12 INSTALL ZPRYW 6 X 30 M PEAKNG 1340 [} 962 120 2422 2.51140E+04 4.75891€+403  5.36813E+04 2.05061E+06 12
13 INSTALL OTH2F 2 X 115 M4 THERML 1340 0 262 300 2602 5.48903E+04  1.795€3E€+04 6.0G4€3E+04 2.182J1E+06 413
14 INSTALL CTH2R 2 X 115 M4 THERML 1340 0 1182 300 2832 4.30663€+04 2.07304E+04 B8.21357E+04 2.32097€+06 14
15 INSTALL ETHIF 2 X 480 M4 TWERML 1350 0 142 300  30e2 1.095405+05 3.77572E+04 Q.4951530+C4 2.67079C4+36 19
RETIRE  XTH3 3 X 2y M THERML
16 MO RODTTIONS THIS YEAR 13490 0 2208 300 3938 1.06081E4+0% 2.77687£406 16
17 INSTALL OTHR 2 X 115 Md ThERM 1340 0 2208 300 J6d8 3.81528£+04 1.94040E+04  1.21600£+035 2.05620C+08 17
18 INSTALL ETHIR 1 X 480 MJ THERML 1340 0 «s28 300 4108 8.95613E+04 1.37106E+404  1.37076E+05  3.19158E+06 18
19 INSTALL HHYZ2R 1 X 63 Md HYDRD 1340 0 3008 300 4543 1.40545€+04  B8.23571E403  1.4G015E+0%  3.2E260E+06 19
20 INSTALL IPX4F 3 X 60 Md PEAXNG 1420 0 3008 300 4728 1.4617CE+04  2.02340E+03  1.54Q945C€+0% 3.53538€+08 20
RETIRE XTH2 I X 38 MW THERML
AOC~SIMARTICY RUND TOTALS 1.33704E+06  5.3378CE+DS  1.5506EE+05

L-



TADLE 6.1-€3 CASE STUDY ONEs TRACEBACK SEARCH NG 3
CPTIMAL EXPANSION STRATCGY. NUMCER B

......... TTzIIEET sx=zz3

YR SYSTEM OHNGES FOR THIS YEAR INSTALLED CAPACITY AT START OF YEAR C3ST OF RODITIONS SYSTEM CUNLATIVE W
{MEGAUWARTTS) FCREICN LGCAL RINNING CasT A7
HYORD NUCLR THERML PEAKNG TOTAL END DF YEAR

Lasy
(ALL C3STS PRELENT-ORTHED TO YEARR OFE)

1 INSTALL ATHIC 2 X 115 M4 THCRML 330 0 507 &0 947 9.549000E+04  4,56000€+04 5.56956E+04 2.0C6<GE+05 1
2 INSTALL ATH2C 1 X 115 M4 THERM 300 a 37 60 1un 4.60430E+04 2.19013E+04  6.44376£+404  3.3311680+05 2
I INSTRL BRYIC 1 X 100 Hd HYDRO 382 0 852 &0 1202 0.23246E+04  4.071326+04  7.29303E+04 5.4806GEWS )
4 INSTALL BRYZC 2 X 100 M4 NYDRD “80 o e52 60 1332 7.30510E+04  J.97355E€+404  5.63020E+04  T.27200E«5 4
5 N3 ACDITIONS THIS YEAR 680 0 52 &0 1582 4.13036E+04  7.88L24 05 5
RETIRE  XTHS 4 X 20 M4 THERM.
6 INSTALL ZPX3C 4 X 30 Md PEAKNG &80 a 772 &0 1512 2.4]1C02E+04  4.57225E403 5.4234E+04  0.52215E405 6
7 INSTRLL CTHOF 2 X 115 M4 THERML 680 [+] 172 180 1632 7.45666E+04  2.24271E+04 6.756117E£+404 1.01E02E+06 7
8 INSTALL MHYZF 2 X BD M4 HYDRG 680 0 1002 160 1852 1.37084E4+05 5.68008E+04  7.82681E+04 1.28247E+06 B
RETIRE XTH3 4 X 10 rd THERML
O INSTALL GHYIF 3 X 30 fd HYDRQ [GE~] 062 180 1882 9.0C404E+04  5.31662C+04 5.07302€+404 1.503342+406 @
20 INSTALL IHYSF 2 X 145 M HYDRD 830 0 662 180 2072 1.84010E+05 9.03059E+04  5.73042E+04  1.B8456LE«CH6 10
RETIRE XPK1 I X 20 MM PEAKKG
11 INSTALL GHYIR 4 X 30 rMd HYDRD 1220 0 862 120 2302 4.41953E+04 2.98706E+04  5.21815E+04  1.6A7D6E+0E 1Y
12 INSTALL ZPX3F 6 X 30 rd PEAKNSG 1340 [+] 862 120 2422 2.51195€«04  A.T5801C0+03 5.36813E+04  2.05061E+06 12
13 INSTALL OTHOF 2 X 180 MJ THERML 130 [+] 862 300 2602 7.68263€+04 3.43633E+04 6.5£402E+04 2.22047E406 13
14 INSTALL ZPKDF 65 Y 20 W PEARNG 1340 g 1322 300 2s62 1.450C0E+049  3.510G2€+03 8.)13860€404 2.33330€406 14
15 INSTALL CTH2R 3 X 115 4 THERM 1340 0 1322 450 3112 6.23314£+04  2.84123E+04  0.BIESCE+04  2.52405E+06 15
RETIR.  XTHI 3 X 20 W THoArL
16 INSTALL DTHIR 2 X 180 M ThERML 13490 0 1533 a0 5.053006+04  J3.31100€+04  1.13250E405  2.73009%€+«086 18
17 INSTALL ETHIF X 430 14 THERML 1340 0 1949 0 I3 1.78372€405  3.37505E€+04 1.26210€+05  3.038230+06 17
1B K3 ADOITIONS THIS YEAR 1340 g 2033 0 4603 1.28792£405  3.20606€+06 18
310 INSTALL ZPXOF 2 X 30 M4 PEAKNG 1340 0 2803 50 <683 5.46569C+03  1.03537E+03} 1.504020+0%  3.36230€+06 19
20 INSTALL ZPKJF 6 X 30 Md PEAKNG 1340 0 2603 510 4753 1.54260E+04 2.82340C+03  1.62436E+05 3.54077E+C6 20
RETIRE XTW2 I X 28 M4 TCRL

ADC~SIMAATISN RUN TOTALS 1.309562E+05  5.56003E+0%  1.00205€+06




TABLE 6.1-0C CASE STUDY ONE,

BRTIMAL EXPRYSION STRATEGY. NUMDER 15

TIIFESTIT

TRACEBACK SEARTH NO 1

YR SYSTEM CHANGES FOR THIS YEAR INSTALLED CAPACITY AT START OF YEAR CCST ©OF ADDITIO S SYSTEM CUMULATIVE YR
(MEGAWATTS) FOREICGNY LOCAL RUNNING C3ST AT
HYDRD MR  THERML PEAKNG TOTAL cosT END OF YEAR
(ALL COSTS PRESENT—ORTHED T3 YEAR ONE)
1 INSTALL ATHIC 2 X 115 4 THERML 380 0 507 €0 047 9.590C0E+04  4.06000E+04 5.56956E+04 2.00646E+05 1
2 INSTHLL ATHRC 1 X 115 M4 THERML 380 0 737 60 1u7n 4,60426E+04 2.10012E404  6.44376E404  3.3311BEX DS 2
3 INSTALL BHYIC 1 X 100 I HYDRO 330 [} 852 60 1202 9.23246E+04  4.97132E404  7.208303E404  5.48086£+05 3
4 INSTALL BHYZ2C 2 X 100 rtd HYDRO 480 o} 52 60 1392 T7.30510E404  3.97355E404  B.EDE2CE+04  7.2723LE4D5 4
5 MO RODITIONS THIS YEAR 680 [} 852 60 1582 4.13835€+04  7.60620€+05 5
RETIRE XTHS 4 X 20 M4 THERML
6 INSTAHLL ZPKIC 4 X 30 re PEAKNG &80 [} 772 60 1512 2.41002E+04 4.57225E403  5.492340+04  B8.%2215€+05 &
7T INSTALL CYR2F 2 X 115 M THERML 680 o} 772 180 1632 7.45666E404  2.24271E+04 B6.76117€+04  1.01682E+06 7
8 INMSTALL HHY2F 2 X B0 MJ HYDRO 680 0 1002 180 1B62 1.37504€+0% 5.E8006E+04 7.82C81E+04 1.20047E+06 8
RETIRE  XTH3 4 X 10 M4 THERML
Q INSTALL GHYIF 3 X 30 M4 HYDRO 840 o} 062 180 1882 0.00464€404  5.31C52E+04  6.87302£404  1.50004€+06 ©
10 INSTALL JHYDF 2 X 145 M HYDRO 830 0 862 160 2072 1.84818€4+05 ©.03068C+04  6.73542£+04  1.B458CE+06 10
RETIRE XPXIY 3 X 20 rud PLAKNG
11 INSTALL GHYIR 4 X 30 I HYDRD 1220 0 S62 120 2302 4.41953E404 2.487CSE+04 5.2181564+04  1.86706E+G6 1t
12 INSTALL 2PKJF 6 X 30 MJ PCAKNG 1340 0 862 120 2422 2.5114€E+049 4.758018+403 5.36313E+04  2.09061E+06 12
13 INSTALL DTHRF 2 X 115 M THERML 1340 0 062 3C0 2602 5,49890SE+04  1.73560E+049 6.056433E+04  2.1821IE+406 13
14 INSTALL CTHeR 2 X 115 I THERML 1340 0 1182 300 2832 4.36065C+04  2.073G4€+04  8.21357E+04  2.33897CH6 14
15 INSTALL ETHIF 2 X 430 1 ThERML 1340 0 1422 300 3062 1.09558E+0%  3.77572E+04  0.45153E404 2.67076E+06 15
RETIRE  XTHI I X 20 M4 THERML
i6 MO AODITIBNS THIS YEAR 1340 0 2298 300 2928 1.0C081C+05  2.77687E+06 16
17 INSTALL DTHZR 2 X 115 M4 THERML 1340 0 2208 300 23828 J.8152BE+04  1.9434CE+04  1.21088E+05 2.9562CL+C6 17
18 INSTALL ETHIR 1 X 460 MJ ThERML 1340 0 2528 300 4108 B.45013E404  1.371GEE+04  1.3707CE«05  J.19158C+06 189
19 INSTALL DTH2R 3 X 115 MJ THERML 1340 0 3008 300 454 1.70521E+04 B.70023E403  1.4C015E£405  I.3LE36E+C6 18
20 INSTALL ZPK4 3 X 60 MJ PEAKNG 1340 0 3 300 4763 1.46170E404  2.82340€403  1.6117CE+05 J.54507c+06 20
RETIRE XTH2 3 X 20t THERML
QDC-SIMAATION RUN) TOTALS 1.34004E+08  5.00292€405  1.6643CE06
e .

= LGL =
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TRACEBACK SEARCH NO 2

Aftsr sevsral similar exploratory runs, with marginal
changes applisd to the pool, Traceback Search No 2 was conductsd,
the pool of Table 6,1-2 bsing modifisd by:

- Compulsory dsvslopdent of ths second stage at site B

in year 14.

~  Removal of 55 MW and 180 MY options at both sitss C and O,
thus standardizing for future system devslopment on the use
of 115 MY thsrmal units at these sites, Site C is to be
initially developed in year 7.

- Removal of 750 M nuclear options at sits E; the initial
development of this site (with 480 My thermal or 550 Mu
nuclear units) constrained to ysar 15 onwards, although

development of the site rsmains optional,
- Initial devslopment of site G compulsory in year 9,

- Removal of 40 MY options at site H, 45 MW and 90 Mu options
at site I, and all options at sitss F and J,

- Removal of all psaking options except ZPK3C (30 MW gas
turbines in ysars 5 or 6) and ZPK4F (60 MW gas turbines
at "renewabls!" sites), thus standardizing on gas turbines

for ths futurs peaking complement,

No changes were made to ths datss of availability of the
remaining candidates in ths pool, nor to the programmsd

retirement dates for existing plant.

with thess modifications a traceback ssarch with CLC-
simulation was conductsd, this requiring a CP time of 108 seconds.,
Inspection of the computer list—out of the path taken during the
search reveals that ths sventual optimal schsdulss were in fact
identified within about 70 ssconds, ths remainder of the time
being required for examination and eventual rsjection of othar
feasible paths, A skelston listing of ths fiftesn lsagt-cost
devslopment stratsgiss produced by this run is shown in
Tables 6,1~9,



Fundamentally tho same trends as in Traceback Search Mo 1
(Tables G.1~7) aro evident, with one significant difference,
Second-stage development of site C is brought forward to year 8
(one year after initial planting), displacing ths development of
site H, which is now no longer featured in any of the optimal
devolopment schedules, Any shortfall in total installed
capacity as a result of this is counterbalanced by the installation
of more peaking capacity, or one more follow-on unit (115 Mu) at

sites C or D, or a single follow-on unit (145 Mw) at site I,-

The results of this traceback search ovaluate ths costs of
the development schedulss to range from USE 3.609 x 10° to
Usg 3.655 x 10°. Detailed analyses of the best, Sth bast, and
15th best development schedules identified during this run ars
given in Tables 6.,1-10,



TALE 6.1-04 CASE STLDY ONEs TRACEBACK SEARCH NG 2
SKELETON LISTING Ot OPTIMAL STRATEGIES 3 T3 10s CLC-SIMAATION
= ===z = zza

zzszss=33T zzz=zszrz====zx=

YEAR NUBER 1 NUMDER 2 NJMBER 3 NUMDER 4  NUMBER 5 MUMBER 6 NUMBER 7 NUMBER B NUMBER @ NUMBER 10

1 2 XATHIC 2 X ATHIC 2 X ATHIC 2 X ATHIC 2 X ATHIC 2 X ATHIC 2 X ATHIC 2 X ATKIC 2 X ATHIC 2 X ATHIC
2 1XATHXC 1 XATH2C 1| X ATH2C 1 X ATH2C | X ATHAC 3 X ATH2C  § X ATH2C 1 X ATH2C 1 X ATH2C 1 X ATHIC
3 § X BAYIC & X BMYIC 1 X BHYIC 3 X BHYIC § X BHYIC 1 X BMY3C 1 X BHYIC ] X BMYIC 1 X BHrFIC 1 X BAYIC
4 2 X BAY2C 2 X BHY2C 2 X BHMY2C 2 X BRYPC 2 X BHY2C 2 X BHY2C 2 X BHYZC 2 X BHYZ 2 X BHY2C 2 X BMY2C
S NULL NULL MNULL MULL NULL MULL HULL HULL NJLL NULL
6 4 X ZPR3C 4 X ZPA3IC 4 X ZPK3C 4 X ZPXIC 4 X ZPR3IC A X ZPKIC 4 X ZoK3C 4 X ZPK3C 4 X Zox3T 4 X ZK3C
7 2 XCWRF 2 X CTM2F 2 X CTH2F 2 X CTH2F 2 X CTHF 2 X CTH2F 2 X CTwaF 2 X CTH2F 2 X CTH2F 2 X CTH2F
8 2 XCTH2R 2 X CTH2R 2 X CT2R 2 X CTH2R 2 X CTHZR 2 X CTHZR 2 X CTH2R 2 X CTH2R 2 X CTH2R 2 X CTHeR
-] 3 X CHYIF 3 X GHYIF 3 X GHYIF 3 X GHYIF 3 X GHYIF 3 X GHYIF 3 X GHYIF 3 X GHYIF 3 X GAYIF 3 X GrYIF
10 2 X IMYIF 2 X IMY3F 2 X JRYIF 2 X IMYIF 2 X IMY3F 2 X IHY3F 2 X INYIF 2 X INY3F 2 X I4YF 2 X INYHF
11 4 X GHYIR 4 X GHYIR 4 X GHYIR 4 X GHYIR 4 X GHYIR 4 X GHYIR 4 X GHYIR 4 X GHYIR 4 X GHYIR 4 X GHYIR
12 2 X ZPK¥ 2 X ZPX4F 2 X ZPRAF @ X ZPX4F 2 X ZPKaF 2 X 2PKSF 2 X ZPR4F 2 X 2PK4F 2 X ZPRSF 2 X IPX¥F
13 2 X DTHZF 2 X DTH2F 2 X DTH2F 2 X DTH2F 2 X OTH2F 2 X DTMzF 2 X DTK2F 2 X DTH2F 2 X DTH2F 2 X DTW2F
14 3 X ZPK4F J X IPKSF 3 X ZPKAF 3 X 2PnAF 2 X DTH2R 3 X ZPKaF 3 X 2PK4F 3 X ZPK4F 3 X ZFKSF 3 X 2PK4F
15 2 X ETMIF 2 X ETWiF 2 XETHIF 2 X ETHIF 2 X ETRIF 2 X ETHIF 2 X ETKIF 2 X ETWIF 2 X ETHIF 2 X ETHIF
16 1 X ZPRaF NULL 3 X ZPK9F | X ZPn NULL 1 X ZPK4F 1 X ZPKSF ] X CTH2R 1 X CTH2R NULL
17 2 X DTH2R 2 X DTHAR 2 X DTHZR 2 X DTHZR 2 X ZPKk4F 2 X OTWZR 2 X DTHPR 2 X DTH2R 2 X DTH2R 2 X DTH2R
18 3 X Zok4F 1 X ETHIR 1 X ETHIR 3 X ZPK4F | X ETHIR 3 X 2Pk4F 1 X ETHIR 3 X ZPK 3 X ZP4% 1 X ETHIR
18 1 X ETHIR 2 X 2PaaF | X ZPK4F 1 X ETHIR 3 X ZPX4F 3 X ETHIR 1 X CTH2R 1 X ETHIR 3 X ETHIR 1 X IWYIR
20 L X ZPKF 3 X ZPKGF 3 X IPK4F 2 ZPKSF 3 X ZPK4F 1 X CTHZR 3 X ZPKWF 1 X ZPKHF 2 X ZPK4F D X ZPK&F
TOTAL —_——
COST  3.6C89€406 3.6101£406 3.6134E406 3.61470+06 3.6177E+06 3.6262E+06 3.63226+08 3.633ZE+06 3.63G1E+06 I.64226+06
------- tzs= = EETZIEERI TTZEISTITEE




TABLE 6.1-98 CASE STUDY DNE. TRACEBACK SEARCH NO 2
5K TON LISTING OF T S 10

YERR NUMBER 11 NUMBER 12 NUFBER 13 NUMBER 14 NUMBER 15

1 2 X ATH.C & X ATHIC 2 X ATHIC 2 X ATHIC 2 X ATHIC
2 3 X ATH2C 1 X ATH2C 1 X ATH2C 1 X ATHZXC 1 X ATHZC
3 1 X BHYIC 1 X BHYIC 1 X BHYIC 1 X BHYiC 1 X 8HYIC
4 2 X BAY2C 2 X grnYeC 2 X BHYZC 2 X BHYZC 2 X BHY2C
5 NULL hULL HULL NULL NULL
6 4 X Zpx3C 4 X ZPRIC 4 x ZPX3C 4 X Zpx3C 4 X ZPK3C
7 2 X CTW2F 2 X CTHSF 2 X CTHoF 2 X Crnef 2 X CTHZF
8 2 £ CTHeR 2 X LTHER 2 X CTH2R 2 X CTHRR 2 X CTH2R
9 3 X GHYIF 3 X GAYIF 3 X GHYIF 3 X GHYIF 3 X GHYIF
10 2 X IHYJF 2 X IHY3F 2 X IKYDF 2 X IHYDF 2 X IHY3F
11 4 X GHYIR 4 X GHYI 4 X GHYIR 4 X GHYIR 4 X GHYIR
12 2 X £PKe4F 2 X ZPRaF 2 X IPK4F 2 X ZPNSF 2 X Zpr.aF
13 2 X CThoF 2 X DTHRF 2 X DTHIF 2 X DTHOF 2 X DTwZF
14 3 X PN 3 X ZPR4F 3 X ZPRSF I X ZAF 3 X ZPKAF
15 2 X ETHIF 2 X ETHIF 2 X ETHIF 2 X ETHIF 2 X ETHIF
16 1 X IPKSF 1 X 2PR4F 1 X IWY3R 1 X CTH2R 1 X ZPKSF
17 2 X DTHZR 2 X DTH2R 2 X DTH2R 2 X DTH2R 2 X DTHZR
18 3 X ZPKSF 1 X ETHIR 2 X IPKaF 3 X ZPR4F 1 X ETHIR
19 1 X ETHIR 1 X JHYDR 1 X ETHIR 1 X ETHIR 1 X CTH2R
23 1 X IHYIR 2 X ZPK4F 1 X 2PKaF 1 X DTHZR 1 X IHY3R
TITAL
CosT 3.6437E+06  3.6495E4+06 I.E511E+06 I.6518E406 3.6554Z+06
EZSXI33IIZ  £IITIISTET  IIITTITAEI  AEFIITITIS  £3sIInINSE

Lol -



TABLE 6.1-10A CASE STUDY BNE. TRACEBACK SEN?CH NO 2
PTXM EXFANS 10N STRRTC..Y: NUMBER

YR SYSTEM CHANGES FOR THIS YERR INSTALLED CAPRCITY AT START OF YERR COST OF ADDITIONS SYsTEM CUMRATIVE YR
(MEGAWATTS) FORE IGN LOCAL RUNN ING COST AT
HYDRE HNUCLR THERM. PEAKNG TOTAL c3sT END OF YESR
(ALL C3STS PRESENT—HOMTKED TO YERR CNE)
1 INSTALL ATHIC 2 X 115 M4 THERM 386G 0 s07 60 C47 9.54000€+04  4.56000£+04 6.94405E+04 2.14447E405 4
2 INSTALL ATH2C 1 X 115 M4 THERML 380 0 737 €0 1177 4.60436E+04  2.19913E+04  7.36564E+04 3.5613WE+05 2
3 INSTALL BHYIC 1 X 100 rd HYDRO 380 [+ 852 60 1282 9.23246E404  4.87132£+04  7.89661€+404 5.77142€405 3
4 INSTALL BHY2C 2 X 100 M4 HYDRO <80 0 652 60 1382 7.30510E+04  3.97355€+404 6.006C0E+04  7.59000€+05 4
5 N) ADDITIONS THIS YEAR 660 0 a52 60 1582 5.21335E+04 B.13143E+05 5
RETIFE  XTHS 4 X 20 M4 THERML
6 INSTALL ZPXK3C 4 X 30 M PERKNG ceq o 772 60 1512 2.41C02E+404  4.57225E+403 6.853326+04 9.08343E+05 ©
7 INSTALL CTHF 2 X 115 Md THERML 660 772 180 1632 7.45E66E+04  2.24271E+404  7.80625E+04  1.0834CE+06 7
B8 INSTALL CTH2R 2 X V15 M4 THERML 680 [} 1002 180 1862 6.15856E+04 2.9C374E+04 B.18025E+04  1.25583E+06 8
RETIRE  XTWY 4 X 10 M4 THERML
9 INSTALL GnYIF 3 X 30 M4 WYDRO 680 0 1182 180 2052 0.09484€+04 5.01862E+04 8.67835E+04  1.48675€+06 ¢
10 INSTALL [hYDF 2 X 1495 Md HYDRO 170 0 1182 160 2142 1.84818€405 ©.03060£+04 6.08426£+04  1.84272E+06 10
RETIRE XPX) 3 X 20 M PEAKNG
11 INSTALL GHYIR 4 X 30 td HYDRD 1060 o 1182 120 2372 4.414953E+C4  2.407CEE+04 B8.300205+404  1.952025+4C6 18
12 INSTALL ZPrR4F 2 X 60 tW PERKNG 1180 '} 1182 120 2462 1.58630E+04 3.17251E403 B8.69228£+04  2.0BU60E+06 12
13 INSTALL OTHRF 2 X 115 td THERML 1180 0 1182 240 2812 5.4G906E+04  1.7056SE+04  1.01714E405 2.27324c+06 13
14 INSTALL ZPX4F 3 X 60 M4 PERKNS 1180 0 3422 240 20842 2.10655C+04  4.21313E+403  1.03707E405  2.4C223E+06 14
15 INSTALL ETHIF 2 X 430 td THERML 1180 Q 1422 4z0 3022 1.69540E+405  3.77572€+04  1.016CEE+DS  2.7414GE+06 15
RCTIRE  XTHY 3 X 20 M4 THERML
16 INSTALL ZPK4F 1 X 60 M PERKNG 1180 G 2238 420 3830 6.21651E+03 1.24330E+403 1.22857F+05>  2.07183C+06 16
17 INSTALL DTH2R 2 X 115 M4 THERML i80 0 2 480 3358 3.8152CE+04  1.94340€+404  1.31822E+0%  3.064352+06 17
18 INSTALL ZPX4F 3 X 60 M4 PERKNG 1180 0 2528 480 4168 1.65106E+404  3.30212£+403  1.38805E+05  3.22000€+06 18
19 INSTALL ETHIR 1 X 9680 M4 THERML 1180 c 2526 660 4368 7.9772E+04  1.20713E+04  1.43505E+05  J.40649C+06 19
20 INSTALL ZPXF 1 X 60 M PEAKNG 1380 0 3008 600 4843 4.87234€403  0.74467E+02 1.46605E+05  3.508@0E+06 20
RETIRC XTH2 I X 28 M THRERML
CLC-STMAATION RUN) TOTALS 1.224C0E+06  4.80515E+05

1.€5825C+06

- 6l =~



TABLE 6.1-108 CRSE STUDY ONE. TRACEBACK SERRD( NO 2
OPTIMAL E)G’F\NaION S]TGRTEGY- NUMGER

s3=suss

----::

wm

SYSTEM CHANGES FOR THIS YEAR INSTMLED CAPACITY AT START OF YEAR COST OF ADDXTIDNS SYSTEM CUMULATIVE TR
MEGRAKWATTS) FOREIGN OCAL RUNN ING C35T AT
HYDRO NLLR THERIL PEMNG TOTAL €osT END OF YEAR
({ALL COSTS PRESINT—ORTHED TO YEAR ONEY

1 INSTALL ATHIC 2 X 115 M4 THERML 380 0 507 60 047 9.5400CE+04  4.960C0E+04 6.944590+04  2,14447E405 |

2 INSTALL ATH2C 1 X 115 Md THCRML 380 0 737 60 1177 4.50435E+04 2.10013E+04  7.365%.4L+04 13.56138E+C5 2

3 INSTALL BHYIC 1 X 100 M4 HYDRD 380 o] 8s2 €0 1292 0.23246E+04 4.87132E+04 7.E3661E+04 5.77142E+05 3

4 INSTALL BHY2C 2 X 100 M4 HYDRO “20 0 852 60 13892 7.30510€+04  3.97355E+04 6.50700E+04  7.59009€+405 4

5 ?ﬂ MOITIO'*S THXS YEAR 680 0 852 60 1502 5.21338C+04 0.11143E«5 5
XTHS 4 X 20 M THERML

6 INSTALL ZPXIC 4 X 30 M4 PEARNG 680 0 772 60 1512 2.41002E+04  4.5722%E+03  6.85332E+04 09.00346E+05 6

7 INSTALL CTH2F 2 X 115 M4 THERML €80 0 772 180 1632 7.45666E+04 2.24271E+04  7.80625E+04 1.0834CE£+06 7

8 INSTALL LTH2R 2 X 115 MJ THERML 683 [+] 1002 180 1862 6.15656E+04  2.80371E+404  B8.18025E+04  1.25583E+06 8
RETIRE XTHW} 4 X 10 ru THERML

9 INSTALL GHYIF 3 X 30 M HYDRO 680 0 1182 180 2052 9.03964€+04 5.31862E+04 8.67835E+04 1.406752+06 @

10 INSTALL IWYDF 2 X 145 M HYORD 770 0 mne2 180 2142 1.84919E+05 9.0306SE+04 B,0842€E+04  1.84272£+06 10
RETIRE XPK) 3 X 20 M FEAMNG

311 INSTALL GHYIR 4 X 30 MJ HYDRO 1060 0 1892 120 2372 4.41453E+04 2.40706E+04 8.10920E+C4  1.962826+06 i

12 INSTALL ZPX4F 2 X 60 M4 PERKNG 1160 0 1192 120 2482 1.58630E+04 3.17261E+03 B.60220E+04  2.03008E+06 12

13 INSTALL DTH2F 2 X 115 M4 THERML 1180 ] 1182 240 2612 5.48309E+04 1.780EGE+DS  1.01714E+405  2.27324C+06 13

14 INSTALL DTH2R 2 X 115 M3 ThERML 1180 0 1422 240 2842 4.51495€+04  2.00545E+04 1.03707E405 2.494515E406 14

15 INSTALL ETHIF 2 X 400 M4 THERML 1180 0 1652 243 23072 1.99543E405  3.77572E+04  0.55552E+04  2.7780iE+06 15
RETIRE  XTHY 3 X 28 M4 THERML

16 N3 ADOITIONS IS YEAR 1180 0 2%28 240 23948 1.33963E405 2.91197E+406 16

17 INSTALL ZPK4F 2 X 60 M4 PEAKNG 1180 0 2529 2490 3948 1.16583E+04  2.33567E+03 1.315232405  3.05793E+06 17

18 INSTALL ETHIR 1 X 430 M4 THERM. 113C 0 2528 360 4068 B6.45813E+04  1.37.96E+04 1.38:08E+05 3.26355€+06 18

10 INSTALL ZPX4F 3 X 60 M4 PEAKNG 1130 0 230c8 380 4543 1.55350€+4C4  3,:07002+03 1,42550E405  3.45516E+0b 10

20 INSTALL ZPX4F 3 X 60 MJ PEAXNG  §130 0 3008 540 4728 1.46170E+04  2.82340E+03  1.45031E+05 3.61773E+06 20
RETIRE  XTH2 I X 28 M4 THERML

QR C~SIMNLATION RUN) TOTALS 1.22C87E+06  4.E9471E+05 1.89836E+06

~ g6t -~



TABLE 6.1-1CC CASE STUQY 3NE.

oPTIMAL

EXPANSION STRATEGYs NUMBER 15

TRACEBACK SEARCH NO 2

YR SYSTEM CHANGES FOR THIS YEAR INSTALLED CAPACITY AT START 07 YERR COST OF ADDITIONS SYSTEM CUMULATIVE YR
(MEGAWATTS) FORE IGN LOCAL RUNNING COST AT
HYDRE NUCLR  THERML PEFKNG TOTAL cast END OF YEAR
(ALL COSTS PRESENT-ORTHED TG YEAR CNE)
1 INSTALL ATHIC 2 X 115 M4 THERML 380 o] 507 [ 2] 947 8.54000E+04  4.9600CF+U4 6.5 ¥500+4 2,14497E+05 1
2 INSTALL ATH2C 1 X 115 M4 TRERML 360 o] 737 60 1177 4.60436E+04  2.18913E+04  7.3656<E£+04  3.5613BE40% 2
3 INSTALL BHYIC 1 X 100 td HYDRD 360 0 852 60 1202 8.23246E+04  4.971328404  7.83C61E+04  5.77142e+05 3
4 INSTRL BAY2C 2 X 100 td KYDRO 480 a 852 60 1332 7.30510E+04  3.87355€+04 6.80900E+04  7.5800GE+05 4
5 NO ADDITIONS THIS YEAR 680 o] 852 60 1592 5.21333E+04  B8.11140E+05% 5
RETIRE XTW5 4 X 20 rd THERML
6 INSTALL 2PK3C 4 X 30 M4 PEAKNG €80 0 772 6C 1512 2.41002E+04  4.572256+403  6.653322+404  ©.03340E+05 8
7 INSTALL CTHZF 2 X 115 4 THERML €80 172 1] 1632 7.45666E+04  2.24271E4049  7.80625E+04 1 COJ4CE+C6 7
B8 INSTALL CTH2R 2 X 115 34 THERML €60 0 1002 160 1862 6.15650E+04  2.G0371E+04  B8.18C25E+04 1.25%@3E+06 8
RETIRE XTH3 4 X 10 M4 TeERML
8 INSTALL GHYIF 3 X 230 rd HYDRO 630 1182 180 2052 9.09484€+04 5.31462E+04 B.67E3ISE+D4 1.46675E+06 8
10 INSTARL [HYDF 2 X 145 M HYORO 770 o] 1182 180 2142 1.84318E+05 0.03C6GE+04  B.08426E+04 1.84272€406 10
RETIRE XK1 3 X 20 t FLAKNG
11 INSTALL GHYIR 4 X 20 rd HYDRO 160 o] 1182 120 2372 4.41433£+04  2.46706£+04  8.10920E+04 1.99282E+06 11
12 INSTALL ZPx4F 2 X 60 r4 PEAXNG 1100 0 1182 120 2492 1.5853CE+04  3.17261E+03 B.60228E£+04  2.0C599%60E+06 12
13 INSTALL OTHW2F 2 X 115 td THERM 1160 o] 1192 243 2612 5. 48905E+04 1.73563E+C4 1.01714E+05 2.27324E406 13
14 INSTALL ZPR<F I X 60 rd PEAKNG 1169 Q 1422 240 2842 2.10695E+04  4.21313E403 1.03737£+05 2.40222E+06 14
15 INSTALL ETHIF 2 X 480 MH THERM 1100 Q 1422 420 3022 1.995498E+0% 3.77572£+04 1.01806E+05 2.741<0E406 15
RETIRE XTH1 3 X 26 M4 THERML
16 INSTALL ZPKaF 1 X 60 Md PEAKNG 1180 o 22¢e 420 3£98 6.21651E+03 1.24330£403 1.22967E+05 2.87183E+06 16
17 INSTALL DTH2R 2 X 115 M THERML 1160 o 2208 480 2958 3.81526E+04 1.84340E+04 1.31920€+05 3.06139E+06 17
18 INSTALL ETHIR 1 X 480 M4 THERM 1130 o 2528 «50  4i88 8.495913E+04 1.37166E404 1.36805€+05  3.25850E+406 18
189 INSTALL CTHZR 1 X 115 M TRERML 2182 o 3033 430 4668 1.E6195E404  7.83375E+03 1.45258E+05  3.46821E«0C 19
20 INSTALL IHY3R 1 X 145 M4 HYDRO 1180 o ua 480 4783 2.91160C+04 1.5568%E+04 1.40963E405  3.65530E+06 20
RETIRE XTH2 3 X 28 M THERML
LLC-SIMAATION RUN) TITALS 1.243045+06  5.063BIE+05 1.85932€4C6

- PGl
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DISCUSSICN

From the precsding results it will be seen that, for this
case study, the use of an LDC-based loading simulation model
yields estimates of system opsrating costs some 15% lower than
those given by CLC-loading simulation. This is the principal
reason for the differance in costs of optimal expansion strategies

of Traceback Searches Nos 1 and 2.

Of the two, the CLC~based model provides a more accurats
treatoment of hydro plant, taking into account the chronoclogical
sequence of reservoir deplstion and replenishment, and also
evaluating costs of -provision of spinning reserve., The second
traceback run rejects the installation of hydro units at éita

H on the basis of this more stringent svaluation procedurs,

Table 6.1=11 shows that the estimates of total expansion
costs from the state function are gross underestimates of the
actual expansion costs obtained from the traceback searches,
The discrepanciss are due to constraints inherent in the pool
data, which mean that the required capacity of hydro and
peaking plant cannot be installed, and the resulting shortfall
in installed capacity has to be made good by the installation

of thermal stations.

Nuclear stations do not featurs in any of the optimal
development schedules, As discussed previocusly, substantial
nuclear capacity is not recommended by the state and policy
functions. There is howsver a second rsascon for the non=-
gelection of nuclear options. The steady exponential growth in
demand means that new system capacity is continually required,
as svidenced by the very busy planting schedules of Tables 6,1-=7
and 6,1=9, This together with the stringsncy of the capital
expenditure constraints of Table 6,1-4 discourages initial
overplanting at any site, especially of large units., In fact
the lack of sufficient capital often prevents even the consider-
ation of expensive nuclear units at sites E and F as feasible

options,
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TABLE 6,1-11 COMPARISON OF RESULTS FOR CASE STUDY ONE

state and traceback s=sarch
policy
Punctions No 1 (LDC) No 2 (cLC)
. 9 9
expansion 9 3.535 x 10° to 3.609 x 10° to
cost, USP 1.66 x 10 3.545 x 10° 3,655 x 10°

installed capacities
at end of year 20 (Mu):

hydro 2007 1340 1180 - 1325
nuclear 44 0 0
thermal 1579 2903 - 3123 3008 - 3238
peaking 800 480 - 690 600 - 780

TOTALS 4430 4908 = 4943 4908 - 5023

Subsequent work on this case study would therefore includs
greater attention pald to cost estimates of those sites selacted
during these preliminary runs, modifications to the plant mix
constraints (Figs 6.1=-3) to give greater agreement with the
implied constraints in the pool and hence closer estimates of
expansion costs, followed by reassembly of the recursive functions

before further traceback search runs,
At this stage however some broad conclusions may be drawn:

- Attention must be directed towards early completion of
the second stage of site development at site 8,

- The development of site G, which is aluays deferred to the
latest possible date, may not be an economic propositiocn for
the system*, Site I on the other hand appears to occcupy an
important position in all development strategies,

- The installation of nuclear plant within the next twenty
years is not urgent, provided that the development of sites
Cy D, and E with thermal units remains feasible and econamic,

and if constraints on capital expenditure remain unchanged,

* This option was included as an example of a multipurpose
water resources project; it is more expensive per MY than
all other hydro options (see Table 6,1-2)
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6.2 CASE STUDY Tuwo

This second cass study concerns a scmeuhat larger system,
with a total installsd capacity at ths start of the planning
psriod of 7756.8 MW (23% hydro, 10% nuclsar, 65% thsrmal, and
3% peaking). The planning period spans fifteen ysars, and the
five best (lcast-cost) dovslopment stratsgies ars required from
the traceback searchss, The unit used for all costs and

expsnditures corrssponds to £ 103.

The system is comfortably overplantsd at ths bsginning of
the planning study, and ths path constraint (minimum total
installed capacity, Figs 6.2-3) ensurssthat a gross plant
margin of at lsast 25% is maintained, Rstirements during thse
planning period total 90 MW hydro, 448 Mu thermal, and 55 Mu
peaking capacity, and the plant mix constraints snforce the
addition during ths Piftsen-ysar planning psriod of at lsast
65 MW hydro and 135 MU psaking capacity,

The initial system and dstails of the pool of candidates
for selsction are in Tablss G.,2-1 and G.2-2, Of ths sitss to
be developsd, site A (2 x 600 My nuclear) and sits 8 (4 x 25 Mu
psaking) represent projects currently in progress, dus for

complstion in years 4 and 2 respectively,

Site C, a hydro sits with a maximum installed capacity of
4 x 40 MW, is to bs sslscted betwsen years 5 and 10 inclusivs,
For this sits betwsen two and four units may be chosen, with

no subsequent site dsvelopment.

Sites D and E ars large sitss sarmarked for thermal or
nuclsar development, to be planted with 600 MW units, First
stage of planting is to be with two units, and follow-on units
can total up to thres. Removal and relsase pool options for
these plants constrain the dsvslopment of at least ons of the
sites with thermal capacity (to take advantags of indigensous
fossil fusl resources) although ths planting of both sitss is
optional.' Site D is available from year S onwards, site E

from year 8 onwards,
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Site F is an optional thermal site to be daveloped in tuwo
stages to an eventual maximum site capacity of 4 x 300 fitl, This
site is available from ysar 7 onuwards, and first stage development
is to bs with two 300 MY units.

Sites G (maximum 5 x 20 MW or 4 x 30 MW, inflow 80 MW
equivalent) and H (maximum 4 x S0 MW or 3 x 100 MW, inflouw
240 My equivalent) are separate optional hydro sites,

available from years 7 and 9 raspectively,

Site I is a possible pumped storage sitas, available from

ysar 6, The implementation of this project is alsoc optional,

Capital expenditure constraints for this cass study ars
given in Table 6,2-3, O0Other data are in Figures 6,2-1 to
6.2-5, The system was required at all ysars to supply spinning
reserve amounting to 25% (maximum demand) and 15% (dry ssason
and average) of demand., The flow factor for the maximum demand
curve 1,00, for the dry season curve 0,85, The least squares
fit algorithm yielded the following expressions for the capital

cost functionss

hydro:  1.442x1072 + 1,029x10°(p)0* 740
nuclears 7,000x10% 4 7.863x10%(p)0* 9%
thermals 4,403x10% 4+ 5,955x10%(p)°* 865
poakings 1,338 + 2.660x102(p)0'911

Data processing and checking required a CP time of
approximately 2,5 ssconds.



TABLE 6.2-1 CASE STUDY T.O
SYSTEM AT YEAR §

=2zSzzro2EzzIIxs
SYSTEM CONTAINS 14 THERMAL PLANTS
PLANT  PLANT N3.OF YEAR YERR CAPACITY (MD COST COEFFICIENTS
MMFE TYPE UNITS N ouT MINIMUM  NOMINAL OVERLCGAO
Ny NICLR 6 o 2 10.000 48.300 48.300 3.350E£-02 1.410€-03 0
a2 MCLR i 0 25 200.000 500.000 %03.00n 3.920€-01 1.600£-03 0
XTHL THERML 4 o 2 300.000 576.060 576.000 6.110€-01 6.470£-03 0
XTH2 THERML 4 0 20 100.000 208.000 266.000 3.7C0E-02 8.270€-03 o]
XTHY THERML 2 <} 17 350,000 300.0C0  314.000 %.100E-01 1.090E-02 0
XTH4 THESML 4 4] 19 20.000 49.000 51.00C 1.100€-01 1.314-03 0
XTHS THERML 1 Q 19 28.000 57.000 59.00C 1.2005-01 1.266f Q3 ]
XTHE THERFL 2 0 18 48,000 105.000 117.500 2.200E-01 1.362C-03 0
XTH? THERML 3 <] ® 20.000 57.000 60.000 1.700€-01 1.,823C-03 0
XT3 THERML 4 ] 4 33.000 55.000 59.000 1.330E-C1 1.431L-03 o]
XTWg TWRCRML 2 0 3 15.000 28.500 29.000 1.8CCE-02 3.830€-03 o]
XTHIO  THERML 2 0 4 20.000 27.500 27.509 1.7UCE-02  3.680C-03 0
xPxy PEAKNG 2 Q 16 -001 70.030 70.000 0 2.130E-03 0
T2 PEAKNG 1 [} 12 .031 55.0030 $5.000 0 2.035E-03 0
SYSTEM CONTAINS 7 HYDRO PLANTS CAPACITY 1l RESERVOIR

PUMP ING GENERATING CAPACITY INFLOM

NOMIMNAL MINIMUM  MINIMUEMY NOMINAL OVERLOAD M M

XHY] HYDRO 6 0 25 0 ] .001 40.0C0 50.C00 0 «5.N00
XHY2 HYDRO 3 0 e 0 0 .001 30.000 30.C00 40.09C 35.000
XHYD HYDRQ 4 0 16 0 0 .001 $0.0C0 0.000 0 0.000
XHY4 HYDRO 4 0 22 0 0 .00} €0.000 60.0C0 0 35.000
XHYS HYDRO 2 0 38 9 0 .C0} £0.000 60.000 ] 30.000
xs) HYORD 4 o 3 -110.000 ] .00l 100.000 163.000  1600.000 o
xs2 HYORO 2 0 3 -160.000 0 .Cos 150.000 150.000 26097.000 [}

- 6cL =~



TABLE 6.2-2R CASE STUDY TWO

CANDIDARTES FOR AD:

0ITION, YEAR

PLANT  PLANT TOT. N YEARS LIFE CAPITAL COST CAPACITY (MO CB8ST CCEFFICIENTS
ME TYPE AVAILBL AVAILABLE YRS  FOREIGN  LOCAL MIN NOM ovo

MIN MAX FIRST LAST
ANUIC  NCLR 2 2 4 4 25 J.11E+05 3.45E+04 400.0 600.0 600.0 4.0006-0Y 1.ES(L-03 0
BPXIC  PEACNG 4 4 2 2 15 2.306+03 2.70£+03 .0 25.0 25.0 0 2.2350€-02 0
CTHIF THERTML 2 2 5 16 25 1.0<€+05 1.03€+05 300.0 600.0 600.0 6.9800£-01 7,.000€-03 0
DTHIR  THERML 1 3 16 16 25 B.b4E+04 8.6 +Ce4 3D00.0 €00.0 600.0 6,8J0E-0% 7,000€-03 [}
DNUIF NUCLR 2 2 5 16 25 3.63C+05 4.04F+04 4(G0.0 €00.0 600.0 4.11G06-C1 1.66CE-QY 0
OMUIR MUCLR 1 3 16 16 29 2.70E+05 3.11E+04 400.0 600.0 600.0 4.110E-Q1 1.660E-03 0
ETHIF THERML 2 2 8 16 25 1,10E+405 1.1CE+05 300.0 €&00.0 600.0 6.8705-03 7.10CE€-03 0
ETHIR Tr ML 1 3 16 16 25 6.17€+04 8.95€+04 300.0 630.0 €00.0 6.670E-01 7.1032-03 el
ENUILF NUCLR 2 2 8 16 25 3.70£+0% 4.22e+04 <00.0 600.0 &0C.0 4. 11601 1.6605-03 a
ENUIR  NUCLR 1 3 16 16 25 2.A02+C5 3.2%E+04 430.0 600.0 600.0 4,.110E-01 1.660E-03 o]
FTHIF TRt RML 2 2 7 16 25 6.37£+04 6.00£+04 100.0 300.0 305.0 5.65GE-Q1 1.1C0€-C2 a
FTHIR  ThiRML b 2 16 16 25 5.81E+04 5.7CE+04 100.0 300.0 305.0 5.950€-01 1.100€-C2 0
ZPX IR PEARNG 2 & 3 : 15 4.55£+03 4.81E£+403 .0 50.0 50.0 0 2.26CE-02 s}
PLANT  PLANT TOT. NG YEARS LIFE CARPJTAL COST CAPRCITY (D RCSERVERIR
NAE TYPE AVAILBL AVAILABLE YRS FOREIGN  LOCAL PUMP ING CENERAT ING CAPLTY INFLOW

MIN MRX  FIRST LAST NOM MIn niN NOM owv.0 g2}
CHYLIF  HYDRQ 2 4 5 10 45 3.24€+04 2.1GE+04 0 o] .0 40.0 50.0 0 35.0
GHYIF  MYDRO 2 2 7 16 45 9.98£+03 6.4CE«0D 0 0 .0 20.0 20.0 .0 0.0
GHYIR  HYDRO b 3 16 16 45 5.54€+03 3.70€+03 0 0 .0 20.0 20.0 0 0
GHY2f  HYDRO 2 2 7 16 45 1.43£+C4 0.26E+03 0 0 0 30.0 30.0 .0 “0.0
GHY2R  HYDRO b 2 16 18 45 7.94€+03 5.20€+03 ] 0 .0 33.0 3C.0 0 0
HHYIF  HYDRO 2 2 ] 16 45 3.228+404 2.15E+C4 0 0 .0 50.0 55.0 30.0 120.0
HHYIR  HYDRO 1 2 16 16 45 1,00E+04 1.20C+04 0 [} .0 £0.0 %5.0 0 0
HHY2F  HYDRO 2 2 9 16 495 b6.16E+049 4.10E+04 ] 9 .0 160.0 163.0 .0 120.0
HHY2R  HYDRO 1 1 16 16 45 J.52£+04 2,26E+04 0 0 .0 1C0.0 160.0 0 0
IPSIF HYDRO 2 2 6 16 45 7 45E+C4 6.09E+04 -75.0 -10.0 .0 100.0 108.0 1000.0 [}




SELECTION
SELECTION
SELECTION
SELECTION
SELECTION
SELECTION
SELECTION
SELECTION
SELECTION
SELECTION
SELECTION
SELECTIOM
SELECTION
SELECTION
SELECTION
SELECTION

OF
oF
oF
oF
oF
aFr
oF
oF
oF
oF
oF
GF
CF
oF

oF

CHYLF
DTHIF
OHUILF
ETHIF
ENULF
FTHIF
FTHIR
GHYLF
GHYIR

GHY2ZR
HAYLF
HAYIR

HRY2R
ZPKIR

RELEASES
RELEASES
RELEASES
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RELEPSES
RELEALES
RELEASES
RELEASES
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RELEASES
WKELEASES
RELEASES
RELEASES
RELEHSES
RELERSES

TABLE 8.2-286 CASE STUDY TWO

POIL MODIFICATIONS: YERR 1

zz-zzssrzsszarrzzzzzasczscas
NENE T POOUL, ANMD REMOVES
DTHIR TO PIOL. AND REMOVES
DNUIR DTHIF TC PCOL. AND REMOVES
ETHIR TO POJL. AND REMOVES
ENUIR T3 POOL. AND REMDVES
FTHIR TQ PO3Ls AND REMOVES
NOE T3 P30L. AND REMOVES
GHYIR GHY2R TO PA2L, AND REMOVES
NONC TO #O0Ls AND REMOVES
GHYIR GHY2R TO POJL. AND FEFMCVES
NONE TO FJOL, AND REMIVES
HHYIR HHYZR TO PG3L, AND PEFIVES
NINE TO POIL, AND REMOVES
KHYIR HHY2R TO POBL. AND REMOVES
NONE T3 POOL. AND REMOVES
ZPKIR TO POCL, AND REMOVES

CHYIF
ETHIF
NONE

OTHIF

NGNE

FTHIR
GHY2ZF
GHYZR
GHYIF
GHYIR
KHY2F
HHYER
HHYF
HHYIR
NONE

DMNULF
ENULF

FRG™
FROM
FrRC™M
FRaM
FRaM
FROM
FROM
FROM
R0M
FROM
FR3M
FrOM
FROM
FRGH
FROM
FROM

POOL
POOL
PEOL
POCL
PCOL
POOL
PO
PI0OL
POOL
POOL
POOL
oL
PAOL
POOL
POCL
POOL

- L0z -
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TABLE 6,2-~3  CAPITAL EXPENDITURE CONSTRAINTS
FOR CASE STUDY TWO

i Fi Ly Ki
£ 10g £ 109
1 to 4 1.5 2.0 S
5to 9 1.5 1.75 .5
10 to 15 1.5 1,75 5
To be interpreted as follouwss
- At year i, the maximum capital expenditure over the past

Ki years, including year i, is not to exceed Fi (foreign component)

or L, (local component).
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DEMAND IN MEGRHATTS

FIGURE 642-1A CASE STUDY TWO
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DEMRND IN MEGRHRTTS

FIGURE 6.2-1B  CASE STUDY TO
CHRONOLOGICAL LOAD CURVES OVER PLANNING PERIOD
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DEHAND IN MEGRWRTTS

FIGURE 6,2-1C CASE STuUDY TWO

CHRONOLOGICAL LOAD CURVES OVER PLANNING PERIOD
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DEMAND IN MEGRWATTS

FIGURZ 6.2-2 CASE STUDY TWO

ANNUAL LOAD DURATION CURVES OVER PLANNING PERIOD
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PATH CONSTRAINT IN MEGAWARTTS
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FIGURE 6.2-3A CASE S5TUDY TWO
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PARTH CONSTRAINT IN HMEGRWRTTS
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FIGURE 6.2-33 CASE STUDY TWO

PATH CONSTRAINTS OVER PLANNING PERIOD
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CASE STUDY TWO

FIGURE 6.2-4

DISCOUNT AND ESCALATION FACTORS
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(IN RRBITRARY MONETARY UNITS)

CAPITAL COST

FIGURE 6.2-5 CASE STUDY TWO

LERST-SQUARES FIT FOR CAPITAL COSTS
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The information necessary to define all state and policy
functions for all subsequent tracoback searches was assembled

in approximately 170 seconds.

The optimal expansion policy from initial state at year 1
is shouwn in Tabls 6,2-4, indicating the net addition over the
fifteen-year planning period of no hydro, 1627 (MY nuclear,
1219 MW thermal, and 802 MY peaking capacity, yielding a final

state vector at year 153

1750 MY hydro

2417 MUY nuclear
6241 [y thermal
997 -ty peaking

315

Truncation effects as discussed under Case Study One in
Section 6.1 are discernable in Table 6.2-4, and also in Table
6.2-5, which lists some optimal expansion strategies and costs
from randomly generated initial state vectors at randomly

generated start years to the horizon,

The total cost of system development from the initial state
at year one to the horizon is predicted by the state functions
to be not greater than £ 2,7 x 109.



TRBLE 6.2—4 CASE STUOY THO. OPTIMAL EXPANSION STRATEGY FROM STATE FUNCTIONS

X EEEEEEEISITCIIIITSSIICESEITIITISEIILILCISSSISITSIESSRCIEXSIIEIINIZTISITIES
YEAR EXPANSION COST STATE (MO
T3 HORIICN HYDRO NUCLR THERML PERKNG HYCRO
1 2.6€6035%€+06 1750.000 763.800 5022.003 185.000 Q
2 2.5724G30+06  1750.000  733.000 5022.001 105.cCo [}
3 2.446109€+06 1790.0C7 783.800 5022.001 275.000 0
4 2.455731E+06 1750.000 783.800 5022.001 275.000 [}
S5 1.532048E+06  1790.00C 2417.207 5022.0C01 27%.000 0
6 1.40406E+06 1750.000 2417.207 5(022.001 275.000 0
7 1.40840LE+06 1750.000 2417,207 5%C22.001 275.000 0
8 1.333711£+406  1750.000 2417.207 5022.001 275.000 0
9 1.2549203E+06  1750.0C0 2417.207 5022.004 275.000 0
10 1.1401C0E+06 1750.000 2417.207 5022.001 360.564 [}
11 1.002004£+06 1750.000 2417.207 5022.001 527.517 [}
12 8.09730CE+05 175C.000 2417.207 5102.001 6:18.717 [}
13 B.675455E405 §750.000 2417.207 6043.908 728,656 [}
i4 5.558355E+05 1750.000 2417.207 60<3.800 641.822 0
15 3.371266E+05  1790.000 2417.207 &24.104 ©86.558 [}

1627.40

CECISION (D

LR THERML
0 0
0 0
0 Q
7 4]
0 0
0 0
Q0 0
0 ]
0 0
Q 0
0 60.000
0 946.607
+] 4]
0 192.285
[} 0



TROLE 6.2-5 CASE STUOY TMO. OPTIMAL EXPANSION STRATEGIES FROM STATE FUNCTIONS

YEAR

ANV AIUN

EXPANSION COST
10 KORIZAN

2.554355E +06
2.437220£+05
2.337L 440406
1.6332228406
1.4331J8E£+06
1.411834€+05
1.333%0E 6
1.233335€406
1.1318038 40
1.0131875£+06
9.71032CE+05
7.204003E+05
6.477851£405
4, CEOETFSEHCS

EXPANSION COST
T3 HORIZON

2.43571€8+06
2.412347E+06
1.522400€ 406
1.427672C+06
1.3523527E+06
1.287770€+C6
1.207FCAE+06
1.101341E+06
9.8705702 +05
8.870371C+05
6.61242°0 0%
5, 54660 +05
4,200637764+40%

EXPANSION COST
T HORIZIN

2.026E87E+05
1.4333568406
1.3002:16E£+06
£.310301E+06
1.2577055+06
1.1826322+00

BITIFIXTSIT XS EEESIESIISCISIIEITTZIENACTANITSAXENE
STATE G40 DECISION (4D
HYDRG MCLR THER? PEAXNG HYDRO MUCLR THERML
1786.710 774,052 4G05.799 185.704 0 0 0
1766.710  774.052 4606.798  275.000 o] ] o
1785.710 774,052 406,785 306,743 0 1425.385 a
1706.7i0 21892.435 4006.739 519.%01 0 125.000 0
1756.710 2324.438 4506.709 510.501 0 0 Q
1708.713 2324.435 406.763 $19.50% 0 0 0
1786.710 2324.435 45C6.799 518.501 o 0 0
1766.710 2324.428 4.55.789 518.501 0 +] 0
1783.710 2324.436 4006,703 551.874 ] 4] 0
1785.710 2324.435 <36.7°0 631.3c8 o 0 4]
1706.710 2324.426 4506.788 911.533 0 0 960.0C0
1766.710 2324.436 5535.798 10C0.000 ] 0 o]
1786.710 2324,436 5566.793% 1000.6G0 0 0 408.435
1786.710 2324.435 5335.234 1000.000 0 0 o}
STATE (4D DECISION (3D
HYORO NUCLR THERML PEAKNG HYDRO MCLR THERTL
1751.763  B841.673 4726.000 181.366 0 0 0
1751.730 B41.573 4736.030 38}.3¢c8 40.212 1538.014 o
1800.000 2379.637 4735.080 331.286 0 125.C00 0
160G.000 2504.037 4736.060 381.366 0 4] 0
1600.000 2504.607 4733.060 381.333 0 ] o
1800.C00 2<04.087 4735.030 383.135 0 0 o}
1607.000 2504.687 4735.050 281.994 ] ] 0
1000.000 2504.€37 4725.050 418,762 0 0 0
1B31.000 2504.207 4733.060 502.153 0 0 80.000
1800.000 2504.607 <316.070 €07.376 0 0 935.335
1000.000 2404.£37 5751.424 832,74} 0 ] 0
1800.0C0 2504.637 5751.404 1000.000 0 0  223.246
1600.000 2504.637 5974.570 1000.000 0 o} [}
STATE 3D DECISION 1D
HYDR) R THRERML PEACNG HYDRD XLR THERML
1705.587 1651.820 4562.€37 304,671 0 008.000 0
1705.037 2618.028 4002.€37 394.67) 0 +] 0
1765.507 2630.603 4502.807 204.871 0 0 0
1785.£37 2610.628 4£82.807 304,671 0 ] 0
1705.037 2€10.329 4562.637 394,674 +] 0 0
1795.U37 20619.828 4GE2.637 354.671 0 4] 0
1765.L07 2618.028 <062.037 416,373 0 0 0
1795.587 2616.828 4552.837 474,675 0 4] 80.000
1795.887 2618.820 4742.897 654.53) Q 0 942.532
1705.687 2610.828 56€5.409 £05.049 0 ] ]
1705.6687 2619.820 5:35.429 €70.02%6 0 0 244,783
1795.637 2610.320 5330.187 10G0.C00 0 c 0
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TRACEBACK SEARCH NO 1

A total of Pive traceback runs were conducted, the first
four being exploratory searches to examine the effect of

marginal changes in the initial system and pool data.

with the pool and initial system of Tables 6.2-1 and 6.2-2,
Traceback Search No 1 was conducted; a CP time of 25 seconds
was required to identify the optimal planting schedules of
Table 6,2-=6 as the five lowest-cost sxpansion strategies.

Total costs of system expansion are bstween £ 4,083 x 109 and

£ 4,092 x 10°, the Pinal state vector at the horizon being:

1740 MY hydro
_ 1990 MW nuclear
=15 7519 MW thermal
590 MW peaking

It will at oncs bs noted from an inspection of Tablo 6,2=6
that in contrast to the previous case study, a busy planting
schedule is not required, Apart from the compulsory introductions
to the system in ysars 2 and 4 (sites B and A respectivsly), the

optimal strategies require the following planting sequences:
- Site C to be developed with 2 x 40 MW in ysar 8,

- Initial planting of site D with two thermal units in
years 5 or 6, two follow=-on units in years 12 or 13, and
a further follou-on unit in years 11 or 13. This site is
therefore to be developed to its full capacity within ths

next fifteen ysears.

- A total of seven peaking units are to be installed, betuween

years 11 and 14 inclusive,

- In the remaining years no installations are to be made.
Sites E, F, Gy H, and I are not selectsd at all,

A detailed analysis of the best of the five recommended
planting schedulss is reproduced in Table 6,2-7.



TABLE 6.2-6 CASE STUDY TWO.

TRACEBACK SEARCH N3 1

SKELETON LISTING OF OPTIMW STRATEGIES 1 T3 5 LDC-SIMALATICN

FsnzsIssEss

YEAR

DOANTVIAUIN-

NUMBER 1 NUMBER 2 HNUMBER 3 MUMDER 4 NIMBER 5
NULL NULL NULL NULL NULL
4 X BPKIC 4 X BPKIC 4 X BPKIC 4 X BPKIC 4 X BPKIC
ML NULL NULL NULL NULL
2 X ANUSC 2 X ANUIC 2 X FNUIC 2 X ANUIC 2 X AMUIC
2 X OTHIF 2 X DTHIF NULL NULL NULL
NULL NAL 2 X CTHIF 2 X DTHIF 2 X DTHSF
NULL NULL BULL NULL HuLL
2 X CHYIF 2 X CHYIF 2 X CHYIF 2 X CHYIF 2 X CHYIF
NULL NULL NULL NULL nuLL
2 X ZPKIR NULL 2 X ZPKIR NULL NULL
NULL 2 X ZPKIR NULL 2 X ZPKIR 1 X DTHIR
2 X OThIR 2 X DTHIR 2 X DTHIR 2 X DTHIR 5 X ZPRIR
1 X DTHIR 3 X DTHIR 1 X DTHIR 1 X DTHIR 2 X DTHIR
5 X ZPKIR 5 X ZPKIR 5 X ZPKIR 5 X ZPKIR 2 X ZPKIR
NULL NULL NULL NuLL NULL
4.0331E+06 4.0834€+06 4.C677E+05 4.087GE£+05 4.0320€+06
SE¥3 EI3TITTEER E22] ss2s

Ny
pary

~



TABLE 6.2-7 CASE STUDY TWO» TRACEBACK SEARCH NO 3
OPTIMAL EXPANSION STRATEGY, NUMBER 3

YR SYSTEM CHANGES FOR THIS YEAR INSTALLED CAPRCITY AT STARYT CF YERR COST OF ADDITIONS SYSTEM CUMLATIVE YR
)

CMEGAMWATTS
HYORO MUCLR THERM. PEAKNG TBTAL

FORE IGN LOCAL RUNNING COST AT
cos7T
(AL COSTS PRESENT—=ORTHED T8 YEAR OnE)

1 #J AOOITIONS THIS YEAR 1750 730 5022 165 7757 $.46250E+04  9.40256€404

2 INSTALL BPKIC 4 X 25 MJ PEAKNG 1750 790 5022 185 7757 9.27883E403  1.08025E+04 1.0762CE+05 2.2261€E£+05

3 NC ADDITIONS THIS YEAR 1750 790 5022 205 7857 1.18288E+405 3.41915€+05
RETIRE XTv9 2 X 29 Md THERML

4 INSTALL ANUIC 2 X 600 M NUCLR 1750 780 4365 295 7800 6.10566E+40% 6.78440E+04  1.30443E+05 1. 15030 +06
RETIRE XTHB 4 X 55 Md THERML
RETIRE XTHI0 2 X 28 M ThERM

S INSTALL DTHIF 2 X 600 M4 THERML 1750 1960 4680 205 8725 2.04240E+05  2.02205E+05 0.9975:E+«04 1.65731E+08

6 MO ADOITICHS THIS YEAR 1750 1890 58330 295 6825 1.14495E405 1.7718CE+C6

T NO AODITIONS THWIS YEAR 1750 1680 5890 2605 0925 1.27040E+05 1.808604€+06

8 INSTALL CHYIF 2 X 40 rd HYDRO 1750 1880 5690 205 9925 5. 797935404 3.B6520E404  1.08470E+405  2.13IPEGS
RETIRE XHve 3 X 33 Md HYDRO

€ MO ADOITIONS THIS YEAQ 1740 1860 5880 295 0915 1.48373E+05 2.20282£+06
RETIRE XTH? 3 X 57 M THERML

10 INSTALL ZPKIR 2 X 50 MJ PEAKNG 1740 1080 5719 285 Q744 8.81113E4+03  0.23345E403  1.E0004E+05  2.4960G5E+C6

11 MO ROOITIONS THIS YEAR 1740 1800 5710 305 0044 1.794G0E+05  2.64041E+06

12 INSTALL OTHIR 2 X 600 Md THERML 1740 1g80 5710 305 0844 1.60%50E4+05  1.689566E+05 1.87093E+05  3.17457E+06
RETIRE  WPXK2 1 X 55 MJd FEAKNG

13 INSTALL DTHIF 1 X 600 MJ THERML 1740 1990 6919 340 10069 8.37734E404  8.37734E404  2.15150E+05  3.55727E+06

14 INSTRLL ZPKIR 5 X SO MJ PEARKNG 1740 1860 7518 340 11589 2.10574E404  2.300G0E+04  2.32187E+05  3.83442£406

15 MO RODITIONS TWIS YEAR 1740 1090 7519 500 131839 2.40720E+05  4.08314€+06
QOC-SIMAATION RUN) TOTALS 1.165205406  6.042506+05  2.31366£+00

® ~w o0 W

10
i1
12

13

15

-~ gl ~



- 217 ~

TRACEBACK SEARCH NO 2

The sscond LDC-~-simulation traceback run examines the
affect of the postponement of the raetirement dates of thermal
plants XTH8 and XTH10 of the initial system (Table 6.,2-1) by
a single year., These stations are now to bes withdrawn from

service in year 5,

No other changes were applied to the input data, either to

tha initial system or to the pool of Table 6,2-=2,

The CP time required for this run was 25 seconds, and the
planning strategies recommended are listed in Table 6.,2-8, These
schedules are unchanged from those of Traceback Search No 1, but
total costs of expansion now range from £ 4,080 x 109 to
£ 4,089 x 109 ovaer the fifteen year psriod = slightly lower than
those of the previous run., This is clearly due to the slightly
lower costs of system operation in year 5 owing to the retention

in service of the two thermal stations XTH8 and XTH10,

Table 6,2-9 lists details of QOptimal Strategy No 1 for this
traceback search, and a comparison of this with Table 6,2-7

confirms the savings in system opsrating costs in year 5,



TABLE 6.2-6 CASE STUDY TWO» TRACEBACK SEARCH NO 2
SKELETON LISTING OF OPTIMAL STRATEGIES 1 T8 5S¢ LOC-SIMILATION

YEAR NUFBER ) NUMBER 2 MUMDER 3 NUFBER 4 NUMBER 5

1 NULL NULL NULL NULL NULL
2 4 X BPKIC 4 X BPXIC 4 X BPKIC 4 X BPXIC 4 X BPRIC
3 NULL NULL NULL NULL NULL
4 2 X ANUIC 2 X ANUIC 2 X ANULC 2 X ANULC 2 X ANULC
5 2 X DTHIF 2 X DTHIF NULL NULL NULL
& NL NULL 2 X DTHIF 2 X DTHIF 2 X DTHIF
? NULL NULL NULL NULL NULL
-] 2 X CHYIF 2 X CHYLIF 2 X CHYLF 2 X CHYIF 2 X CRYLF
8 NULL NULL NULL NULL NULL
10 2 X Z°x1R NULL 2 X ZPKiR NULL NULL
11 NULL 2 X ZPKIR NULL 2 X ZPKIR 1 X DTHIR
12 2 X DTHIR 2 X DTHIR 2 X DTHIR 2 X DTHIR 5 X ZPKIR
13 3 X DTHIR 1 X DTHIR 1 X DTHIR 1 X DTHIR 2 X DTHIR
14 5 X ZPKIR 5 X ZPKIR 5 X ZPKIR 5 X ZPKIR 2 X ZPRIR
15 NULL NULL NULL NULL huLL
TOTAL

COST  4.080<E+06 4.0807E+06 4.0840E+08 4.0C52E+06 4.0993C+06




TRBLE 6.2-9 CASE STUDY TWO.

TRACEBACK STARCH NI 2

CPTIMAL EXPANSIAN STRATEGY: NUMBER I

w

SYSTEM OHANGES FOR THIS YEARR

INSTALLED CAPACITY AT START OF YEAR

(MEGAHATTS)

HYDRO NUCLR THERM. PEARKNG TOTAL

COST OF RADDITIONS
FORE IGN LOCAL

Ci
(ALL COSTS PRESENT-LORTHED T3 YEAR

SYSTEM
RUNNING
0ST

CUMULATIVE W
COST AT

ENO OF YEAR
ONE)

LE IV I

n »

® N o

NG ADDITIONS THIS
INSTALL BPKIC 4

MG ROOITIONS THIS
RETIRE XT3 2

INSTALL AUIC 2
INSTALL DTHIF 2
4
2
) ADCITIONS THIS
MO ADDITIONS THIS

INSTRLL CHYIF 2
RETIRE XHY2 3

N0 ADOITIONS THIS
RETIRE XTH? 3

INSTALL ZPXIR 2
N3 ROOITIONS THIS

INSTALL DTHIR 2
RETIRE XPK2 1

INSTALL OTHIR 3
INSTALL ZPKIR 5
NO ROOITIONS THIS

YEAR
X 25

YEAR
X 29

X 600
X 600
X 55
X z8
YEAR
YEAR

X 40
X 30

YEAR
X 57

X 5
YEAR

X 600
X 55

X 600
X 50
YEAR

AOC-SIMAATION RUrO

fff £ & &

3]

£ 8

£ 2 27

HYDR3
HYORO

PEAKNG

THERML
PERKNG

PEAKNG

1750

1750

1750
1750

1750
175¢
1750

174G

1740
1740
17%

1740
1740
1740

790

700
1890

1860
1890
1990

1800

1633
1990
1980

1990
1890

5022
5022
5022

4965

5880

5880

58%0

57189
5719
5719

6819
7519
7549

580

7757
1757
7857

891%

0744

S644

10889
11589
11839
TOTRLS

9.,98255E+04
9.27883E+03 1.08025€+04  1.07620E+05
1.102868E+05
6.10586E+05 6.784490€+04  1.30443E+05
2.04246E+05  2.02285E+05 ©.72435E+04
1.14955€+05
1.270490E+05
5.79703E+04  3.B8652GE+04  1.38470E+05
1.46873E+05
8.01113E+03  8.23345E+03 1.60C84E+05
1.794€0E+05
1.6055EE+05  1.68958E+05 1.87045E+05
8.37734€+04  B8.37734E+04  2.15150E405
2.19574€404  2.30038E+04  2.32187E+05
2.4872CE+05
3.16520E6406  6.04250E+05  2.310CCE+06

0.4825GE+04 1
2.2261B8E+05 2
J.41815E+05 3

1.15080€+406 4
1.65956E+06

1.769076+06 6
1.89611E+06 7
2.13121E406 8

2.28005€406 ©

2.42022E+406 10
2.6376CE+06 11
3.17184€+06 12

3.55954E+C6 13
3.83160E+06 14
4.00041E+06 15

~ Glg =~



TRACEBACK SEARCH NO 3

The third sxploratory run investigates the effact of a
delay in the programmed commissioning date for one of thse
600 MW units at site A, This unit (named ANU2C) is delayed by
ons ysar, and is now dus to be introduced into ths system in

ysar S,

No other changes were applied to ths initial system or
ths pool of Tablss 6.,2-1 and 6,2-2,

The CP time required for this run was about 16 ssconds,
ylelding the results shown in Table 6.2-10. comparison of these
results with those of Traceback Search No 1 (Table 6,2—-G) shous
that the thres best strategies are similar, except that ths
installation of the sscond nuclear unit at site A in year 5
postponses by a ysar ths initial planting of site D, whers
applicabls, Furthsrmors the sequencing of ths planting of
follow-on units at this site is altersd slightly, although
sventually the total capacity installed is the sams.

For the 4th and 5th best strategiss thsres are similar
roarrangements in the planting schsdules, with the added
differsence of the introduction of an sxtra 4 x 50 MU peaking

capacity in year 15,

Total costs of system expansion for ths planning pesriod
rangs from £ 4,126 X 109 to £ 4,161 Xx 109, thus in comparison
to the strategies of Table 6,2-6 the delay in the commissioning
of the single unit at site A imposes cost penalties (pressent-
valued to bass year one) amounting to betwsen £ 42,7 x 109 and
£ 69,3 x 109. These penalties ars principally dus to the

greater costs of system opsration.

A detailed analysis of the best and 5th best optimal

expansion schadules is given in Tables 6.2-11.



TABLE 6.2-10 CASE STUDY TwO.

TRACEBACK SEARCH MO 3

SKELETOM LISTING OF OPTIMA STRATEGIES 1 TO 5. LDC-SIMAARTION

DONON AN -

MIDER 1 NABER 2 NUIMBER 3 DMIMBER 4 MNUMBER 5
NULL NULL NULL NULL L

4 X BPKIC 4 X BPKIC 4 X BPKIC 4 X BPKIC 4 X BPKIC
NALL NULL NAL NULL MULL

1 X ANUIC 1 X ANJIC 1 X ANULC 1 X AMULC 1 X ANUIC

1 X Anut 1 X AUt 1 X P20 1 X ANUSC 1 X AnuC

2 X DTHIF 2 X DTHIF 2 X DTHSF 2 X OTHIF 2 X DTHIF
NULL NULL NULL NULL NULL

2 X CHYIF 2 X CHYIF 2 X CHYL 2 X CHYSF 2 X CRYIF
NULL HULL NULL NULL HULL

2 X &XIR NULL NLL 2 X ZPKIR HuLL
NULL 2 X 2PK1R 1 X DTHIR NULL 2 X Z°%4R

2 X DTHIR 2 X DTWIR 5 X ZPKIR 2 X DTHIR 2 X DTHIR

1 X DTHIR 1 X DTHIR 2 X DTHIR 1 X DTHI1R 1 X DTHIR

5 X ZPKIR 5 X ZPKIR 2 X ZPKIR 5 X ZPKIR 5 X ZPXIR
NULL NULL NULL 4 X ZPKIR 4 X PKIR

4.1256€4+06 4, 1200€4+06 4.1301E€+06 4.1611E+06 4.1613E+06

. saz =z =




TABLE 6.2-11R CASE STUDY TLO.
OPTIMAL EXPANSIDN STRATEGY, MUMBER |

TRACEBACK SEARCH NG 3

R

SYSTEM CHANGES FOR THIS YEAR

INSTRLLED CAPACITY AT STARY OF YEAR

{MEGAWATTS)

HYDRG NUCLR ThERML PERKNG TOTAL

COST OF ROOI

FORE IGN

(ALL COSTS PRESENT—ORTHED T3 YEAR

TIONS
LBCAL

SYSTEM
RUNNING
CcasT

CUMLATIVE W
CBST AT

ENO OF YFAR
oNEY

1
2
3

o v o v

10
11
12

13
14
15

NO ADOITIONS THIS YERR
INSTALL BPXIC 4 X 25
MO ARDDITIONS THIS YERR
RETIRE XTHG 2X 29
INSTALL ANULIC 1 X 600
RETING  XTHO 4 X 55
RETIRC XTHIDO 2 x 289
INSTALL ANUC 1 X 600
INSTALL DTHIF 2 X 600
N3 ROODITIONS THIS YEARR
INSTALL CHYIF 2 X 40
RETIRE  24Y2 3 X 30
N3 ACOITIONS THIS YEAR
RETIRE  XTH7 ax o7
INSTALL ZPKIR 2 X 50
N3 RODITIONS THIS YERR
INSTALL DTHIR 2 X 600
RETIRE XPx2 1 X 55
INSTALL DTHIR 1 X 600
INSTALL ZPXIR 5 X SO
N3 ARDOITIONS THIS YEAR

QDC-SIMAATION RUN)

M4 PEAKNG

M4 THERML
M4 NUCLR
M THERML
M4 ThERML
M4 NUCLR

M4 THERML

M4 HYDRO
M4 HYDRC
M4 THERML
M4 PEAKNG

M4 THERML
M4 PEAKNG

Md THERML
Md PEAKNG

1750

1750

1750

1750
1750
1750
1750

1740

1740
1740
1740

1743
1740
1740

780 5022 195

195
780 5022 295

780 4965 295

1380 4690 295
1000 4680 265
1890 5380 265
1860 5880 295

1680 5840 235

1880 5719 235
1080 5719 395
1990 5719 3

1960 8919 340
1920 7519 340
1980 7518 580

7757
7757

7600

8125
8725
9325
9825

€915

10689
11583
11839
TOTALS

0.43258E+04
0.27893E+03  1.068925E+04  1.07620€+05
1.18268€+05
3.05238E405  3.36220E+04  1.30443E405
2,839366E405  3.32620E+C4  1.2346SE+05
2.07004E+05 2.05014€+05  1.16023E+05
1.25950€405
5.79703E404  3.B6528€+04  1.40791E+C5
1.51102E+05
8.81113E403  ©8.2334E+03  1.62218E+05
1.81531E405
1.68558E+05  1.68558€+405 1.89051E+05
B.37734E404  B8.377345+04  2.17076E+05
2.19574C+C4  2.30CS8E+04  2.34CISE+05
2.50433E+05
1.16203€406 6.06310E+05  2.35743E+08

0.48256E+04 1
2.22618E+05 2
3.41815E+05 3

8.1157BE+05 4

1.26760E+06 5
1.76572E+06 &
1.82517E406 7
2.16250E+06 8
2.33360E+C6 8

2.43395E+06 10
2.675493€+06 11
J.21165E406 12

3.59620E406 13
3.87529€+06 14
4.12576E+06 15



TABLE 6.2-11B CASE STUDY THO.
CPTIMAL EXPANSION STRATEGY. NUrBER S

TRACEBACK SERRCH NO 3

YR SYSTEM CHAMGES FOR THIS YEAR INSTALLED CAPACITY AT START BF YEAR CBST OF ADDITIONS SYSTEM CUMULATIVE YR
(MEGAWATTS. FCREIGN LBCAL RUNNING COST AT
HYDRO MNUCLR THERML PEAKNG T3TAL CosT END OF YEAR
(ALL COSTS PRESENT—HORTHED TO YEAR ONE)
1 MO RDOTTIONS THIS YERR 1750 700 5022 165 7757 9.498255E+04 9.48250E +04 1
2 INSTARLL BPKRIC 4 X 25 M PERKNG 1750 760 5022 185 1757 9.27083£+03  1.08925E404  1.07520€+05 2.2261B8E+05 2
3 NO ROOITIONS THIS YEAR 1750 780 5022 285 1857 1.19286E405 3.41915E+05 3
RETIRE XTHQ 2 X 29 Md THERML
4 INSTALL ANULIC 1 X 600 M4 NUCLR 1750 760 4065 205 7800 3.05288E+05  J.30220E404  1.00442E+05 B8.1157BE+05 4
RETIRE XTHE 4 X 55 Md THERML
RETIRE XTHIO 2 X 20 MJ THERML
5 INSTALL ANURC 1 X 600 M4 NUCLR 1750 1300  46S0 265 85 2.99366E+05  3.32620E404  1.2346SE+05  1.20708EH6 5
6 INSTALL OTHIF 2 X 600 M4 THERML 1750 1890 %680 205 8725 2.07004€+05 2.05014E+05 1.16023E+05 1.7G57E+06 S
7 NO RDOITIONS THIS YEAR 1750 1980 5800 295 9925 1.29450€+05 1.02517E+06 7
@ INSTALL CHYIF 2 X 40 MJ HYDRO 1750 1900 5890 295 9628 5.767C3E+04 J3.86520E+04 1.490791E405 2.31625GE+06 8
RETIRE  XHY2 3 X 30 M4 hYDRO
9 MO ROOITIONS THIS YEAR 1740 1980 5880 295 A% 1.51102€405 2.31366E+06 9
RETIRE XTW? 3 X 57 Md THERML
10 MO ADOITIONS THIS YEAR 1740 1660 5719 205 0744 1.62218E405 2.47581E+06 10
11 INSTALL ZPKIR 2 X 50 M PERKNG 1740 1900 57189 205 Q744 8.33012E403  9.35814€+03  1.81531E+05 2.675735+06 11
12 INSTALL DTHIR 2 X E00 M4 THERML 1740 1080 5710 ICS  GU44 1.6L8558E+05  1.605582+C5  1.68051E+05  3.21160E+06 12
RETIRE XPX2 1 X 55 Md PEAKNG
13 INSTALL DTHIR 1 X 600 M THERML 1740 1000 6910 340 10909 8.37734E+04  B8.37734€+04  2.17076E+0%  3.50652E+06 13
14 INSTALL ZPKIR S X 50 M4 PEAKNG 1740 1000 7510 340 115689 2.10574€+04  2.30088E+04 2.34030GE+05 3.87553E+06 14
19 INSTALL ZXIR 4 X 50 M4 PEAKNG 1740 1080 7510 560 11830 1.72258E+04  1.80514E+04  2.504933E405  4.1613CE+06 15
QLOC~SIMAATION RUM) TOTALS 1.17937E+06  6.24405E+05  2.35740E+406

- gZ¢ -
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TRACEBACK SEARCH NO 4

The last exploratory run with LDC-simulation was then
carried out, this time with the installation of the pumped
storage candidate made compulsory between years 6 and 10
inclusive. Apart from this one diffaerence, the initial system

and pool were the same as in Tables 6.2-1 and G.2-2,

The results of this run, which required a CP tima of
20 seconds, are reproduced in Table 6.2-12, In the five
optimal development schadules it is found that the pumped
storage project in best introduced into the system in years
6, 7, or 8, This has the effect of causing some significant
changes in the basic schedules of Traceback Search No 1 as
listed in Table 6,2-6, Comparison of this table with Table
6.2-12 shows thats

- The planting of site C, with two 40 MW units, is brought

forward to ysars 5 ar 6,

- Initial development of site D is deferred to year 12,
at which date two units are installed, There is now
only one follou-on unit needod, to be installed in year 13,

- Site F is now selected, with initial units to be ingtalled
in year 10 (2 x 300 My), followed by a further single 300 MU

unit in year 13,

- A total of ten psaking units are required, these are to

be installed in years 7, 9, and 11,

The total costs of expansion under these modified constraints
now range fram £ 4,417 x 10g to £ 4,422 x 109; thus a psnalty
of up to £ 334 x 10° (present-valued over the fifteen-year
planning period) is associated with the compulsory installation

of the pumped storage units,

These resulte are not obvious, at least to this author.
Contrary to what might bs expected, the compulsory development
of site I does not postpone the development at site C, rather
the reverse, Full development of site D is now no longer the

most economic course of action, owing to the gencrating capacity
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now available from sits I, the shortfall in total system capacity
being counterbalanced by the installation of a tetal of thres

300 MW units at site F in two stages, and the installaticn of

an additional 3 x 50 MUY peaking units,

The earlier installations at site C and the introduction
of the pumped storage units yield reductions in systam operating
costs over the middle period when thase projects are brought
into operation, but the later installations of thermal units at
site F and the sxtra peaking capacity cause somewhat grsater
system production costs towards the end of the planning period
(cf Table 6,2=7 and 6.2—13A), hence total pressent-valued
operating costs over the fifteen~year planning period are
more or less the same, The cost penalties dus to the enforced
installation of the pumped storage station ars thersfore mainly

due to the higher capital costs of development,.



TABLE 6.2-12 CASE STUDY TWO.
SXFLETON LISTING OF BPTIMAL STRATEGIES

CANOVNIUN -

TRACEEACK SEARCH KRG 4
3 7O S, LOC-SIMUL

MUMDER 1 NUMBER 2 MUMBER 3 MNUMSER 4 NIBER 5
NOLL AL NULL AL NULL
4 X BPKIC 4 X BPKIC 4 X BPKIC 4 X BPKIC 4 X BPKIC
NULL NILL NAL AL NRL
2 X ANUIC 2 X AMJIC 2 X AHUIC 2 X AMUIC 2 X ANUIC
2 X CHY1IF 2 X CHYLF 2 X CHYIF 2 X CHYIF NULL
2 X IPSIF 2 X IPSYF NLLL NULL 2 X CHY1IF
NULL 2 X ZPKIR 2 X IPSIF HULL 2 X IPSIF
hulL NULL NULL 2 X IPSIF HULL
6 X ZPKIR 4 X ZPKIR 6 X ZPKIR 6 X ZPX1IR & X ZPKIR
2 X FTHIF 2 X FTHIF 2 X FTHIF 2 X FTHIF 2 X FTHIF
4 X ZPKIR 4 X ZPXIR 4 X ZPK1IR 4 X ZPXIR 4 X IPKIR
2 X DTHIF 2 X DTHIF 2 X DTHIF 2 X DTHIF 2 X DTHIF
1 X FTHIR 1 X FTHIR 1 X FTHIR 1 X FTHIR 1 X FTHIR
1 X DTHIR 1 X DTHIR 1 X DTHIR 1 X DTHIR 1 X DTHIR
MOLL ML NULL NULL NULL
4.4171E406 4.4175E+06 4.4197E+06 4.4207E+406 4, 4R15E+06
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TABLE 6.2-13 CASE STUDY TWO.
GPTIMAL EXPANSICN STRATEGY.

NUMBER 1

TRACEBACK SEARCH NO 4

YR SYSTEM CHANGES FOR THIS YEAR INSTALLED CAPACITY AT START OF YEAR COST ©OF ADDITIONS SYSTEM CUMRATIVE YR
(MEGAWATTS) FORE IGN LOCAL RUNNING COST AT
HYDRG NUCLR THERM. PEAKMNG TOTAL cosT END DF YERR
(ALL COSTS PRESENT-ORTHED YO YEARR ONE)

1 M0 ADOITIBNS THIS YEAR 170 790 5022 195 7757 9.48250E 404  2.4B253E4+04 1

2 INSTALL BRKIC 4 X 25 M4 PEAKNG 1750 750 5022 195 7757 9.27883E+03  1.08925E+04 1.07620E+05 2.22518C+0% 2

3 NG RCOITIONS THIS YEAR 1750 780 5022 285 7857 1.182088E+05  J3.41015€+05 3
RETIRE XTW9 2 X 29 M4 THERM

4 INSTALL ANULIC 2 X 600 4 NUCLR 1750 780 4965 295 7800 B8.10586E+05 6.76440E+04  1.30443E+405 1.15080€406 4
RETIRE XTHI 4 X 55 M THERML
RETIRE XTKIO0 2 X 28 M4 THERM

5 INSTALL CHYIF 2 X 40 M4 HYDRO 1750 1880 4630 295 8725 6.02147E+04  4.01432E+04 Q.99751E+04  1,351136+06 5

6 INSTALL IPSIF 2 X 100 M4 HYDRG 1330 1830 4680 295 B80S 1.37684E+05 1.12550E+05 1.11163E405% 1.71253E+06 6

7 N0 ADOITIONS THIS YEAR 2030 1680 <660 295 8005 1.17778E+05 1.83031E+06 7

0 N0 ACCITIONS THIS YEAR 2030 1980 4680 285 8005 1.23387E+05 1.95960E+06 B
RETIRE XHY2 3 X 30 M4 HYDRO

O INSTALL ZPXIR € X 50 M PEAKNG 1840 1980  468C 295 8815 2.69556E+04  2.824976E+04  1.492211E405 2.15711E+06 8
RETIRE XTW? 3 X 57 M4 THERML

30 INSTALL FTHIF 2 X 300 M4 THERML 1840 1890 4519 585 80w 1.3373SE+05 1.32455E405 1.54166E+05 2.57753E+06 10

11 INSTALL ZPKIR 4 X 50 M4 PERKNG 1840 1990 51189 505 064 1.7€602E+04 1.87153E404 1.65242E+05 2,79935E+06 11

12 INSTRCL OTHIF 2 X 600 i THERML 184G 1680 5118 795 G044 2.02834€+05 2.00943E+05 2.049619E+05 J.40760E+06 12
RETIRE  XpK2 1 X 595 M4 PERKNG

I3 INSTALL FTHIR 1 X 300 M4 THERTL 1840 1980 6319 740 10689 5.63338E4+04 5.52672E4+04  2.18772E-05 J.7ICITE4CG 13

I4 INSTALL DTHIR 1 X 600 M4 THERML 1840 1880 6619 740 11268 B8.266326+04 B.26632E+04  2.54046E+05  4.15855E+06 14

1% NG ADOITIONS THIS YEAR 1940 1980 7219 740 11809 2.505494C+05  4.4)1700E+406 15

AOC-SIMAATION RUM TOTALS 1.33926E+06  7.49722E+05  2.32809£+06

- B¢c -~
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TRACEBACK SEARCH NO &

This was a tracsback run with CLC-simulation. For this
run no changes were made to the initial system of Table 6,2-1,
but the pool of Table 6,2~2 was modified in such a way as to
constrain system development to be identical with that in

Table 6,2-6 up to and including year 9,

The CP time required was 113 seconds, and the results are
shown in Table 6,2-14, These diffor in detail from the strategies
advocated by the LDC-simulation run, but follow the sams basic

trends, involving, after year 9:

- Installation of one follow-on unit at site D in years 11 or

13, and two follow-on units in years 12 or 13,
- A total of seven 50 MW peaking units between years 10 and 14,

The most remarkable difference, howsver, is in the expansion
costs, which range from £ 3,179 x 109 to £ 3,182 x 109. Exanination,
of the datails of the best development strategy (Table 6.2-15A)
shows this to be due to discrepancies in the evaluation of
production costs betwesn the LDC~ and ClLC-lcading simulation
models; estimates from the latter being some 40% lower., Tuwo

main reasons can bes forwarded for this:

- The system is significantly overplanted during most of the
planning period, This means that from the opsrational
point of view there is considsrable flexibility in the
scheduling of plant with respect to the chronclogical
sequence of load, The CLC-model recognizes and takes
advantage of this fact, whereas the LDC~model, which deals

with aggregate demand levels, cannot.

- The system contains two large pumped-storage stations and
a large hydro storage capability, This too adds to
operational versatility which is exploited by the CLC~-
modesl, As described in Chapter Five this model determines
the trajectory of reservolr levels which yields lowest
system opsrating cost. No proper account is taken of the

pumping/generating cycle in the LOC-model,



TABLE 6.2-14 CASE STUOY T, TRACEBACX SEARCH NI 5
SKELETON LISTING OF OPTIMAL STRATEGIES 1 T3 5. CLC-SIMULATION

SEITEITTITITITTTTLTIZSTTITIRT sssszzssssss z

YEAR NUMBL 1 NUMBER 2 NUMBER 3 NUMBER 4 NUMBER 5

1 NULL NULL NULL NULL NULL
2 4 X BPKIC 4 X BPXIC 4 X BPXIC 4 X BPX1IC 4 X BPKIC
3 NULL NJLL NULL NULL RULL
4 2 X ANULIC 2 X ANUIC 2 X ANUIC 2 X ANUIC 2 X #UIC
5 2 X DTHIF 2 X DTHIF 2 X DVAIF 2 X DTHIF 2 X DTHIF
6 NULL NULL RULL MNULL RULL
7 NULL NuLL MULL NULL KULL
8 2 X CHYIF 2 X CHYIF 2 X CwYIF 2 X CAYIF 2 X THYIF
9 NuLL ML NULL NULL L
10 NULL NULL 2 X ZPKIR 2 X ZPKIR 2 X IPKIR
1 1 X DTHIR 2 X ZPXIR NULL 2 X ZPKIR 1 X DTHIR
12 5 X ZPn1R 2 X DTHIR 2 X DTHIR 2 x DTHIR 3 X ZPXIR
13 2 X DTHIR 1 X CTHIR 1 X DTHIR 1 X CTHIR 2 X DTHIR
14 2 X ZPKIR 5 X ZPKIR 5 X ZPXIR 3 X ZPKIR 2 X ZPKIR
15 ~ULL NULL NULL NULL NuLL
TOTAL

COST  3.1786E+06 3.1791E£+06 3.1806E+06 3.1811C+06 3,1816E+05

- 0gz -



TABLE 6.2-15A CASE STUDY TWO, TRACEBACK SEARCH hG 5
1

OPTII

ML

EXPANSION STRATEGY

NUMBER

YR SYSTEM CHANGES FOR THIS YEAR INSTALLED CAPARCITY AT START OF YEAR COST OF ADDITIONS SYSTEM CUMULARTIVE YR
CMEGAWATTS) FORZIGN LOCAL RUNNING COST AT
HYDRZ NUCLR  THERML PEAXKMG TOTAL cosT END OF YLAR
(ALL COSTS PRESENT-DRTHED TO YEAR ONED
31 N ADDITIONS THIS YEAR 1750 790 5022 185 7757 5.50037E+04 5.50037e+04
2 INSTALL BPKIC 4 X 25 M PEAKNG 1750 730 5022 195 7757 8.27683E£+403  1.08925E+04 5.07265€+04 1.34502E405 2
3 N0 ADDITIONS THIS YEAR 1750 790 5022 295 7857 6.34376E404  1.8839GE+05 3
RETIRE xTH9 2 X 29 M THERML
4 INSTALL ANUIC 2 X 600 M4 NUCLR 1750 790 4065 2¢5 7800 6.10506E+05 6.78440E+04 6.70731E+04 9.43912£+05 4
RETIRE XTH8 4 X 55 Md THERML
RETIRC XTHIO 2 X 28 Md THERML
5 INSTALL DTHIF 2 X 600 M4 THERML 1750 1980 4680 295 8725 2.042436+05 2.007205E+405  5.23282£+404  1.40278C+06 5
6 NO ADOITIONS THIS YEAR 1750 1990 5890 295 8825 7.36937E404  1.47678E4H6 &
7 MO RODITIONS THIS YEAR 1750 1860 5880 205 9925 7.73721E+04  1.55415E+06 7
8 IMSTALL CHYIF 2 X 40 MJd KYDRO 1750 1990 5890 285 9825 5.79793E+04  3.86520E+04 B8.00728E+04 1.73065E+06 8
RETIRE xHY2 3 X 30 M4 HYDRS
9 MO ACOITIONS THIS YEAR 1740 1680 5890 285 9915 8.30S85C+04 1.8139%€+06 §
RETIRE  XTW7 3 X 57 M4 THERML
10 M3 FODITIONS THIS YEAR 1740 18390 5718 295 9744 B8.60708E+04  1.80L003€+06 10
11 INSTALL DTHIR 1 X 600 Md THERML 1740 1860 5719 205 9744 8.40482€+04 8.4C4982E£+04  1.30591E+C5 2.19371E+06 11
12 INSTALL ZPKIR 5 X 50 M4 PEAKNG 1740 1080 6310 295 10344 2.23866E+04  2.34500E+04  1.37594E+405  2.3021SE+06 12
RETIRE XPX2 1/ 5% M4 PEAKNG
13 INSTALL DTHIR 2 X 600 M4 THERM. 1740 1790 6319 430 10539 1.67547E+05 1.67547E£+05 1.490E6E405  2.E6191E+06 13
14 INSTALL ZPKIR 2 X 50 M PEAKNG 1740 1080 7519 40 11739 8.78266E+03  8.20393E+03 1.47760E+405  3.02709E+06 14
1% NO ADOITIONS THIS YEAR 1740 1880 7519 560 11839 1.509246+405%  3.17C32E+C6 1>
(CLC-SIMILATION RUM) TOTALS 1.16467E+06  6.03933E+05 1.40S82E+06

E2TAIXLIRE

- \gZ -



TABLE 6.2-158 CASE STUDY THO,
CPTIMAL EXPANSION STRATEGY, NUMBER

TRACEBACK SEARCH NO S
5

YR SYSTEM CHANGES FOR THIS YEAR INSTALLED CAPRCITY AT START BF YEAR COST OF ADDITIONS SYSTEM CUMULATIVE WR
CMEGAWATTS) FOREIGN LOCAL RUNN ING COST AT
HYDRO NUCLR THERM. PEAKNG TBTAL CcosY END OF YEAR
(ALL C3STS PRESENT-HORTHED TO YEAR ONED

1 N3 RDDITIONS THIS YEAR 1750 780 5022 185  77%7 5.50037€+04 5.50037E+04

2 INSTALL BPKIC 4 X 25 MJ PEAXNG 1750 780 5022 195 7757 9.27883€+03 1.08025E+04  5.897265E8+04  1.343026+05 2

3 MO RODITIONS THIS YEAR 1750 780 5022 285 7857 6.34976E+04  1.88395E+05 3
RETIRE  XTH9 2 X 29 Md THERM.

4 INSTALL ANUIC 2 X 600 Md NUCLR 1750 780 4965 285 7800 6.10596E405 6.78440E+04 6.70731E+04 0.409126+05 4
RETIRE  XTh3 4 X 55 Md ThERM.
RETIRE XTH1O 2 X 28 Md THERM.

5 INSTALL OTHIF 2 X 6500 Md THERML 1750 1890 4690 285 8725 2.049240E+05  2.02265E+05 5.233B2E+04 1.40278E4C6 S

6 MY AODITIDNS THIS YEAR 1750 1890 5880 285 8925 7.38937E+04  1.4767BE4+06 6

7 N3 RDOITIONS THIS YEAR 1750 1890 %880 295 06825 T.7372IE+04 1.55415E+C6 7

B INSTALL CHYIF 2 X 40 MJ HYORO 1750 1990 5880 285 9825 5.797893€+04  3.86520E404 8.00726E+04  1.73C065E+06 8
RETIRE XHY2 3 X 30 t HYDRD

@ MO ADDITIONS THIS YEAR 1740 1990 SC80 285 0915 08.30S65E+04 1.81395E+C6 e
RETIRE XTH?7 3 X 57 Md THERML

1D INSTALL ZPKIR 2 X 50 M4 PEAKNG 1740 1890 5719 205 0744 8.8111364+03  ©9.23345E+03 8.60708E+04  1.91807€+06 10

41 INSTALL OTHIR 1 2 600 M4 THERM. 1740 1080 5719 35 064 8.40432E+04  B8,40432E+04 1.31350E6405  2.217526+06 11

12 INSTALL ZPXIR 3 X 50 M PEAKNG 1740 1980 6319 395 10444 1.34320€404  1.40758E+04  1.36J1TE405  2.38434E+06 12
RETIRE XxPx2 1 X 55 MJ PERKNG

13 INSTALL DTHIR 2 X 600 MJ THERML 17490 1890 6319 430 10539 1.67547E+05 1.67547E+05 1.44921E405  2.E6426E+06 13

14 INSTALL ZPXIR 2 X 50 Md PEARKNG 1740 1880 7519 490 1173 8.78205E+403  9.20353€+03 1,48003E+05  3,.0304<E+06 14

15 MO RCOITIONS THIS YEAR 1740 1990 7518 580 11839 1.511926+05 J.18163E+06 15

CLC-5IMAATION RUN) TOTALS 1.16472E+06  6.03783E+05 1.413135+406

- 8¢ =~
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6.3  COMMENTS

The results of the two preceding case studiss arc not
intended as propositions of general rules for pouwsr system
dovelopment., Individual systems and their input data vary
considorably from one case to anothar, and also from ysar to

year according to conditions not always foreseeabls,

It is of course for this reason that planning studies arse
continually under review, taking advantage of ons of the feuw
luxuries available to the planner: tha time ho has to examine
alternatives and to evaluate them in as much dstail as he thinks
fit, The exploratory traceback searches of Case Study Two
demonstrate the usefulness of the method for the appraisal of
the affect of particular constraints, Changes in the retirement
dates for existing plant, or compulsory installation of certain
choices can have an indirect effect on the overall planting
strategy which may not at first sight be obvious., The impact
of particular constraints and the cost penaltiss or gains
engendered by them can be evaluated fairly readily, This kind
of information can be very useful and is often required for

management decision-making.

The package is amenable to further development to improve
the efficiency of computation or to suit particular needs, For
sxample the incorporation of a simple load flow modsl can be
readily accomplished to screen the feasibility or otherwisa of
various alternatives during the branching process., Other

improvements currently under active consideration are:

- More sophisticated input data processing to check and
perhaps modify input path constraints in accordance with
implicit constraints contained in the pool data, This will
give cleser agreement bstwsen predictions of expansion costs

by the state functions and the eventual expansion costs, Some
care should be taken howsver to avoid degrading the flexibility
of the model for investigations into alternative tracsback

scenarios,
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- At least part of the discrepancy between predicted and
eventual expansion costs to the horizon is due to the failure

to take into account the costs of replacement of existing

plant which is due to be retired during the planning period,

This can be taken into consideration and corrections applied
either during assembly of the state functions or during traceback,
the latter being preferable,

- . The incorporation of a probabilistic loading simulation
model (Section 5.,2) during assembly of the recursive functions
and exploratory traceback searches, instead of the crude
simplified model of Section 5.1. Whatever form of LDC-model is
used, closer attention is toc be paid to reducing the
discrepancies betueen predictions of system operating costs
between it and the CLC~loading simulation medel over the whole

range of likely system compositions.

- A separate routine may prove useful for verification of

the existence of a path toc the horizon through a proposed node,
The traceback search is often short-sighted in making selections
which do not lead to feasible paths to the horizon, and this is
particularly wasteful when the CLC~loading simulation model is
used, since much effort can be expended in assembling the system
performance functions, Provided some constraints are ignored,
this routine will involve finding a basic feasibls solution to

a linear program, a procedure which is fundamental to the use

of the simplex algorithm of linear programming, and for which

standard techniques are available and well documented,

At their present state of development, however, the
programs suffice a workable tools for use in medium—term
system planning, and to demonstrate the efficacy of the tuwc-
phase mothod in overcoming the not inconsiderable computational

problems associated with dynamic programming.



CHAPTER SEVEN, COMCLUSIONS

In Part I, the discoursive portion of the thesis, an
attempt has been made to emphasize some of the principal
enginesring, economic, and financial considerations pertaining
to the planning of bulk electricity supply. The nature of the
service provided coupled with the considerable potential econonises
available from an increase in the scale of opserations are crucial
factors which encourage the adoption of a grid supply system and
the installation of large gensrating unit sizes, with interconnection
of neighbouring supply networks for mutual security and benefit.
This is not housver without its attendant disadvantages, soma of
which were outlined in Chapter One. The problems of planﬁ
scheduling in response to variation of load demand on an hourly
timescale are complex, and these operational consideraticns
carry over to the planning and design of powsr systems. For
small independent systems in particular the simulation of
system operation leads to non-linearities and discrete functions
owing to the interaction botween different plants or plant types
and actual physical modes of opseration of units. In some
respects accurate simulation of system operation for the
smaller network can be more difficult than for the large
netuork, for whilst the interaction still lsads to a non-
linear problem, the effects of the discrete functions are not

as eignificant,

In Chapter Two a discussion of the economic and financlal
factors to be considersd in planning studies showed also how
the increase in scale imposes penaltiss which, in conjunction
with the shift towards capital intensiveness apparent in power
system equipment price trends, aggravates already ssrious
problems in the financing of power development, For developing
countries with limited resources of capital and foreign exchange

such considerations render diligent forward planning necessary,

Apart from these, political and other factors will at all
times have to be taken into account, for the planner cannot

work in a vacuum, The electricity supply industry maintains an



importance position in relation to the national economy and
often has to accept its fair shars of the responsibility for
the continuancse of stability in ths industriss of the suppliers of

its capital squipment and primary fuel, and its consumers,

It is therefore not surprising in view of thse foregoing
that the planning of system expansion and development is an
integral part of the management of bulk electricity supply
organizations, Clearly with a positive grouth rate in demand
it is imperative that future expansion of the system be evaluated
with cars, but even with depressed or oven zaroc growth rates
(implying system development'rather than expansion) the problem
i3 no less critical., Changss in relative capital and production
costs, improvements in the technology of power supply, and the
retirements of existing plant mean that new capacity is always
required and futurs system development plans have to bs
considered carefully for maximum efficiency in resourcs use,
System planning is thersfore very much a continuous process
and it is by no means unusual for even modest sized electricity
supply organizations to maintain full-time planning and

construction departments or divisions,

The next few paragraphs (Section 7.1) comprise a general
discussion on planning models, ‘from the point of visuw of their
scope and tho degree of constraint satisfaction, Soction 7,2
discusses the nature and structure of an original two-~phase
mathematical planning model for the determination of the optimal
installation framework in the medium term, Section 7.3 is
devoted to a similar appraisal of a new chronological loading
simulation model, described in Chapter Five, applicable to the
svaluation of mixed hydro~thermal systems in planning studiss,
An integrated planning approach incorporating thsese two models
and used for the case studies of Chapter Six is discussed in
Section 7.4, and the chapter and the thesis concludes with a
few final remarks in Section 7.5,
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Te1 PLANNING f10DELS

The importance of planning models means as a matter of
course that great attention has been paid to thcir construction
and solution by system planners., Models for the determination
of optimal system development are widespread, and vary considerably
from one to anothser in scope, approach, and usage. Despites
extensive work however theo problem remains obdurate and a
satisfactory comprehensive solution has yet to be obtained from
a single model, For several reasons howsver it is generally
agreed that such a model would not justify the effort required
for its construction and solution, It must always be borne in
mind that input data and constraints will vary with time and
will have to bs continually updated. Morsover by the end of
this century it is certain that there will bs important changes
in primary fuel availability which will have a profdund effect
an future optimal composition and perhaps even the functions
of electric power systems, Patterns of ensrqy dsmand and
consumption are also likely to undergo significant changes in
the foresseable future, Intensive research is under way on
the urgent question of "energy futures" but these qusstions
still remain to a large extent imponderablss, or at least

extremsly difficult to quantify with any degree of confidencs,

Under such conditions a stagsd approach to planning is
the only rational approach, for often the best-laid plans can
be rendered invalid due to unforesssn and sometimes
unpredictable changes in the premisss upon which the plans were
originally based, Hence a stsp-by~step approach, representing
a steady narrowing down in scops, uwith a shartening of the
planning horizon accompanied by an increass in rigour of
constraint satisfaction, is generally adopted in planning

studies,

Apart from the sizs or complexity of the overall planning
problem a step-by-step approach is also necessitated by the
nature and quality of the input data. Projections of load
grouth and cost estimates even in the medium~term future are

notoriously difficult, and successful development of more
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sophisticated planning models as a whole must await the
development of more rigorous formal methodologies for the
deternination of input data, The econometric models of growth
of electricity consumption briefly discussed in Chapter One are
a usaful step in this direction, although they have yst to gain
unqualified acceptance from system planners, It is notable that
in International Atomic Energy Agency studiss of electric pauer
system expansion close attention was directed to the evaluation
of projected capital costs, and a set of complex computer
programs (ORCOST) was utilized to assemble satisfactory capital
cost data /21/., 1In general it cannot be too heavily stressed
that collection and verification of input data demands at least
as much time and effort from the planner as any other single

part of the planning process,

Any mathematical model is a distortion of reality, and the
integrity and uscfulness of such a model is to be judged by the
accuracy with which it reflects actual events. Inevitably,
simplifications have to be made and a close undsrstanding of the
nature and structure of the problem is assential for ths
construction of a practical planning model, One of the main
stumbling blocks encountered in the dsvelopment of such models
for planning is the difficulty of dealing satisfactorily with
real=-life constraints which apply in the planning context, some
of which may be critical, For convenience in the discussion of
the next few paragraphs, these constraints have been classified

intoc three broad categories:

(a) Those constraints related to well-defined trends alang the
temporal axis (eg years during the planning period),
examples being the growth of demand (peak, averagse, or both),
energy, cast escalation factors, and the test discount rate

selacted,

(b) Those constraints related primarily to siting or planting
considerations, such the limited availability of discrets
unit sizeé, dates of availability of particular options;
site capacity limits, and the sequencing of planting or

site development,
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(c) Constraints related to tho daily or hourly cperation of
the system in responss to given load curves (cycles of

demand).

wWhilst constraints (a) are characterized by smooth
continuous functions, both constraints (b) and (c) featurs
nonlinear, often discontinuous, and sometimes conditional
functions, It is thess latter two types which are principally
responsible for difficulties in the construction and solution

of mathematical programs for optimal pouer system development,

In Chapter Three engineering-—sconomic models for system
development were divided into three classes according to the
emplacement of their planning horizon: long-term models (this
includes infinite~horizon and steady-state models), medium-term

models, and short—term modsls.

Models of the first class occur most frequently in ths
publishod literaturs, As a general rule these are global
optimization models which cater for constraints of type (a),
whilst constraints of typse (b) are usually ignored, and those
of type (c) often greatly simplified for computational ease or
economy., The focus of attention is the determination of the
optimal plant mix., Such models have been rafined to a fairly
high level of sophistication, although excessive refinement

has in recent years sometimes been brought into question:

" The uncertainties in all these items (input data), and the
constraints imposed by them, mean that planning strategy will
be determined by judgement at a senior level, based on economic
appraisals and sensitivity studies of a fairly simple nature.
Complexity and sophistication of mathematical optimization is
quite irrelevant,

" All this having been said, it would nonethalsss bs
inappropriate to have no mathematical understanding at all of
the economic assessment problems underlying day-to-day planning
work ... Having regard to the irrelsvance of over-complicated
and precise models ... by making sensible simplifying
assumptions, a very simples mathematical model can be set up
which is quite adequate for indicating in outline the expected
long-~term development of generating plant in an slectricity
supply system for given forecasts of parameter values." (/34/)

Whilst the broad gensesralization contained at the end of
the first of the quoted paragraphs is perhaps to bs faintly



daplored, the point is well made and timely, for often the
quality of the input data toc models peering so far into the
future does not justify great accuracy. Future dsvelopment of
distant-horizon planning models might well be more profitably
directed towards more comprchensive rather than more accurats
parametric analysis, or those variants which do not have simpls
cost-minimization as their objective, [laximization of a social
welfare function (/18/), or multiple-objective formulations
might be considered m&re appropriate, Alternatively in
recognition of the inherent stochastic nature of most planning
data, models which deal specifically with the statistical
distribution of major parameters may prove useful, By the uss
of minimax (eg minimize the maximum expected overall system
development costs, within system security constraints) or
maximin (eg maximize the minimum expected system security,
within development cost constraints) and similar formulations
the planner can be guided to a "safe" or low-risk strategy in

the face of an uncertain future, -

In contrast to these long~term models, short-term models
deal with the immediate future, in system planning terms, These
models are often more concerned with feasibility rather than
optimality, and frequently simplicity and elegance of formulation
are luxuries the planner can ill afford, Such models are far
less well documented in the published literature, probably
because of the wide variation in individual system structure,
characteristics, and locad, In practice it is in fact often
arguable whether an optimization problem, in the generally
accepted sense, exists for the near-horizon problem., O0Often
the number of feasible alternatives is very small and the
usual approach is tc evaluate in detail each of these alternatives,
and cost and rank them accordingly. Such models are thersfore
simulation¥® models, since the development of the system is being
simulated, Short term models deal in detail with constraints of
types (b) and (c);

* The term is used in the precise sense, although it is common:

. in system planning work to use the label to identify loading
simulation models (Chapter Five). In these paragraphs a
qualifier will always be included to avoid confusion,
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Part II of the thesis addresses itself squarely to the
solution of system dsvelopment or expansion in the medium term,
A model is outlined in Chapter Four which takes into
consideration both constraints of types (a) and (b)., This
model occupies an intermediate position botween distant- and
near-horizon planning models, Appropriately, it is a two-phasa
model with global optimization in the Pirst and simulation of
system development in the second phase. An appraisal of this

original two-phase method follows in the next Sectioen,

Also in Part II, the theory for a loading simulation model
which aims at chronological simulation of system operation is
presented. This model attains more rigorous satisfaction of
constraints of type (c) than comparable models, and is discussed

in Section 7.3.
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7.2  THE TWO-PHASE PLANNING MODEL

The theory for the two-phase model was sat out in Chapter
Four. In tha first phase of solution a simple continuous
function dynamic program is set up and solved, This is a
global optimization model and is in its own right a model for
optimal powser system development, detailing the optimum plant
mix to be followed for least-cost system development., The uss
of dynamic programming for solution imposes a computatiénal
burden, but yiselds benafits which are thoroughly exploited
during the sacond phase of solution, which is a traceback
search in a dacision tres in which the discrete and non-flarkovian
nature of certain functions and constraints are accommodated

during simulation of system development,

A usaful analogy may be drawn betwsen the approach to system
planning of this model and ths preparations of a hiksr for
progress across rought country., Having mads careful plans for
his journay by assembling the rslasvant state and policy functions,
the hiker will at the beginning of his trip have a vsary good idea
of his liksly optimal (lsast-sffort) path towards his intended
destination, by reference to the state and policy functions.
Thera is of courss a limit to the amount of detail that he can
or may wish to take into account in his preparations, and
during his trek he may encountar obstacles (cliffs, water—
courses, forasts) not previously catered for, which impede his
prograess and necessitate detours, Thus during traceback, if
forced to deviate from his intendsd strictly optimal path,
refarence to the state functions will inform him what ressources
will be needed to move from his present position to his intended
dastination, and the policy functions will guide his next move
from this position to an optimal path, Note that if his dstour
has been substantial, the new optimal path may be quite different

from the original optimal path,

This is not all, for the state and policy functions can be
defined for the whole feasible area which the hiker can concisveably
cover, Thus if (for example) he is dropped by helicopter anywhsre

in this area, reference to the recursive functions immediately
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provides an evaluation of his present position and a gquids

to his next move,

Herein lies the clus to the power of ths dynamic programming
approach, and also the reason for its computational extravagancs,
Although greatly more efficient than exhaustive enumeration,
nzvertheless a very large number of evaluations still have to be
made for assembly of the recursive functions., It is for this
reason that the state and policy functions contain a mass of

information, and this fact is exploited by the traceback socarch,.

It would be unwiss to pursus this analogy much further,
since the system planning problem as treated in this thesis
involves a four~dimensional state vector as opposcd to the
hiker's position as indicated by his two-~dimensional map
reforences; also in the system planning context some planning
constraints = corresponding to thes hiker's obstacles - may sven
change according to events or decisions taksn along the current
path (indicating a non-flarkovian process), Furthermore in
system planning the temporal scale of years during the planning

period is an important featurs of the problem,

The traceback search is conducted in a decision tree,
which potentially can be computationally demanding, bearing in
mind the near-exponential nature of the tree. Howevar the
number of branches near the root of the tree (in the near future)
is in real cases strictly limited, when typical lead-times for
power projects are taken into consideration. Furthermore the
information embodied in the recursive functions is used to lessen
the computational burden by the use of simple rules akin to those
of the branch-and-bound algorithm of mathematical programming.
The state functions are used to predict least-cost expansion
from any given state at any given year to the horizon; the
policy functions are used to recommend near-optimal moves at

each year,

The division of the praoblem into two separates phases of
solution each dealing principally with a different level or
class of constraint has advantages which prove useful when

examining alternative scenarios of development for a single
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specific system, which would be the case in practice. This

was discussed in Chapter Four and demonstrated in Chapter Six,

The second phass of solution is ideally suited to marginal—
type analysis., In Case Study Two of Chapter Six it was shoun
how the impact of variations in retirement dates for existing
plant, delays in commissioning dates for current projects, and
compulsory implementation of certain projects, can be evaluated.
The advantage of an optimization search during traceback lies
in the fact that when marginal changss are applied to parts of
a projected expansicn schodule the remainder of the schedule
need not necesgarily remain unaltered but may readjust to give
a new lowest-cost strategy under these new conditions, This
property neatly resolves a common dilemma facing the system
planner: small changes to a proposed programme of development
may have indirect effects on futurs system development, causing
shifts in other areas of the planting stratsegy, but often he
cannot be certain as to their nature or scope without a wealth of
experience or accurate intuition backed by a great many trial
runs., Tha use of a branch-—and=bound search during traceback

will identify such effects automatically,

Furthermore since the gearch is a chronologically structured
numerical procedure all nonlinear, discontinuous, or conditional

constraints can be accommodated with little difficulty,

The structure of the two-phase model may therefore be

summed up as follows:

- The state and policy functions generated during the first
(build=up) phase of solution embody the "master plans" for
optimal power system expansion, not only from the initial

state at the initial year, but also from all feasible states at
all years, to the horizon, Thus in this way the recursive
functions define optimal policies of development over the
planning period. The second (traceback) phase on the other
hand conducts a decision tree search to determine ths tacticg

by which the recommended policies are to be realized,
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7.3  THE CHRONOLOGICAL LOADING SIMULATION FMCOEL

If the two-phase planning model discussed in the previous
section attempts to bridge the gap between short- and long-term
planning models, the loading simulation model described in the
concluding section of Chapter Five occupies a similar

intermediate position,

flodels which accaept the load duration curve as a description
of the load a system is required to serve are in common use in
system planning studies because of their computational economy.
Under certain conditions, particularly in the short to medium
term, this form of load description may not be entirely
satisfactory. As discussed in Section 5.3 the shortecomings of
LOC-based lcading simulation models are primarily due to the
loss of chronological data when the transformation from CLC to
LDC is made., This may not constitute a serious disadvantagse
when the proportion of installed hydro capacity is small, but
for mixed hydro-thermal systems such a model can produce

erroneous astimates of system operating costs.

Models which simulate the operation of systems in response
to chronological load data are widely used for short-=term
feasibility studies or for plant scheduling in real time but
are often much too unuieldy or too time-consuming for planning
purpaoses, They do not however suffer from any of the
disadvantages of LDC-models which arise from the leoss of

chronological data,

Sections-s.d to 5.9 in Chapter Five describe the theory for
an original ioading simulation model which accepts as the load
description a chronological (daily) load curve., This CLC~based
model aims at the computational economy of the LDC-based models
combined with the accuracy of CLC-models in reflecting actual
strategiess of system operation. 1In the svent it falls short
of both these aims but nevertheless forms a satisfactory
compromise between the two, Although requiring a CP time perhaps
an order of magnitude or so more than LDC-models, it is

applicable for planning studies in the medium term, It
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represents an improvement over oxisting loading simulation

models used for planning in the following respects:

- Systems containing pumped storage stations, or sven
conventional hydro stations with appreciable reservoir
capacity posscss an indirect storage capability = by ths
operation of pumps to store elsctric energy as hydraulic
potential energy, or in the latter case by withholding the
expenditurs of hydro energy to a later time. For accurats
examination of the opserational strategy to be adopted for
such a system proper treatment of the chronological

sequence of demand is essential.

- Limited feasible regimes of operation for esach individual
unit in the system and part—load efficisncies are taken

into account.

- Explicit attention is given to the svaluation of the costs
of provision of spinning reservej this is of particular
relevance for small independent systems and those which
contain a wide disparity of unit sizes. The chronological
sequence of spinning reserve required is also taken into

consideration.

Such factors represent facets of systam operation which ars
non-trivial and often neglected or given supserficial caonsideration
in long term planning studies but which should be considered in

the short or medium term,

Apart from its use in the planning context ths model will
also be acceptable for the svaluation of other methods of dirsct
or indirect storage of electrical energy on a large scals, As
was mentioned in Chapter One greator attention is currently
being paid to such methods which can effect significant economiss
in system operation as well as enhancing system security and
quality of supply. Loading simulation following a chronological
load curve is again sssential for proper svaluation of such

accumulator devices,

As discussed in Chapter Two the use of marginal pricing in
determining the structure of supply tariffs is fundamentally

directed towards the modulation of daily and annual cycles of
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demand for the mutual benefit of both producer and consumer, The
system psrformance functions of Sections 5.8 and 5,9 can bs used
to destermine tha incremental costs of system operation for the
system comprising the twoc (hydro and non-hydro) subsystems in
terma of output, spinning reserve, and instantansous available

hydro ensrqgye.

As with the two-phase planning model dynamic programming
has been used to full advantage, System performance functions
need not be reevaluated if a single particular system is under
study, for again they contain "masteor plans'" for system performance
evaluation under all feasible conditions, The functions do not
have to be completely updated when minor additions or removals
are apblied to the system - the case in practice -~ because of

the property of invariant imbedding of dynamic programming,

The model as outlined in Chapter Five is in a very basic
form, simplified and aimed at maximum computational economy for
use in planning studies, The general principles of the model
however rendsr it quite flexible and it is amenable to further

development or detail improvements for othser purposss,
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7.4  DETERMINATION OF THE INSTALLATION FRAMEWORK

Chapter S5ix demonstrated the use of a set of computer
programs writtsn to test and verify the two-phass planning
model of Chapter Four, with loading simulation by means of the
model of Chapter Five., In ths following paragraphs some general

comments on this integrated model will be offered,

Perhaps the basic problem facing the planner in the medium
term is one of sslection and timing for futurs installations.
General trends as advocated by long term planning models are
often fairly self-gvident, but the transition from "policy"
to "tactics"™ is not always so clear, Stated simply, the
deferment of a particular installation means that in real terms
there is every likelihood of its being cheaper when svantually
installed, but this also means that any benefits in terms of
reduced production costs or easier system operation aras also
postponad, The planner's decision has of courss to be made not
only in the light of system composition and demand, but also
any other constraints that may apply. Particular cases can
sometimes be easily evaluated but when dealing with a planting
strategy ovar a pericd of a decads or more, with perhaps
interaction between sslactions themsselves the problem becomes

extremely difficult to manage,

It is therefors reassuring to have a tool for formal and
comprehensive evaluation of all candidates or combinations of
candidates which can be ranked accordingly and arranged to

form the lowest-cost overall installation framework,

In the computser package a conscious effort has been mads
to attain more rigorous constraint satisfaction than comparabls
methodologies. [any awkward constraints are handled, some of
which can form overriding considerations in medium-term powser

system development;

- The existence of discrete unit sizes, economies of scale
for larger units enalties in systsm operation from the use of
Q s P

too large a unit sizs in relation to system installed capacity.

- Site considerations: the recognition of a limitsad number
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of available sites, limits to individual site capacities,
mutually exclusive options at a single site or group of sites,

and the sequencing of site development.

- Constraints on capital expenditures, As Case Study One
shows, such constraints can have the effect of discouraging
premature overplanting of thoe system, with the result that
system capacity is continually being incremented by small amounts, .
and difficulty may be experienced in maintaining adequate system
capacity to mest load growth owing to the lack of capital
resources, This confirms trends often apparent in developing

countries,

- The results of separate cost-benefit analyses, which may
entail compulsory development of certain sites, Where selections
are made mandatory the planner's problem is the determination of
suitable dates for project implementation and the creation of a
suitable framework of planting within which these compulsory

installations may be made,

- Political or other constraints which can have a similar
effect on sslections or dates of availability of plant, Such
constraints can also arise from the results of more gensral

energy policy studies,

All such constraints are bound to distort overall optimal
policises of development, and any installation framswork is never
likely to bs optimal at any point in time during the planning
periods, The best that can bs done in the face of such
difficulties is to aim for overall optimality over the planning
period taken as a whole, The planning model determines such
strategies taking into account all the constraints mentioned

above,

A disadvantage of the model, discussed in Chapter Six, is
the effect of truncation at the end of the planning period., Thse
longevity and high initial costs of hydro and nuclear plant means
that they can be discriminated against in favour of lower capital
cost plant close to the planning horizon. Such errors can bs

minimized by imposing strict constraints on plaﬁt mix,



Some proposaed improvements to the model are listed in
Section 6,3, whilst detail improvements to the program structure

and code are discussed in /53/.

If the traceback phase of the planning model is regarded
primarily as a simulation model of system davelopment, some
further extensions to its applicability can be suggested, 1In the
case studies presented, capital expenditure constraints, differ~
entiated according to foreign and local components and applied
cumulatively over a set period of consecutive years, have been
used, This is in fact one of the simpler forms that can be
accommodated, and it is of courss a gross simplification of
actual constraints that prevail, Since howaver the tracsback
search is a numerical procedure, computer programs are readily
recoded to suit any specific needs. Further development along
these lines could sventually lsad to the incorporation of a
financial model running in parallel with traceback, simulating
annual cash flows and capital reserves over the period of study,
This would take into account operating costs, overhsads, tariffs
and revenus, and the servicing of sxisting loans for sach ysear
of study, thus paying closer attention to actual financial
status, which in turn would impose constraints on feasible
development options., Such a modsl would of course tend toc bs
large and time-consuming, especially if used as an optimization
procedure, and would really only be warranted with greatly
improved quality of input data., But it would be eminently
suitable for the simulation of system development in the medium

term,

In a similar manner the tracseback search can be integrated
into a larger model for comprehensive energy pclicy studies,
Again the same strictures apply, and it is doubtful whether in

these applications such detailed simulation would be required,
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7.5 CONCLUDING REMARKS

Mathematical programming models used in conjuncticn with
digital computers are genorally accepted these days as powerful
tools which can aid the planner in a logical and raticnal
approach to system svaluation and design, Therc is a multituds
of modsels available to this end, each with its oun peculiar
features, advantages or otherwise, and adherents, It is
houwever generally unrewarding to enter into debate on the
relative merits and demerits of each particular technique,

As Berrie and Anderson point out:

" The actual choice of technique ... may properly rest morse on
the predilections of the individual, the computing facilities
at his disposal, the data, and the size of the system he is
analyzing, than on the intrinsic superiority of any one method
over anather. " (/6/)

Rather therefore than undertake to duplicats the
distinguished efforts of other workers in the field of pouwer
system planning, an attempt has instead been made to identify
specific intermediate problem areas not hitherto the subject
of intensive research, and to develop suitable models for

pawer system planning within these tsrms of rsference,

This author believes that a reduced-horizon problem is not
a trivial one, and the results of this quest, presented in this
thesis, are proferred here as practical complementary additions

to the existing body of knowledge on the subject,
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APPENDIX A, DYNAMIC PROGRAFMING

Dynamic programming is a term variously applied to both a
methodology of mathematical programming and a computational
technique, conceptually simple but with profound and wide-
ranging applications to the solution of optimization problems
in general, As the name implies, it is applicable to any problem
that exhibits a multistage structure, An advantage of the standard
computational procedure is that during the course of solution
constraints that are not easily handled by gradient-based methods
(integer restrictions, discontinuities, or severe nonlinearities)
can be readily accommodated, There are disadvantages, Except for
the most simple casés the solution requires the use of large
high-speed computing machinery, and even with these powerful
numerical tools many problems cannot be solved at all within

a reasonable time,
A NOTATION

Figure A-1 represents a multistage process, It is visualized

as encompassing K stages, An n-dimensional state vector Sy

represents the state of the system at stage k. An m—-dimensional

decision vector Ek is applied to the system at stage k, The

transition function Ik relates the input and output states at

stage k with this decision vector, this is an n-dimensional

vector function., Associated with each stage is a scalar return

function Rk’ this is a function of Sy and gk'
FIGURE A=-1, MULTISTAGE PROCESS
d
-1 =k -K
s I st kR v EaG ko [T

—Ry(24084) Ri(g08) TR
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A.2 DERIVATION GF THE ALGORITHM

The derivation given below is based upon the approach of
Larson /36/. The foruward programming algorithm is derived,

K
optimize¥* > R (gk,gk) oo (A=1)
k=1

where states s  and Si1? and decision Ek’ are related

K
by a transition function of the form:

S T Ik(Ek’Ek) .o (A=2)

subject to the following constraints:
-S-k e Sk 0-(A'38)

and gke Dk(gk) . e o (A=3b)

Initial and final states s

S may or may not be specified,

and §K

For solution, an optimal recursive state function F, is defined:

K
K
t
(e = djr J 200k ( E y(agdy) ) -+ (A=4)

By definition, F, provides the optimal solution (Eqn A=1).

Splitting the sumnation of Eqn A=4 into two parts:

k=1
_ opt opt
Fk(gk) ) Ek d.y J = 142500 4k=1 Rk(gk,gk) * ‘Eg RJ(EJ’EJ)
} -
opt { Opt )
= R (sy08,) + o S~ R.(s.,d.)
g, | k=k=k dys 3= 192peek=1 =5 T30S
_ opt )
=4 {Rk(ﬁk'f’-k) + Fleg [Ik(_s_k,gk)]} .. (A=5)

Eqn A-5 represents the core of the dynamic programming approach,

and is a mathematical statement of Bellman's Principle of Optimality:
"in optimal policy has the property that uwhatever the initial state
and initial decision are, the remaining decisions must constitute an

ontimal policy with regard to the state resulting from the first
decision", (/4/)

S ———————

# optimize = maximize or minimize,
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A3 NOTES

1. Figure A-1 can readily be imagined to represent the planning
process for power system development, with the separate stages
corresponding to points in time (years) up to the horizon year
(stage K)., State vectors will represent the system at each year,
and decision vectors will represent the introductions to or
retirements from the system., The costs of installations and system
operation will be represented by the return functions Rk.
In a similar way Fig A-1 can also represent a control praoblem:
the determination of what controls to apply (gk, k = 1,2y44K)
in order to attain a particular final state Sk with (say)
minimum effort or cost ( :E:i=1 Rk(gk,gk) )e
Most multistaged processes may be solved with judicious
definition of state and decision (or control) variables, even
fairly complex networks containing loops and recirculations,
using techniques of system decomposition, It is not always
immediately abvious however how the algorithm may be applied
to the solution of allocation problems, A treatment of these is

presented in Section A.5.

2 From the derivation above it will be seen that this form of
solution is only applicable for objective functions which are
additively separable with respect to the stages k, If this conditiaon

is violated the derivation of Eqn A-5 will be invalid,

3. The algorithm can only be employed if the state aof the
system at each stage k can be completely described by the state

vector s The past history of the process (how the state arose)

should bg irrelevant as far as future behaviour of the system is
concerned, In other words, the system must be Markovian, Most
natural systems are inherently Markovian, or can be regarded to
be so with sufficient detail in state description, Unfortunately
an increase in state dimensionality can often introduce severse

computational penalties in solution (see Section A.4).
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4, A feature of the algorithm is that minimization is carried

out a stage at a time, This stagewise optimization is nat however
carried out for each stage in isolation, but includes a contribution
from the previous stage in the form of the state functian Fk-1'
At the kth stage the problem that is in fact being solved is that
for a system consisting of'stages 1 to k in the computational

sequence, This is the property of invariant imbedding: in a single

solution to the dynamic program, solutions for a whole subset of

K identically structured problems with different numbers of stages
is produced, Often the property of invariant imbedding is aof
little practical use, although it is thoroughly exploited in the

dynamic programs in this thesis,

S. The forward programming algorithm involves the recursive
application of Eqn A=5 for k = 1,2,..,K. Larson /30/, by

redefining the transition function of Eqn A=2:

Siepr = Teleeady) e« (-6)

and the state function of Eqn A-4:
K
_ apt _
Fk(gk) - EJ’ J= k,|(+1’..’K {Jgk RJ(EJ,EJ)} o.(A 7)

follows an analogous procedure to derive a recursive.relationship
for the backward algorithm:
_ opt 5 -
Fe(sy) = d { R (s ady) + Py [Ik(ik’gk)]} .+ (4-8)

-~ this formula being applied backuards for K = K,K=1,..41,

The choice of which of the tuo algorithms, forward or backward,
depends largely upon the problem being solved, and the initial
conditions given, If the transition function can be readily
inverted to give either the form of Eqn A-2 or Eqn A=6 then
either foruward or backward programming is applicable, Then if

the initial condition s is given forward programming is preferablse,

0

canversely if the final condition Sk is fixed then a backward

solution would be preferable,

6. Whether backward or forward recursion is eﬁployed the full
solution will have to be carried out in two phasses, In the first,

build-up, phase, the state functions Fk are assembled and stored
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a stage at a time. The end results of this phase, FY(EK) will
provide the required solution of Eqn A=-1., If the sequence of
decisions that give rise to this optimal solution (the optimal
policy d s K = 1,2,40,4) it is also necessary during the build-

up phase to assemble the policy functions as wsll as the state

functions:

Let Egn A-4 be written as:

S = * 3 -
Fk(:k) Rk(i’gk) + Fk—‘] [Ik(f.k,gk)] oo(/\ 9)
and define: Ek(gk) = Eﬁ .. (A=10)

The m-dimensional vector functions G_ are the policy

K
functions; Ek(gk) is the decision to be implemented at stage k,
with the system at state ) in order to attain optimality at

final stage K,

The second phase of solution, the traceback, uses the
policy functions together with the transition functions in order
to generate the optimal policy,., Let the final condition be §f
(if this is not specified, then the optimal final state is

By definition, the optimal decision for this year is:

e = 'X‘ -
dz EK(EK) oo (A=11)

and from the transition function (Eqn A-2):
— *_d¥ -
Sk-1 = Ic(gf D) -« (1-12)

Equations A-11 and A=12 are applied recursively for k = K,
K=1g40041, thus geﬁerating the optimal decision sequence

Eif'v k = 1,2,..,4Ke This is the optimal policy,

For a forward dynamic program, the build-up phase moves
forward (increasing k) whilst the traceback phase moves backward
(decreasing k)., For a backward dynamic program this order is

reversed,
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A.4  COMPUTATIONAL ASPECTS

Equation n=5 (or A-8) is a functional equation, in the
sense that Fk is an unknown function rather than an unknoun
guantity. As a general rule such an equation can rarely be
solved analytically, except for some special forms and for
very simple unconstrained almost trivial cases. The so-called

standard computational algorithm, to be described below, is

frequently used for the solution of ths recursive equationsj
although perhaps inelegant it has yet to be supplanted by mare

efficient general methods,

Suppose that the state and decision vectors are discretes,
and that each state variable (each component of the state vector)

can assume Nk discrets values at stage k., If then none of the

constraints of Eqn A-3a is active then the number of feasible

states at this stage is N ", Fquation A=5 is now solved for

k
each of these feasible state vectors, yielding the value of

the state function ﬂ( and policy function Ek for each feasible

state, Effectively Eqn A=5 will have to be solved Nk“ times at

sach stage k.

If each component of the decision vector can assume Mk

discrete valuss, the optimization of Egn A-5 may be carrisd out

by direct comparison, M m comparisons have to be carried out

k

for each value of the state vector = a total of Mkmen (scalar)

comparisons at each stage k,

Now if the state and decision variables are continuous
they are approximated to discrete values by the construction .
of an n-dimensional grid for the state vector and an m-dimensional
grid for the decision vector, and a similar process to that

described above carried out,

The values of ﬁ( thus obtained uill be used for the next

stage in the solution (the recursive equation for stage k+1).
This requires storage in high-speed central memory amounting
to 1 " locations., Values of G

k k
state vector need not be accessed during the build-up phase

for sach quantization of the

and may be stored off=lins on peripheral devices (disk or tape)

togsther with the values of Fk for stages previously computed and
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TABLE A=1 CORE REQUIREMENTS FOR THE STANDARD CCMPUTATIONAL ALGORITHM

Values tabulated are of N L the number of locations in central

memory required for stora:e of the state functions Fk'
Nk = number of guantizasd levels for each
component of the state vector,
n = dimensionality of the state vector,
Nk =5 Nk =10 Nk = 50 Nk = 100
n =1 5 10 50 100
n=2 s 102 2500 10
n=5 3125 10° 3.1 x 10° 1010
n =10 9.8 x 10° 10'% | 9,8 x 10" 10%
n = 50 8.9 x 10°%] 100 | 8,9 x 10%| 1070

no longer required in central memory. Thus the off-line storage

requirement for a K-stage problem will be KNkn(1 +m),

In continuous~variable problems, ! and Mk should be as

large as possible for maximum accuracy.kHowever as these quantities
are increased computer core and CPU time requirements rapidly
become excessive, Table A-1 does no more than highlight the core
requirementsy it will be seen that even with a 2=-dimensional

state vector core requirements can be prohibitively large with

a fine grid,

CPU time is proportional to Nkn; if quatization of the
decision variables and direct scalar compariscn is used, it is
proportional to Nkmen. Computing time constraints can also be
serious, even to the extent that the sclution to a problem can

take longer than the real-life situation it seeks to simulate (/41/).

As general rule even with present-day large high-speed
digital computing equipment problems with state vectors of

dimensionality greater than about four cannot satisfactorily
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be resolved with straightforward application of tha standard
computational algorithm, It should be noted that the bulk of the
computational effort is expended during the build-up phase, The
reason for this is that all feasible states at all stages will
have to be evaluated and inspected, whether or not they are
eventually used for generation of the optimal policy during

traceback,

Clearly constraints which limit the number of feasible
states aid the computational process since feuer states need éo
be explored, This fact is in direct contrast to most other
methods of optimization where the existence of a greater number
of contraints hinders solution, Furthermore the use of a direct
numerical method of solution allows the handling of many types
of constraints -~ linear, nonlinear, discontinuous, equalities

or inequalities, and so on, with egual easa,

Ingenious methods have been proposed and used to reducse
the computational burden, Core requirements may be reduced
significantly if the state function can be approximated to by a
low order polynomial, Optimization procedures more efficient
than quantization and search in decision space may be used,
Such techniques include Fibonacci or Golden Section search,
multivariate search algorithms (eg Powell, Fletcher-Reeves),
and even the Simplex method of linear programming (provided
that the state function and return function are in suitable form)
For special forms of transition function and objective function
certain special techniques (eg state increment dynamic programming)
can produce solutions efficiently, Other methods such as that
of successive appfoximation, approximation in function space,
or policy space, can also reduce the computational buréen and
have been widely used for multidimensional problems where a
steady~state solution is required, Finally, certain heuristic
methods have been successful for very large problems which

cannot be solved with the standard computational algorithm

(eg /18/’/41/)‘
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AeD ALLOCATION PROBLEMS

Consider the following form of the allocation problem:

K
optimize > fk(xk) oo (A=13)
k=1
K
subject to: > gk(xk) < A oo (A=14)
k=1
and: %, € X oo (A=15)

This problem can be considered to be a mathematical statement of:
"Allocate in an optimal manner (Eqn A-13) a limited quantity
of a resource amongst K activitiss, each of which provides
a return (or penalty) Fk(xk), with constraints on overall

(Eqn A-~14) and individual (Eqn A-15) permissible allocations",

This problem may also be regarded as a staged process with

appropriate definitions of state and decision variables,

Let the stages correspond to the K activities, Lst dk
represent the allocated quantity of the resource to activity k
(dk = xk). since the constraint of Eqn A-14 is additively separable
with respect to stages k, at sach stage k let the state variable
Sy denote ths value of this constraint up to and including

stage k:
13
J:

The problem has now been recast into the forms:
K )
optimize = f‘k(dk) oo (A=17)
k=1

with the transition function:

5k—1 = Sk Lad gk(dk) oo(A"“B)
and constraints:

S0 < A oo (A=19a)



The problem is now in a form identifiable as soluble by
dynamic programming. Both state and decision vectors are unidimen—

sional, and the required recursive equation for solution is:

_ opt . _
o) = d9 € Xk& 8+ Feg [5 - 98]y ve(a-20)
and the solution to problem Egns A=-16 to A~19 is:

opt[FK(sK)]

1. The arguments presented above can readily bs extended to
include multidimensional cases, Thus if there are n commodities

to be allocated over K activities (x at each activity k),

k! 2Kk?* * 170k
and m constraints, of the form:

K
> gik(ggk) < A for i = 1,2,..,m ee(A=21)
k=1

then this is a dynamic program with K stages, an n-dimensional

state vector, and an m~dimensional decision vector,

2. The unidimensional case can be solved readily with the standard
camputational algorithm, Multidimensional cases are of course

computationally much more demanding,

3. Owing to the nature of the standard computational algorithm,
the solution has been obtained for all feasible final states

(211 s, < A). Therefore:

FK(A') is the solution to the problem if the constraint:

K
> o9,(x) <A'" replaces the constraint of Eqn A-14
k=1
(A' < A)

4, The property of invariant imbedding means that k subproblems
have been solved, Thus:
rj(n') is the solution to the following problem:

"Allocate in an optimal manner the single resource aver j

activities such that:

(a) Z:.L]=1 gi(xi) < A'; and (b) Xie Xy for i = 192400 3"
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S, Allocation problems as a class may be solved in many ways.

For the problem of Egns A-13 to A-153, if the functions f and g

are linear, and if the constraints of Eqn A-15 representklinear
equalities or inequalities, then the problem may be solved by
linear programming, which computationally may well be morse
efficient. Even nonlinear forms may be accommodated by the use
of multivariate search algorithms., In many cases ths use of
dynamic programming cannot be recommended since it may not be

more efficient or more accurats,

6. It would be hazardous to present general rules without a
closer knowledge of the nature and structure of the problem,
but dynamic programming may be preferable over alternative

formulations in the following cases:

- when the solution to the subset of identically structured
problems is also required (exploiting the property of

invariant imbedding),

- when a parametric solution is required; viz, when the
solution is desired in the form of a function rather than

a specific quantity,

- where performance functions are highly nonlinear, discon-

tinuous, or not available in analytic form (eg as the output

from a subroutine),

- where constraints are numerous, highly nonlinear, discontinuous

or not available in analytic form, or where statass and

decisions are constrained to discrete or integer values,
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APPENDIX B, EXTENSIONS TO THE LOADING SIMULATION FMODEL

The exposition of Sections 5.4 to 5.9 has been dirccted
towards the development of a model for evaluation of operating
feasibility and operating caosts to be used in planning studies,

In such a case one of the prime considerations is the minimization

aof

computational effort, in respect of computer CP time and
cantral memory core requirement., In the two sections to follow
some extensions to the model will be presented which, albeit at
the expense aof an increased computational burden may make the
model more suitable in other contexts, eg for plant scheduling

studies,

Except where stated, notation follows that of Section 5.4,
8,1 RESERVOIR TRAJECTORY

(a) 1If greater accuracy is required the assumption of a single
pseudoreservair may be relaxed, and consideration be given to
two or even more reservoirs. It must however be borne in mind
that the computétional burden increases very rapidly with

dimensionality in the dynamic program,

(b) where the system is not independent, and export and import
of energy is allowed betwesn it an a neighbouring system, a
third dummy subsystem may be defined with a cost function
Cx(px,rx), which defines the cost of electricity supplied by
the neighbouring system, Note that this function may also be

defined for negative values of Px and r,, in which case the

X

value aof CX itself may be negative -~ this corresponds tao

export of energy from the system,

The overall cbjective still being cost minimization, the

objective function, to be minimized, is now:

T
g[cm(pTH,rTH) + Cx(pxyrx)] ATt

Noting however that the operation of the hydro subsystem
is independent of that of both the thermal and dummy subsystems,

an equivalent system performance function for these latter two
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subsystems:
CeqlPegrteg) = MM {CTH(DTH’rTH) + Cx(px'rx)}
subject to: pEQ =Py + Py

ands rEQ = rTH + rx

The solution of this relatively simple optimization problem
can be through any nonlinear algorithm, A two-dimensional two-

stage dynamic program may be used,

The complete reservoir trajectory will now bse:

. i
minimize t; Ceq [ 0C2) = py(8)y RIE) = R (o (e ] AT,

with the transition function:

q(t+1) = q(t) + [F(t) = p (£)6(p, ()] AT,
and the constraints:

Qrin La(t) < Qax for all t,

The required recursive relationship for solution will be

similar to that given in Section 5,5.
B.2  PERFORMANCE FUNCTION FOR THE THERMAL SUBSYSTEM

Two alternative methods for derivation of the performance

function CTH for the thermal subsystem are outlined belouw:

(a) Consider the functions z(p) and z'(p) in Fig B.1. The cost

of operation of the subsystem at point (pTH’ZTH) is required,

As a starting point, one of the points A, A', B, B' may bs
selected, According to the trajectory on uwhich this point lies
(maximum reserve or minimum cost), a single traceback pass is
conducted to determine the optimal policy for that point. From
this policy, the set G of points that are operating is obtained,
If it is now assumed that this same set is also aperating at the

point (pTH’zTH)’ then the following problem is to be solved:
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FIGURE Bl1 ALTERNATIVE FORMULATION FOR THERMAL SUBSYSTEM = 1,

a9 —— — —_—

minimize 2> ¢y (p(k))
kE G

subject to:

k%G p(k)> pqy

k%G (k) = p(k) > zp, - Pqy

arids p4(k) < plk) < py(k)

The first two constraints however are equivalent to the

single constraint:

k%c p(k) = max {pm’ Zm = Py T k%:G ps(k)}
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Note that there are nou no discontinuities in the feasible
region for the vector p (since all p(k) # 0), and the problem
has a single linear inequality constraint uith louer and upper
bounds on the independent variables, For cases uvhere the functions

¢, are linear or quadratic, the problem is a straightforward

k
linear or quadratic program, and may be solved by standard

algorithms fairly readily.

If it is found that the set G defines an infeasible case
at the point (pTH’ZTH) then one of the remaining three alternative

points may be selected, and the process repeated,

with this method it will be nessary to store the policy
functions as well as the state functions during the build-up
phase of the dynmamic program , thus there ars penalties both in
respect of CP time and core requirements, However a simplified
form of policy function may be used since all that is needsd,
even for the minimum cost trajectory, is the status of each unit

(off/generating) in order to determine the set G,

(b) consider the following problems

minimize > c, (p(k))
kEGCTH

subject to:

=, p(k) > x.p where x> 1
k€ CTH L

This problem may be solved by dynamic programming as before,
it may be interpretsd as ths solution of the minimum cost trajectory
for the case where the system output is constrained to exceed
required system demand by a fixed fraction (x - 1), The case
x = 1 corresponds to the minimum cost trajectory problem of

Section 5.9,

Assume that the above problem is solved for several different
values of x, set by the user, A family of minimum cost trajectoriss
and their associated reserve trajectories is obtained, Figure 8,2
shows an example with three functions, the other two curves ars,
as before, C(p) and z'(p) for the minimum cost trajectory (x = 1)

and C'(p) and z(p) for the maximum reserve trajectory,
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ALTERNATIVE FORMULATION FOR THERMAL SUBSYSTEM - 2,

- — e—— —— — c—— —
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It will nou be a straightforward matter to apply linear
(or even higher order) interpolation in the z~direction to provide
the required estimate of operating cost for any feasible point
in the (p,z) plane.

The increased computational burden is evident, Although policy
functions need not be stored during build-up, a total of five
unidimensional dynamic programs.are' to be solved for the

subsystem,
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