
I 

BNL-28839 

WASP AND ELECTRICITY CAPACITY EXPANSION PLANNING 
FOR EMERGING COUNTRIES 

Jack Allentuck 

NOVEMBER 1980 MASTER 

NATIONAL CENTER FOR ANALYSIS OF ENERGY SYSTEMS 
DEPARTMENT OF ENERGY AND ENVIRONMENT 

BROOKHAVEN NATIONAL LABORATORY 

UPTON, NEW YORK 11973 

11111 
(Ill I 

. OF THIS r.ocm·•:".!H IS UNLIMITED 
~ . ~-:- :i !iiUTIO ;~ u ..... 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



.· 

WASP 
and 

BNL-28839 

Electricity Capacity Expansion Planning 
for 

Emerging Countries 

Jack Allentuck 

November 1980 

,-----------DISCLAIMER----------, 

This book was prepared as an account of work sponsored by an agency of the United States Governmen1. 
Neither the United States Government nor any agency thereof, nor any of their employees, malo:esanv 
warranty, express or implied, or assumes any legal liabili(V or responsibility for the accuracy, 
completeness, or usefulness of any information. apparatus, product, or process disclosed, or 
represents that ils usc VIIOUid not infringe privately owned rights. Reference herein to any specific 
commercial product, process. or service by trade name, trademark, manufacturer, or otherwise, does 
not necessarily constitute or imply its endorsement, recommendation. or favoring by the United 
States Government or any agency thereol. The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States Government or any agency thereof. 

ECONOMIC AND SYSTEMS ANALYSIS DIVISION 

NATIONAL CENTER FOR ANALYSIS OF ENERGY SYSTEMS 
·DEPARTMENT OF ENERGY AND ENVIRONMENT 

BROOKHAVEN NATIONAL LABORATORY 
ASSOCIATED UNIVERSITIES, INC. 

UPTON, NEW YORK .11973 

For Presentation at th4a Workshop on Energy Policy Analysis, ·sogesta, 
Urbina, Italy, November 3-7, 1980 



-. 

1. INTRODUCTION 

The. WIEN Automatic System Planning Package (WASP) is typical of 
electrical generation capacity expansion planning models in general use 
today. It was developed by the Tennessee Valley Authority (TVA) for the 
International Atomic Energy Agency (IAEA) hence the name tHEN. It is 
available without charge to member states. Assistance in its use is 
available from IAEA staff and in addition it is well documented. User 
conferences are held at infrequent intervals. The next one is scheduled 
for March 1981 at Ohio State University in Columbus, Ohio. 

The user of WASP should be aware of its uses and limitations espe­
cially, though not exclusively, in its application to emerging coun­
tries. The objectives of this paper are as follows: 

A. To present an overview of capacity expansion planning 
and its place in the economic planning process with 
reference to the emerging countries. 

B. To describe in a general way the use of WASP. 

C. To caution case in the interpretation of WASP re­
sults. 

D. To suggest the way in which WASP can be used to ass~ss 
innovative electric generating technologies. 

Complicating the electric system planning process is the ideological 
. and symbolic significance with which electrification has been endowed. 
We need only recall Lenin's assertion that Communism is Soviet power and 
the electrification of the whole country; the mystique of vast undertak- · 
ings such as TVA, Dnieperpetrovsk Hydro Project, and the Aswan High Dam; 
the art which glorified electrification which emerged in. the 1930's in 
·the United States, the Soviet Union and Fascist countries as well. As a. 
·symbol of progress, elect rif ica tion became an end in itself and remains 
so in many emerging countries. 

To my mind, the pace of development of electric energy supply is 
rationally governed by anticipations of future demands on the ·one hand 
while on the .other it is constrained principally by limitations on avail­
able capital resources. The probability of demands of specified magni­
tude occuring at various places in the country is a function of economic 
development which is driven by the planning process. Electric system 
planners must be informed of the consequences for electricity supply 
requirements of the economic development plan. Economic development 
planners for their part must ensure that electricity supply is available 
where, at the. time, and in such quantity as is required. In doing so 
they must provide necessary financial and physical resources for invest­
ment and operations. Thus a two-way flow of information must be estab­
lished between economic de~elopment planners and electricity supply 
planners. A ·schematic representation of this information exchange is 
shown in Figure 1 ~ · 

The position which I have enunciated above is in direct opposition 
to. one which maintains that the availability of electricity supply .calls 
forth economic development. Providing electricity to the unelectrified 
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countryside is not an effort to be undertaken lightly and investments in 
electricity supply should not be made unless an adequate return is as­
sured~ Irtvestment ln electricity supply is only justifiable in the con­
text of alternative investment opportunities. 

Another argument frequently heard for electrification is founded on 
a concept of social justice which asserts that the amenities which can be 
made available only by electrification should be provided to the inhabi­
tants of rural areas as well as those in urban areas. It is further 
argued that the availability of such amenities help stem an undesirable 
rural-urban migration. One weakness in these arguments relates to the 
fact that providing electric service is of itself insufficient to assure 
the enjoyment of such amenities where the populace is unable to provide 
consumer durable. Another is that it is extremely doubtful that the 
availability of the amenities of electric supply ever actually affects 
rural-urban migration. It is much more likely that such migration is 
driven by under-employment in the countryside and is likely to be slowed 
by the creation of productive enterprises in rural areas. This, of 
course, takes us back to the primacy of a development plan. It should 
also be remarked that planners may make a conscious decision to provide 
electric service even when no economic return to such an investment is 
forthcoming. Such a decision should be made in context of the allocation 
of national income between investment and consumption and expenditure on 
electric supply is then included with consumption expenditure. 

2. ELECTRIC SYSTEM PLANNING 

Capacity expansion models are appropriate when a grid exists or is 
planned. In the early stages of development an electric grid.may be pre­
mature and dispersed supply may be preferable. This may be the case when 
economies of scale in investment in electricity supply are not available 
and when reliability of supply is not.highly valued. This will generally 
be true when electric loads are small and scattered· in which case elec­
tric service may be provided by diesel engine generating sets, low head 
hydro-electric ·installations· and supply based on appropriate renewable 
resources. 

In considering the development of a new electric grid or the exten­
sion of an existing grid the planner inust also consider alternative 
energy options. To what extent is electricity the optimal energy supply 
for planned industrial or agricultural enteprise? Consider the following 
list of functions for .which electricity may substitute for other energy 
forms. 
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AGRICULTURAL SECTOR 

1. Irrigation Pumping 
2. Threshing 
3. Refrigeration 
4. Crop Drying 
S. Farm Residences 

INDUSTRIAL SECTOR 

1. Process Heat 

TRANSPORT 

1. Urban and Interurban Mass Transit 

In the residential sec tor as was suggested above, planners must 
determine whether or not householders have sufficient income to purchase 
consumer durables needed to obtain the benefits from electric supply. 

The decision having been made that an electric gr.fd is appropriate 
the capacity model develop an expansion plan, given the present state of 
the· generating system, which will be capable of supplying a set of given 
energy demands with a specified minimum reliability at least cost. The 
basic. information required includes the characteristics of existing gen­
erating units, the loads to be imposed on the system during the study 
period and alternative allowable expansion plans. 

WASP employs six subprograms in the determination of an optimal 
expansion plan. They include the following: 

a. Fixed system programs 
b. Load description program 
c. Variable system program 
d. Expansion configuration program 
e. Merge and simulate program. 

Descriptions of these programs from WASP documentation are in the 
paragraphs which follow. 

Fixed System Program 

The Fixed System Program describes the state of the· existing power 
system at the start of the study. The required data for each generating 
station in the system include: number of identical units, minimum and 
maximum operating capacities, heat rates associated with these capaci­
ties, type of fuel, fuel cost, forced -outage rate, and maintenance re­
quirements. · Any firmly committed additions and/or unit retirements are 
also specified in this program. Committed additions are described in the 
same manner as for existing plants with the exception that the first year 
of operation must also be specified. The· date of retirement must be 
specified for unit retirements. 

V~riable Syste~ Program 

The Variable System Program defines. the type. of units that will be. 
used to expand the system during the study period~ Each particular unit 
whose type and capacity are defined becomes an expansion candidate. For 
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example, a 600-,'\.fW nuclear unit and a 1000-MW nuclear unit would consti­
tute different expansion candidates. Hydroelectric and/or pumped storage 
projects can also be included as expansion candidates. The data required 
to define a particular candidate are identical to those used in the fixed 
system program. 

Load Description Program 

The Load Description Program defines the generation requirements in 
each period of the study. The study is nominally divided into years; 
however, each year may be subdivided into a number of periods. The fore­
casted peak loads and shape of the load duration curve are defined for 
each period in this program. 

Expansion Configuration Generator Program (CONGEN) 

The Expansion Configuration Generator Program gives the system 
planner the ability to direct the area of study to expansion configura­
tions that he believes to be most economic. This can be accomplished by 
specifying minimum and maximum reserve requirements, thus constraining 
the system capacity. Any expansion configuration whose capacity would 
fall outside the reserve requirements would not be considered as a feas­
ible state. Limits can also be placed on the minimum and maximum number 
of units of a particular expansion candidate that can be installed in any 
given year. The CONGEN program forms a list of all allowable system con­
figurations (or states) for each year in the study. 

Optimization Program (DYNPRO) 

The DYNPRO program uses a dynamic prograuuning algorithm to determine 
the optimal system expansion policy from the states defined in the CONGEN 
program. All the economic calculations, including the escalation of fuel 
prices, penalty on foreign expenditures, and present-worth calculations, 
are performed in the program. 

The critical loss-of-load probability can be defined for any year of 
the study. Any configuration having a poorer reliability than the criti­
cal value is not considered as a feasible state and is omitted from the 
optimization calculations. After the optimum expansion schedule has been 
calculated, the DYNPRO program will tell the user if any of the restric­
tions used in the CONGEN program acted as a constraint on the solution. 

Merge and Simulate Program (MERSIM) 

This program calculates the operating cost for each of the configu­
rations generated by the CONGEN program. ·A Probabilistic Simulation 
Model is used to calculate. the unit loadings and the system operating 
cost. The reliability of the generating system will not be able to meet 
the systein load and the probable amount of unserved energy. In addition 
to calculating the total operating cost; the. MERSIM program calc.ulates 

:the cumulative expenditure with separate accounting in local and foreign 
currency. 

An examination of these subprograms reveal .areas where·the judgement 
(or intentions) of the planner influence the ou~comes. They are as fol­
lows: 
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Variable System Program 

Here the analyst selects expansion candidates which the program con­
siders. Furthermore, he must specify the year in which they are to 
become operational. For instance, he may permit the model to consider 
600MW nuclear units, a 200MW coal unit, and no others to meet the capac­
ity exapnsion needs in 1990. In addition, he must specify economic and 
technical data of each candidate, capital cost, operating and maintenance 
costs, fuel costs and thermal efficiencies. Finally, he includes relia­
bility statistics for each type of unit. 

Load Description Program 

This program translates forecasts of electric system demands into a 
set of load duration curves. These load duration curves serve to drive 
the model. Since the function of the capacity expansion model is to pro­
vide an optimal plan for meeting a specified demand, the analyst thus 
controls the outcome of the planning process by adjusting the specifica­
tion. The load description program is the principal link between the 

. economic development plan and the capacity expansion plan. 

Expansion Configuration Generator Program 

The planner exercises control on the 
specifying reliability requirements, and 
number of any expansion candidates which 
year. The specification of reliability 
reserve capacity which the model plans. 

Optimization Program 

outcome in this program by a) 
b) by placing limits on the 
may be considered in a given 
requirements determines the 

The analyst provides data ·of rate of return, escalation rate and 
penalty on foreign expenditures which are used in the economic calcula­
tions. The rate of return selected will have a strong influence not only 
on present worth estimates but will affect scheduling of project addi­
tions and choice of more cap! tal in tens! ve vs less cap! tal intensive pro­
jects. 

The influence of the analyst's judgement on the outcome of the ex­
pansion planning process is very strong indeed. The responsible decision 
maker must assure that judgements exercised by the analyst in including 
technical and economic data and system configuration constraints are 
reasonable and acceptable to policy makers. WASP assists in this process 
by indicating whim the optimal plan is constrained by an "allowable" 
system configuration. The analyst then has· the option of relaxing the 
constraint (permitting an otherwise unallowable configuration) and ob­
serving the effect on the optimal plan. 

3. USES OF THE LOAD DURATION CURVE 

~ole have already said that data of expected electric demand is enter­
ed into WASP in the form of seasonal load duration curves - up .. to four 

·.for each year in· the planning period. ·In this section we shall review 
the derivation of the load duration curve from the variable load curve. 
We shall continue by demonstrating how the ].oad duration curve becomes 
.the key to the development of the system loading order, the estimation of 
the loss-of-load probability of the system and the evaluation of storage 
and innovative generating systems. · 
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The horizontal axis of the load duration curve is in units of time 
typically hours. The vertical axis is in terms of load typically mega­
watts. A point on the curve is characterized by the number of hours 
(abscissa) that the load equals or exceeds a given magnitude (ordinate). 
A load duration curve indicating the significance of points on the curve 
is shown in Figure 2. A probabilistic interpretation may be given the 
load duration curve by defining the horizontal axis as a decimal fraction 
of the total period. The abscissa of a point on the curve then is the 
probability that the load will equal or exceed a magnitude given by the 
ordinate. 

WASP combines the probability density distribution underlying the 
load duration curve interpreted as a cumulative probability distribution 
with the probability of failure (forced outage) of generating units to 
yield a loss-of-load probability. Loss-of-load probability refers to the 
probability that consumers will experience loss of service due to a fail­
ure of generators. Loss-of-load probability may be decreased in several 
ways: making generating units more reliable, increasing redundancy, in 
other words increasing reserve capacity, and for a given level of reserve 
capacity employing more small units rather than fewer large units. 

To consider the role of the load duration curve in evaluating. the 
effects of grid connected storage or innovative generation, we recall 
that the load duration curve is derived from the time varying load curve 
simply by summing all hours on the latter for which a given load is 
equaled or exceeded. Pumped storage for instance affects the system by 
imposing a pumping load at certain hours. At peak, when stored waters 
are released through turbines, the effect is to relieve load on the rest 
of the systems generation. Figure 3 shows the way in which pumped stor­
age modifies the load duration. Wind energy or solar energy (insolation) 
used to generate electricity will if unaccompanied by storage have a ran­
dom effect on reducing system demand. In order that WASP may be used 
when such sources are grid connected it is necessary that historical wind 
or insolation records be available so that estimate of the time magnitude 
of energy delivery may be made. Based on such records estimated electri­
cal energy combinations may be used to modify load duration curves. On 
the other hand when wind and solar energy sources are used with storage 
the situation becomes much like that for pumped storage (Figure 3) except 
that pumping energy does not appear since it is from the solar or wind 
source. 

In using WASP for the estimating of the "value" of solar or wind en­
ergy devices to the electric utility system the analyst would first opti­
mize the expansion plan without the innovative source. The system is 
then optimized with the innovative source(s). The difference in the val­
ues of the objective function obtained will represent the "value" of the 
alternative energy source. - It is understood that for each c.ase .the sys­
tem reliability specifications must be met and where solar or wind energy 
sources do not have associated storage curve must be taken that no capac­
ity value is assigned. 
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4. EFFECTS OF KEY VARIABLES 

Turning our attention once more to the requirements for the determi­
nation of the optimal expansion plan we will now review in qualitative 
terms the way in which uncertainties in key variables may affect capacity 
expansion decisions. These uncertainties may be resolved by the planner 
prior to the inclusion of the affected data in WASP or on the other hand 
he may wish to test the sensitivity of results to changes in these data. 

Demand Uncertainties 

Key to the estimation of the capacity requirements at any time was 
the forecasted load as described by the load duration curve. It was 
pointed out earlier 'that importance· of accurate long range load forecast­
ing is underscored by the fact that contractual commitments for base load 
generating capacity additions must be made as long as. 7-10 years in ad­
vance of a commercial operation date. In addition to increased require­
ments for electricity which are the consequences of planned economic 
development, migration to urban areas where electricity is available, 
from the countryside where it is not, may effect peak loads as well. 
Realization of a peak load which falls short of the forecasted peak will 
result in the existence of excess capacity the costs of which must be 
carried by consumers. On the other hand an actual peak load which 
exceeds the forecasted load may result in a capacity shortage. It is 
frequently argued that the second effect is more serious than the first. 
The validity of such arguments can only be assessed in the context of a 
specific system and the estimated costs of service curtailments. 

Supply Side Uncertainties 

·Capacity requirements are sensitive to the estimated forced outage 
rates of capacity additions. When these rates are underestimated capac­
ity will be inadequate. There has been a tendency to use "immature" and 
"mature" forced outage rates. ·The first is usually applied to the first 
2-3 years of· operation on the assumption that during initial operation 
forced outage rates are greater. For generating units of the largest 
capacities or innovative design the validity of assuming a forced outage 
rate decreasing with time has not been established by experience. 
Similarly, estimated required maintenance time affects capacity require-
ments. When more maintenance time is required than has been forecasted, 

. capacity may be inadequate. In the context of an underdeveloped economy 
it is likely that outage rates and maintenance time will be greater than 
in an industrialized country. 

Fuel Costs 

Forecasts of future costs for fossil and nuclear fuels are subject 
to large uncertainties. The· fact that for fossil plants fuel accounts 
for some 80% of production costs is an indication of how sensitive the 
results of a present worth calculation of future variable costs is likely 
to be to "errors" in estimating fuel· costs. Where a developing country 
has indigenous resources the vaiuation of such resources in domestic use 
is crucial to the technology selection process. Where petroleum is 
present for instance, should it be valued at the world-market price or at 
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extraction cost in choosing between oil based or nuclear based electric­
ity generation? If the world market price is perceived as the correct 
value of domestically produced petroleum the technology choice is likely 
to be nuclear on straight-forward economic grounds. On the other hand, 
dependence on foreigners for nuclear fuel might mitigate against such a 
choice. 

Rate of Discount 

The rate of discount affects decisions as among technologies as well 
as in the timing of projects. A high discount rate is likely to cause 
postponing capital intensive projects, while a low rate will tend to make 
earlier capacity additions of this type appear more economicaL 

Valuation of Local Labor 

The selection of the appropriate generation technology as well as 
the appropriate construction technology may be affected by the valuation 
of local labor. Questions as to the correct social wage arise where 
there is considerable underemployment or unemployment, a condition endem­
ic to underdeveloped countries. Where such conditions exist capital 
intensive construction technology may be inappropriate. On the other 
hand generation technologies to~hich are capital intensive may be favored. 
For instance hydro projects where dam construction may be economically 
undertaken using manual labor may be an appropriate choice where other­
wise a fossil fired generating station would·have been selected. 

Construction Period 

During the construction period, investment ·in the project underway 
.is not earning revenues. Interest during construction is sensitive to. 
the length of the construction period. The length of the construction 
period effects capacity expansion economics in other ways as well: a) 
cash requirem·ents during construction are a function of the project 
schedule and b) the failure to bring capacity expansions to commercial 
operation on schedule may impose serious production limitations leading 
to failure in the realization of the development plan. 

5. CANDIDATE EXPANSION PLANS AND SYSTEM OPERATION 

The system planner is concerned not only with the economics of the 
expansion plan but its compatibility with system operation under fault 
conditions. The sudden loss of a large generating unit or the sudd~n 
imposition of a large block of load introduces a perceptible decrease in 
electric power system frequency which may seriously affect the system 
stability. The extent of the system disturbances should be limited to a 
3% drop in frequency during ·the first 5-7 seconds after the transient 
occurs. There is no assurance that the optimal system as determined by 
WASP will meet operating criteria. WASP, ·however, does provide a program 
which computes the frequency drop which may arise from the sudden loss of 
the largest unit. 

The. magnitude of the frequency change due to the sudden loss ·of the 
largest generating unit is a complicated function of the fast spinning 
reserve,. the system load prior to. the disturbance and the size of the 
largest generator all expressed on a per unit (or fraction of peak load) 
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basis. In addition the inertia of the rotating components of the system 
affects the frequency response. The frequency excursion is greater when 
the capacity of the generator which is lost is large relative to the 
system capacity. This effectively provides a technical limit to the max­
imum capacity of an individual generating unit which may be absorbed by a 
utility system of a given size. The fast spinning reserve capacity is 
the unused capacity of machines running and connected to the system. 

Because of the technical constraint on. the capacity of the largest 
unit on the system described in the foregoing paragraphs it is necessary 
that considerate expansion plans be characterized in sufficient detail to 
establish whether or not the expanded system meets the criterion stated 
above for maximum frequency change as a consequency of a disturbance. 
This data requirements are summarized in Figure 4. 

This limit on the size of the largest unit, typically 15% of the 
peak load on the system, turns out to have consequences for non-economic 
policy as well, specifically the question of "going nuclear". Nuclear 
generating units available from vendors in the industrialized countries 
have a minimum rating of 600 Mw. This implies that for systems having a 
peak load less than 4000 Mw such units are inappropriat·e for purely tech­
nical reasons. (As a point of reference the Consolidated Edison Company 
of New York peak load in 1976 was 7600 Mw). India is building 220 Mw 
nuclear units for domestic use. The availability of units of this size 
would reduce the minimum peak level for which nuclear units would become 
technically appropriate to approximately 1500 Mw. The. minimum system 
size refers to the size of the integrated system of which the nuclear 
power plant is to be a component and not to the size of the national 
load. This fact is important in countries where there are two or more 
grids either independent or weakly connected. 

5. ENVIRONMENTAL CONSIDERATION 

Within WASP there is no explicit consideration of environmental con­
straints. In the paragraphs which follow we outline an approach2 to such 
consideration which is compatible with WASP. 

Environmental considerations are likely to affect both fixed and 
variable cost components. An example of the foriner is ·the· installation 
of scrubbers in fossil power plants, which increases the investment 
requirements per unit of capacity. An. additional effect of scrubber 
installation is likely to be an increased forced outage rate which on a 
system wide basis implies additional capital costs for reserve capacity. 
Limitation of the temperature of a natural heat sink to some environment­
ally permissible level imposes additional operating costs. 

In this "cost adder" 2 approach environmental goals are specified. 
These goals may address a single environmental consideration, again for 
example, the temperature rise in a natural body .of water used as a heat 
sink ·as an example. In this case each goal is characterized by a dif­
ferent temperature rise. On the other hand goals may be characterized by 
consideration of a set of environmental concerns setting a specific goal 

. for each. For each alternative capacity expansion plan a set of designs 
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meeting each set of environmental specifications must be prepared and 
associated capital and operating "cost adders" estimated. These cost 
adders are then included in the estimation of costs associated with each 
expansion candidate. A ranking by cost of each alternative plan is es­
tablished as before. A selection is then made on the basis of a minimum 
discounted cost for a given set of environmental goals. 

7. SUMMARY 

lve have attempted in this short paper to describe how to review how 
key economic and technical factors enter the electric capacity expansion 
planning problem in the context of underdevelopment. We have examined 
this problem in the context of WASP and have cautioned users as to the 
importance of assumptions on the part of the analyst in the model's out­
put. These include in addition to the allowable configuration which the 
generating system may take considerations of system reliability the valu­
ation of local labor, indigenous resources, independance of energy re­
sources and the rate of discount. A suggestion as to the inclusion of 
environmental factors was also made. 
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