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FOREWORD

An Advisory Group Meeting to discuss recent experience with,
and to suggest improvements to, WASP, was held in Vienna in
September 1985. The information gained during the many
presentations and discussions are embodied in the present report.
The main conclusions for the meeting are summarized below.

It was clear from the meeting that WASP is a very useful tool
as an aid in planning electric power generation systems. It is
widely used in both developed and developing countries and its use
will continue particularly if some of the suggestions for its
improvements are implemented.

Representatives from countries with large amounts of
hydroelectric energy drew attention to the limitations of WASP in
modelling hydro systems. Papers from Brazil, Chile, Portugal,
Spain, Sweden and Yugoslavia described methods to overcome this
limitation. There was a clear recommendation that the IAEA needs to
develop a generic hydro submodel to run in conjunction with WASP,
although papers from Brazil and Sweden suggested that it might be
possible to develop a hydro submodel within the main WASP program.

Other recommendations for improvements to WASP included (a)
measures to improve generating unit representation (e.g. time
varying heat rates and forced outage rates, maintenance, sequencing
of thermal units), (b) explicit treatment of pumped storage,
combined cycle, dual fuelled, cogeneration, intermittent units,
(c) improvements to input and output formats, (d) increasing
computational efficiency through new algorithms for production
costing, (e) incorporation of different investment strategies,
etc. An interesting new development is the conversion of WASP-HI
to run on a personal computer (PC). This will be available from the
IAEA by end of 1986. There was, however, a contradiction between
the desire of the meeting to move more towards the use of PCs, while
at the same time decrease the computational time and increase the
complexity of the model.

It is hoped that this report will serve as a useful guide for
future case studies and improvements to WASP particularly by Member
States in developing countries.
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INTRODUCTORY COMMENTS

K.F. SCHENK
Economic Studies Section,
International Atomic Energy Agency,
Vienna

I. General Remarks

One of the main objectives of the IAEA in assisting its developing
Member States in the peaceful uses of nuclear power has been to provide
comprehensive and impartial guidance to those Member States facing the
need to introduce nuclear power. Economic assessments to determine the
appropriate role of nuclear power within the national energy and
electricity planning strategy of developing Member States are an
important part of the Agency's comprehensive programme in nuclear power
planning and implementation.

In particular, in the area of economics of nuclear power, the Agency
has used a planning methodology which has been very helpful to many
countries, especially developing countries, to provide useful indications
about the economic role of nuclear power in their electric power systems.

A key tool in the methodology used by the Agency is the so-called
Wien Automatic System Planning Program, or, simply, the WASP package,
which has been designed to provide a state-of-the-art flexible software
system to meet the evolving needs of electric utilities for capacity
expansion planning.

The WASP model was developed for the Agency by the Tennessee Valley
Authority and the Oak Ridge National Laboratory, under sponsorship of the
United States Government, to meet the Agency's requirements for the
Market Survey for Nuclear Power in Developing Countries and carried out
in 1972-1973. It was further improved in 1976 and in 1980. The latest
version, WASP-III, was developed jointly by the United Nations Economic
Commission for Latin America (ECLA) and the IAEA, to meet the needs of
ECLA to study the interconnection of the electrical grids of six Central
American countries with large hydroelectric resources and it fulfilled
the recommendations of an IAEA Advisory Group Meeting on electric system
expansion planning which took place in 1979.

By mid-1985, the Agency had transferred the WASP package to 57
requesting countries and to six international organizations as shown
in Table I following a procedure that establishes the need for
acceptance by the recipient Member State or organization of certain
conditions (see Annex I). These countries report having used WASP
in about 60 electric system expansion planning (ESEP) studies, with
plans for an additional 30 or more studies, although a recent survey
made by the IAEA suggests that the case studies performed actually
are more than 300.

A great deal of effort has been expended by the IAEA providing
training in the use of WASP to its Member States. During 1975 -
1977 the training was carried out by the Agency at its Headquarters
in Vienna. Since 1978 the Government of the United States has



sponsored an IAEA Interregional Training Course (ITC) on Electric
System Expansion Planning based on the WASP computer model as the
analytical tool for carrying out generating system expansion
planning studies. Up to 1985 this course has been given several
times at the Argonne National Laboratory (ANL) with participation by
some 170 engineers and electric power system planners from 48
countries. In the period 1975 - 1985 some 220 senior engineers and
power system electric planners from 54 countries and three
international organizations have been trained by the Agency in the
use of the various versions of WASP as shown in Table II.

A recently published Agency Guidebook (TRS 241) on Expansion
Planning for Electrical Generating Systems has been used as source
material in the ITC.

Some suggestions and comments from the participants to the ITC
on Electric System Expansion Planning are provided in ANNEX II for
information purposes.

II. Objectives of the Meeting

The main objectives of this AGM are as follows:

1. To review experience with WASP-III computer program with
special emphasis on electric system expansion studies for
nuclear power planning in developing countries.

2. To discuss the limitations of the methodology and possible
modifications/ enhancements.

3. To confront critically the WASP methodology in long-range
planning methods and electric power generating
technologies with a view to the specific needs of
developing countries.

4. To prepare a set of recommendations as to the power system
planning methodology to be used by the Agency in the
future keeping in mind the specific needs of developing
countries in planning their electric power system and
considering the introduction of nuclear power.



III. Possible Suggestions for Modifications/
Enhancements to the WASP-III Methodology
1. Appropriate simulation of systems with a high share of hydro

power.
2. Appropriate pumped storage treatment
3. Produce printouts of fuel consumption for each fuel type
4. Produce summary printouts of total energy production for each

plant type
5. Use computer graphics to enhance visibility and understanding

of output.

6. Download output of REPROBAT for use in personal computer
spreadsheets

7. Representation of intermittent technologies
8. Adaptation to microcomputer (i.e., "personal computer")
9. Improvement of computational efficiency
10. Improve terminal conditions at the end of the planning period
11. Input information of combined cycle plants
12. Use of WASP under uncertainty in demand, fuel prices, fuel

supplies, etc.

13. Incorporation of a scoping algorithm to treat groups of
identical units

14. Generation of output files which can be used directly for
graphic display and spreadsheet programs

15. Incorporation of different investment strategies for the
different plant types other than the standard "S" type
investment curve.

16. Incorporation of a financial model to analyse the result of
the optimal solution

17. Calculation of marginal costs
18. Other



Table I

RECIPIENTS OF WASP

Country

Albania
Algeria
Argentina
Australia
Bolivia
Brazil
Canada
Chile
China
Colombia
Costa Rica
Cyprus
Czechoslovakia
Dominican Republic
Ecuador
Egypt
El Salvador
Finland
France
Germany, Fed. Rep,
Greece
Guatemala
Hungary
Iceland
India
Indonesia
Israel
Italy
Jamaica
Jordan
Korea, Rep. of
Libya Arab Jamahariya
Malaysia
Mexico
Morocco
New Zealand
Nicaragua
Pakistan
Panama
Peru
Philippines
Poland
Portugal
Romania
Saudi Arabia
Singapore
South Africa

WASP-II

_

-
X
X
-
X
X
X
-
X
X
-
-
-
-
X
X
X
-
X
X
-
-
X
X
X
X
X
X
X
X
-
X
X
X
X
X
X
X
X
X
X
X
-
-
X
X

WASP-III

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
-
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
-
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Country WASP-II WASP-III

Spain - x
Sri Lanka - x
Sweden - x
Switzerland x
Syrian Arab Republic - x
Tanzania - x
Thailand x x
Tunisia - x
Turkey x x
United Kingdom x
USA x x
Venezuela x x
Vietnam - x
Yugoslavia x x

TOTAL NUMBER OF COUNTRIES 40 57

International Organizations
UN - ECLA x x
UN - ESCAP x x
World Bank/IBRD x x
IADB x x
CIER x x
Asian Dev. Bank - __x

TOTAL 5 6
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Table II

ITC ON ELECTRIC SYSTEM EXPANSION PLANNING

No. of Applications (A) No. of Participants (P)

Algeria
Argentina
Bangladesh
Bolivia
Brazil
Burma
Cameroon
China,
People's Rep.
Chile
Colombia
Costa Rica
Cyprus
Czechoslovakia
Dominican Republic
Egypt
El Salvador
Ecuador
Hungary
Iceland
India
Indonesia
Iran
Iraq
Israel
Ivory Coast
Jamaica
Jordan
Kenya
Korea, Rep. of
Liberia
Libya
Madagascar
Malaysia
Mexico
Morocco
New Zealand
Nicaragua
Nigeria
Pakistan
Panama
Peru
Philippines

1978
(A) (P)
5

_ _
1
2
-
- -
6 3
-
2
-
- -
- -
9 4
3
-
-
- -
3
2 2
4
-

-
-
-
-
-
- -
-
-
- -
2
6
-
-
-
1
3
1
5 4
2

1979
(A) (P)
3
2
-
1
-
1
-
4
-
-
-
1
4
4
1
-
1
3
-
3
3
-
1
-
-
-
-
3
-
-
—
2
3
-
-
2
1
4
2
-
2

2
1
-
1
-
-
-
-
-
-
-
-
-
-
1
-
-
-
-
-
2
-
1
-
-
-
-
2
-
-
—
2
3
-
-
-
-
-
2
-
1

1980
(A) (P)
4
1
-
3
-
-
-
3
-
2
-
2
-
2
-
2
-
4
-
5
3
-
-
-
2
-
-
-
-
-
—
-
3
-
2
2
-
1
-
-
-

-
-
2
-
-
-
1
-
2
-
-
-
-
-
2
-
3
-
1
-
-
-
-
2
-
-
-
-
-
—
-
-
-
2
-
-
-
-
-
-

1981
(A) (P)
3

-
3
-
1
-
-
1
-
-
3
-
4
1
-
-
-
4
-
-
-
-
-
-
1
-
-
-
-
-
2
-
-
-
2
-
-
-
3
-

2

-
1
-
-
-
-
1
-
-
3
-
2
1
-
-
-
2
-
-
-
-
-
-
-
-
-
-
-
—
-
-
-
-
-
-
-
-
1
-

1983
(A) (P)
-

2
-
-
-

-
-
-
-
3
-
-
-
1
2
-
-
2
-
3
-
-
-
2
5
-
2
2
3
—
-
-
2
-
-
2
2
-
5
4

-

2
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
2
-
2
1
-
—
-
-
2
-
-
1
2
-
2
2

1984
(A) (P)
2

1
3
-
-

3
-
1
-
3
5
4
-
1
-
5
-
3
3
-
1
-
1
-
-
1
2
-
3
2
1
2
1
-
-
5
5
1
-
3

-

-
-
-
-

3
-
-
-
1
-
3
-
-
-
3
-
-
-
-
-
-
-
-
-
-
—
-
-
—
—
2
-
-
-
3
5
-
-
-

1985
(A) (B)

(*)

(*)
(*)-
-
—
-
(*)-
-
(*)-
(2)-
-
(*)—
(*)
(*)
-
-
-
-
—
-
-
(*)-
-
—
(*)-
(*)
-
-
(*)—
(*)-
-

2

1
2
-
-
—
-
1
-
-
1
-
-
-
-
2
-
1
2
-
-
-
-
-
-
-
2
-
-
—
1
-
1
-
-
2
-
1
-
—
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No. of Applications (A) No. of Participants (P)

Poland
Portugal
Romania
Senegal
Singapore
Spain
Sri Lanka
Sudan
Syria
Tanzania
Thailand
Tunisia
Turkey
United Arab
Emirates-
Uruguay
Venezuela
Yugoslavia
Zaire
Zambia

1978
(A) (P)

1
2
1
-
1
-

-
- -
-
-
- -
-
4

-
-
2
4 3
-

1979
(A) (P)

"I —

2 2
-
-
1 1
- -

-
1
1
-
-
-
6 3
2
-
3
4
1

1980
(A) (P)

5 3
-
-
2
2 2
- -
- -

-
2 1
- -
2 2

-
3
-
-
-
2
-
1 1

1981
(A) (P)

4
-
4
-
-
-
-
-
-
2
3
-
1
-
-
3
1
-

2
-
2
-
-
-
-
-
-
1
1
-
1
-
-
2
1
-
1

1983
(A) (P)
_
-
2 1
-
1
3 2
2 2
-
-
2 2
2
3 3
-

-
-
2
4
-

1984
(A) (P)

1
1 1
1
_
-
- -
2
-
-
2
4 4
-
-
-
2 2
-
5 3

-
2

1985
(A) (B)

(1) 2
-
-
-
-
- -
(*) 1-
-
- -
- -
-
(4) 4
-
-
-
(*) 1-

TOTAL 71 16 73 24 60 24 46 23 63 26 82 30 (7) 27
402 APPLICATIONS (61 COUNTRIES)/I70 PARTICIPANTS (48 COUNTRIES)

(A) Applications
(P) Participants

(*) Qualified applicants for 1984 course were accepted for two sessions of
the course, in 1984 and 1985
In addition to 1984 applicants
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ANNEX I

Division of Nuclear Power
May 1982

I N T E R N A T I O N A L ATOMIC ENERGY AGENCY
AGENCE I N T E R N A T I O N A L E DE L'ENERGIE A T O M I Q U E

MEAHYHAPOHHOE ATEHTCTBO 00 ATOMHOft 3 H E P F H M
O R G A N I S M O 1NTERNACIONAL DE E N E R G I A A T O M I C A

WAGRAMERSTRASSE 5, P.O. BOX 100, A-1400 VIENNA, AUSTRIA, TELEX: 1-12645, CABLE: INATOM VIENNA, TELEPHONE: 2360

IN REPLY PLEASK REFER TO:
PRIERE DE RAPPELER LA REFERENCE:

BASIS FOR RELEASE OF THE WASP-III COMPUTER CODE TO
IAEA MEMBER STATES

The WASP computer code was developed for the IAEA with the assistance
of the Tennessee Valley Authority (TVA) of the United States of America. A
new version of the code, called WASP-III, was developed by the IAEA in
co-operation with the UN Economic Commission for Latin America (ECLA) and is
made available to Member States on their acknowledgement and acceptance of
the following terms and conditions:

1. The WASP-III computer code is not to be sold or used to provide
services for a fee by the Member State (including citizens of or
organizations within such Member State) to which the computer code
is made available;

2. The WASP-III computer code is not to be released to another State
(including citizens of or organizations within another State)
without the advance written approval of IAEA;

3. The Member State acknowledges that IAEA, TVA and ECLA make no
claims regarding the usefulness of the WASP-III computer code and
assume no liability arising from its use for any purposes;

4. The Member State will inform IAEA of any innovations or
improvements made to the WASP-III computer code and make these
available to IAEA:

5. The Member State shall designate an institution or a senior person
in the country with whom the IAEA could correspond directly on
matters concerned with the WASP-III computer code and who would
inform IAEA of any innovations or improvements made to the code
and arrange to make these available to IAEA;

15



The IAEA reserves the right to charge the Member State any out-of-
pocket costs, such as computer time charges, which IAEA may incur
in making the WASP-III computer code available to the Member
State, on the same basis that the IAEA would normally request
reimbursement if any other computer code were involved. Before
proceeding with any work involving such out-of-pocket costs, the
IAEA will advise the Member State and obtain their agreement in
advance;

The Member State may authorise its "national" (or "principal")
Liaison Officer to release the WASP-III computer code to research
institutes, universities and other non-commercial institutions and
organizations within the country under the same terms and
conditions set out above. The "national" (or "principal") Liaison
Officer so authorised is to ensure that such a recipient
institution or organization acknowledges and accepts in writing
the above terms and conditions and also nominates a senior staff
member as Liaison Officer responsible for maintaining liaison with
the "national" (or "principal") Liaison Officer.
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ANNEX II

Suggestions and Comments of Participants

to the ITC on Electric System Expansion Planning

The past trainees were asked to give some suggestions and
comments on the training received and on the WASP methodology.
Following are some of the suggestions and comments received:

Problems related to conventional and pumped storage hydro
plants should be improved in the WASP-III methodology.

More emphasis should be given in sensitivity analysis and
financial problems.

During the course some more participation of utilities
describing their experience with WASP usage.

A summary report should be provided in the model's output to
provide the average cost of electricity for each year of the study.
Methodology for marginal cost determination should also be included.

Efforts should be made to decrease the running time of the
program.

A summary of key assumptions used by various organizations in
WASP planning studies such as cost of unserved energy, discount
rate, should be given during the course.

More emphasis should be given to implementing procedures for
different computer operating systems, mainly those used in
developing countries.

A continuous and strong effort should be dedicated for
improving the code in areas such as hydroelectric and pumped storage
treatment, as well as reducing computer requirements. User
countries should be involved in such an effort.

A continous dialogue between WASP users would be very much
useful for the reciprocal transfer of information between users,
with respect to problems and limitations encountered in the use of
WASP as a planning tool and how some particular problems were solved.

Difficulties in finding data for small units is a a main
problem for small utilities. The creation of a WASP data bank is
suggested.

A program like the WASP for the expansion of transmission
systems would be very useful for further studies.

More economic subjects and discussions should be included in
the course to help the understanding students and clarify the
background of the model.
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OBSERVATIONS ON WASP-III
Implementation and use*

L.A. POCH, C.C. HUBER, K.A. GUZIEL,
W.A. BUEHRING
Argonne National Laboratory,
Argonne, Illinois, United States of America

M. DUDA
Energoprojekt,
Warsaw, Poland

Abstract

Since 1978, Argonne National Laboratory (ANL) has conducted seven training
courses in expansion planning of electrical generating systems for the International
Atomic Energy Agency. These courses feature the use of the Wien Automatic System
Planning Package (WASP-III), a computer model for determining the long-run, least-cost
expansion plan for the generating system. As a result of these experiences and other
implementations and applications of WASP-III, techniques to help in the implementation
and use of WASP have been developed. These include procedures to help with file
handling and technical insights that help avoid some common problems. In addition,
several suggestions for improvements in the next WASP version have been listed.

1 INTRODUCTION AND BACKGROUND

Argonne National Laboratory (ANL) is pleased to have conducted seven
international training courses on electric system expansion planning (ESEP) for the
International Atomic Energy Agency (IAEA). Through these training courses, ANL staff
have become thoroughly acquainted with the Wien Automatic System Planning (WASP-
III) computer model. Besides being used extensively by the IAEA, WASP-III is used by
countries worldwide for long-range planning of generating systems. International
financing organizations such as the World Bank are also major users of WASP.

The ESEP courses held at Argonne have trained 171 participants from 48
countries. As an extension of this training effort, ANL and IAEA have recently
completed a major effort to produce a guidebook on ESEP, which is used as a basic
reference for the course. The guidebook reflects the direct experience from
conducting several training courses in the subject.

Because of the acquired expertise in using the WASP-III model, ANL staff have
assisted the World Bank in analyzing long-term generation expansion planning for
several of the Bank's member states. Using the WASP-III model, ANL has helped the
Bank develop standardized techniques for planning least-cost electrical generation
systems. Existing procedures have been adapted to estimate long-run and short-run
marginal costs of generation and to determine financial responsibility of new capacity.

* Work sponsored by the US Department of Energy, Assistant Secretary for International
Affairs and Energy Emergencies, under Contract W-31-109-Eng-38.
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ANL has also assisted the World Bank in setting up the WASP model on a small
mainframe computing system in a developing country. Several problems were
encountered in implementing the model on the IBM 4331 with DOS/VSE Operating
System because WASP was written for use on a different IBM operating system (IBM's
OS operating system). The problems arose because of the way in which files are
handled by different operating systems. These problems were satisfactorily resolved
and the solutions are described in Sec. 2 of this paper.

The experience with the various versions of the WASP model also led ANL to the
selection of WASP as the cornerstone of the Energy and Power Evaluation Program
(ENPEP). ENPEP is a microcomputer-based energy planning package designed
especially for planners in developing countries. A modular format has been used in
developing ENPEP to provide potential users with maximum analytic flexibility. As
presently constructed, ENPEP consists of six analytic modules (these modules can be
run sequentially or independently):

1. Macroeconomie analysis,
2. Energy demand forecasting,
3. Integrated energy demand/supply analysis,
4. Electric load forecasting,
5. Expansion planning for electrical generating systems (WASP), and
6. Impacts of alternative supply systems.

The efforts that have been devoted to converting WASP from the mainframe to
the microcomputer are the subject of another paper at this conference (réf. 3). It
should be noted that a major motivation for the development of ENPEP was the
possibility of providing planners with the capability to carry out sophisticated analyses
with a relatively inexpensive hardware configuration; hopefully, this will reduce the
difficulties faced by many planners who are unable to carry out detailed analyses
because of computer limitations or inability to secure sufficient running time on shared
mainframe computers.

Finally, ANL has been involved with conducting integrated energy assessments
for developing countries. The country energy assessments were sponsored by the U.S.
Department of Energy (DOE) from 1978 to 1981. Assessments were performed with the
governments of Argentina , Portugal , and South Korea . The energy assessments were
cooperative efforts between ANL and the country involved since the assessment team
consisted not only of ANL staff but also of an in-country team of engineers, scientists,
economists, and planners. Through this work, the Argonne Energy Model (AEM) was
developed to provide the cornerstone for the overall analytic approach in this
comprehensive energy analysis. However, because the electric sector is such a large
consumer of primary energy, this sector was studied in more detail using the WASP-III
model. Different scenarios reflecting various growth rates were also studied.

As experience is gained with any computer model, techniques are discovered that
will help the model run faster and more efficiently, and yield more realistic results.
The WASP model is no different in this respect. Because ANL has been so involved with
running WASP for the IAEA, for developing countries, and most recently for the World
Bank, we have discovered a number of techniques that can be helpful for most WASP
users. In addition, course participants have supplied us with suggestions on ways to
avoid numerous problems they have encountered. Therefore, this paper will briefly
describe those techniques. Furthermore, because WASP has been used so extensively
throughout the world, a number of suggestions have been made for improvements to
future versions of the model. This does not imply that the model as presently
constructed is deficient or not useful, but rather that these improvements would make
the model even more useful and user friendly. These suggested improvements will also
be described in this paper.

20



2 DISCUSSION OF WASP-HI APPLICATIONS
AND ASSOCIATED OBSERVATIONS

This section presents some experiences relating to ANL's implementation of the
WASP model, insights on using WASP, unusual uses of WASP capabilities, and problems
encountered in implementing WASP on a small mainframe computer in a developing
country.

The following section summarizes methods we have used at ANL to implement
WASP and to make the model easy to use (for both our training course participants and
our own staff). Further details on the procedures may be found in Ref. 7.

2.1 Argonne's Implementation of WASP

WASP was implemented at ANL in the fall of 1977. Seven times since then, the
WASP package has been used in the ESEP courses, sponsored jointly by the IAEA and
the United States Department of Energy. The purpose of the course is to train qualified
persons from developing countries in planning the expansion of electric systems.

During the course, each participant is a member of a two- or three-person team
that uses the WASP package to perform a prototype case study of their country with
their own data. Most participants come to the course unfamiliar with the WASP
package and with Argonne's computer system. Because the time for the course is
limited, the participants' time is best spent learning the skills of electric system
expansion planning, and not the details of the computer system. Therefore, the WASP
package is implemented at Argonne in such a way as to minimize the effort needed to
use it.

Now that the WASP package has been used for approximately 70 case studies
during the seven offerings of this course, a number of features have evolved in the
WASP implementation that have proved to be beneficial:

• WASP cataloged procedures
• Formatted printout of input data
• SAVEDATA files
• WPRENAME procedure

2.1.1 WASP Cataloged Procedures

Argonne's central computer system consists of two IBM 3033's, which run IBM's
MVS operating system and use standard IBM Job Control Language (JCL). A JCL
Procedure (referred to as a "PROC" in IBM jargon), is a group of JCL statements that
execute one or more computer programs. For JCL Procedures that are used frequently,
a system library in the computer system is available where they can be "cataloged." By
specifying the procedure name in the EXEC statement, the cataloged procedure is
automatically inserted into the user's control cards. Therefore, even a complicated
series of computer programs can be run by using a minimum of control cards.
Additionally, a cataloged procedure has the effect of standardizing the way a program
is run. PROC's are typically used for programs that are run repeatedly, such as
compilers, system utility programs, and production-type work.
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JCL Procedures were developed for the WASP programs. Features were added
by using the capabilities of IBM JCL and by adding an extra program in each
procedure. This extra program (named CARD4) will be discussed in Sec. 2.1.3. The
names and functions of these procedures are:

LOADSY, FIXSYS, VARSYS,
CONGEN, MERSIM, DYNPRO, and
REPROBAT - Runs the WASP program of the same name.

REMERSIM - Runs the MERSIM program for the optimal solution
written onto the EXPANREP data file by the DYNPRO
program.

WASPALOC - Creates the data files used by the WASP programs.

WASPDEL - Deletes the data files created by the WASPALOC
procedure.

WPRENAME - Uses the IBM data file utility program IEBGENER
to do the equivalent of the RENAME step in using WASP
(see Sec. 2.1.4).

RESTART - Reinitializes the SIMULOLD data file, thereby
erasing all configurations simulated by previous runs
of the MERSIM program.

WASPCARD - Runs the data formatter program, CARD4
(discussed in Sec. 2.1.3).

These catalogued procedures are available from the Argonne authors by request.

Procedures for WASP Programs

The procedures LOADSY, FIXSYS, VARSYS, CONGEN, MERSIM, DYNPRO, and
REPROBAT run the WASP program of the same name. Each program is run using three
control cards (not counting the JOB card and any control cards that are specific to the
computer system being used). For example, the following control cards run the
MERSIM program:

// EXEC MERSIM,CASE=xx
//INPUT DD *

input data for MERSIM
/*

A number of parameters that are available (discussed in Sec. 2.1.2) can be
specified on the EXEC control card. Case=xx specifies a case study code: xx, which
identifies the appropriate data files for the case study being performed. More than one
program can be run in one job by stacking the control and data statements in back of
each other.

Utility Procedures

The utility procedures WASPALOC, WASPDEL, WPRENAME, and RESTART,
perform data file functions needed for WASP. They are designed to run either
separately or with the procedures that run WASP programs.
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• WASPALOC and WASPDEL

WASPALOC creates the data files needed to run a case study using WASP. The
IBM utility program IEBGENER is used in this procedure. WASPALOC creates two data
files that are not normally used in the IAEA implementation of WASP. These files,
SIMULBAC and SAVEDATA, will be discussed in later sections.

The WASPDEL deletes each of the data files created by WASPALOC.

• WPRENAME

The WPRENAME procedure performs the equivalent of the RENAME step as
documented in the IAEA WASP User's Guide (Ref. l). This step is associated with the
looping through CONGEN, MERSIM, and DYNPRO programs, and enables the user to
save previous configurations simulated by the MERSIM program. W P R E N A M E is
discussed further in Sec. 2.1.4.

• RESTART Procedure

The RESTART procedure reinitializes the SIMULOLD data file. This procedure
is invoked when the user wants to erase all previously simulated configurations-
typically, when starting a new study (using the same case code) or when any data in
LOADSY, FIXSYS, or VARSYS are changed.

2.1.2 Input Parameters for Procedures

The parameters available are described below.

CASE

FROM/TO -

A one-to eight-character code that identifies the data
files used in a case study. This character string is used
in the name of each data file needed for a specific
case study. This is the only parameter that must be
specified for each procedure.

Used by MERSIM and REMERSIM to direct where
previously simulated configurations are read from and
where the newly simulated configuration (merged with
the previous configurations) are written. Default
values are:

MERSIM

REMERSIM -

FROM=OLD
TO=NEW
FROM=INL
TO=RSM

(SIMULOLD data file)
(SIMULNEW data file)
(SIMULINL data file)
(SIMULRSM data file)

FILE Used by REPROBAT and RESTART to determine
which data file is used. Default values are:

REPROBAT - FILE=RSM (SIMULRSM data file)
RESTART - FILE=OLD (SIMULOLD data file)

For a fixed expansion, it is convenient to use
FILE=NEW, which directs REPROBAT to read the
SIMULNEW data file instead of SIMULRSM.
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The FILE parameter in RESTART can be used to
reinitialize any of the SIMUL files: SIMULOLD,
SIMULNEW, SIMULBAC, SIMULRSM, SIMULINL, or
SIMULREC.

BUFSIZE - Block size used to determine how many lines of output
are written at a time onto any of the printout files.
Default value: BUFSIZE=1596 (12 lines of output). If
a program completes unsuccessfully, up to the last 11
lines can be lost. BUFSIZE=133 will force one line of
output to be printed at a time, so that no lines are
lost.

OUTPUT - used in DYNPRO procedure. Default value:
OUTPUT=DUMMY turns off a detailed printout. By
using OUTPUT='SYSOUT=A', this printout will be
listed.

HISTORY - Used to alter the SAVEDATA data file. Default
value: HISTORY=MOD cause data to be written on the
end of the SAVEDATA file. By coding HISTORY=OLD,
data are written at the beginning of this file, thus
restarting the SAVEDATA file and deleting any data
previously written onto the file.

2.1.3 CARD4 Program

Participants in the ESEP course and our staff often make errors in preparation of
WASP input data. The order, positioning, format, and numeric values of input data are
each important. The printout of any of the WASP programs by itself is not sufficient to
determine what input data were read. Therefore, verification of input data is
difficult. When a program does not run correctly, the actual data cards have to be
examined to find errors. This is a very cumbersome and time consuming process.

Fig. l CARD4 System Flowchart
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To provide a better record of input data, each WASP procedure executes a short
program: CARD4, just before the actual WASP program. CARD4 generates a
formatted printout of the input data. Figure 1 displays the input and output files
associated with CARD4 and how this program interfaces to a WASP program.

CARD4 reads the input data, then writes it to 3 separate outputs:

1. Input file for WASP module
An exact duplicate of the input data is passed as input to the actual WASP

module being run.

2. Formatted Printout of Input Data
The formatted printout (an example for the CONGEN program is in Fig. 2), first

lists the name of the procedure, then the date and time of when the procedure ran.
Next, the input data are listed in a format such that they can be easily verified. Input
data cards are numbered sequentially and column positions are numbered so that the
column positioning of data can be checked. This listing serves as an excellent reference
for the input data. When doing a variable expansion, the listing is especially useful for
noting changes in minimum values and tunnel width for the next CONGEN run.

3. SAVEDATA Files
The SAVEDATA file is an online disk file where CARD4 writes a copy of the

input data cards onto the end of the SAVEDATA file, each time a WASP procedure
runs. Therefore, the SAVEDATA file is a complete history of all the data submitted for
a specific case study.

CARD4 also inserts a header record in front of the data written to the
SAVEDATA file. This header record contains the program name, the date, and the time
each procedure actually ran. It is written to the SAVEDATA file even for procedures
that do not have input data (such as WPRENAME), so that the log is complete.

During the course, each SAVEDATA file is periodically listed for the
participants. This listing provides a single reference to all the WASP programs run and
the input data used each time. It also helps in monitoring how each team is using
WASP, so that any problems the participants are having can be identified. Many times
participants are not sure they ran their job correctly or they lose output; the instructors
can determine if it ran, or if there are errors in their card deck.

Another feature of the SAVEDATA file is that, if participants damage their
SIMULOLD/SIMULNEW data files, the status of the files can be determined by
selectively listing the header records. If the files are damaged, the errors can be
identified and reviewed, which reinforces the learning process.

2.1.4 WPRENAME PROCEDURE

One of the key steps in running the WASP package is the RENAME step. Since
MERS1M always reads from the SIMULOLD file and writes to the SIMULNEW file, the
information in SIMULNEW needs to be transferred to SIMULOLD before each MERSIM
is run during a variable expansion.

RENAME at the IAEA

At the IAEA, the RENAME step is performed by switching the data file names
assigned to these files. This is performed by a system utility program available in the
computer system.
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Argonne National Laboratory - Input Data for WASP Programm CONGEN
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DPUTCARD 1
OPUTCMD 2
INPUT CARD 3
»PUT CARD 4

INPUT CARD t
DPUTCARD 7
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»PUT CARD 10
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INPUT CARD 15
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INPUT CARD 20
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INPUT CARD 22
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INPUT CARD 25
»PUT CARD 26
INPUT CARD 27
INPUT CARD 28
INPUT CARD 29
»PUT CARD 30
»PUT CARD 31
»PUT CARD 32
INPUT CARE 33
INPUT CARD 34
INPUT CARD 35
INPUT CARD 36
INPUT CARD 37
INPUT CARD 36
INPUT CARD 39
INPUT CARD 40
»Fl/TCARD 41
INPUT CARD 42
»PUT CARD 43
INPUT CARD 44
INPUT CARD 45
INPUT CARD 46
»PUT CARD 47
INPUT CARD 46
»PUT CARD 49
INPUT CARD 90
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4
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6
1
7
100.0
1
2
0 0
1
2

1
2
0 0
3
0 0
1
2
0 0
3
0 0
1
2
0 0
3
0 0
1
2
0 0
3
0 0
1
2
0 0
3
0 0
1
2
0 0
3
0 0
1
2
0 0

M234»7t»01234367l»12>45*Tt»1234347t»1234S67̂
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90.0 ;

100.0
(80 OF 1981)

0 0 0 1 « 0
(END OF 1982)

(END OF 1983)

0 0 0 03 0 0

0 0 0 01 01
(END OF 1964)

0 0 1 4 0 0

0 0 01 01 1 2
(END OF 1985)

0 0 1 5 0 0

0 0 0 1 1 3
(END OF 19861

0 0 1 5 0 0

0 0 0 1 2 3
(END OF 1987)

0 0 1 S 0 0

0 0 1 1 3 3
(END OF I98B)

0 0 1 5 0 0

0 1 2 2 3 3
(END OF 1989)

0 1 1 9 0 0

Fig. 2 Formatted output from CARDA program for
CX)NCEN data

The IAEA originally used the utility program IEHPROGM, which is available on
computers using the IBM OS or compatible operating systems. IEHPROGM requires
input data that specify the names of the SIMULOLD and SIMULNEW files, and the disk
volume names where each of these files are stored. At the IAEA, a reserved disk
volume was used to store all the WASP data files. Therefore, the SIMULOLD and
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SIMULNEW files were always on the same disk volume. This simplified the input data
to IEHPROGM. The input data to IEHPROGM could be prepared once for a set of
WASP data files, and never had to be changed.

With the release of WASP-III, the IAEA now uses the IBM utility program
IDCAMS to perform the RENAME step. With an upgrade of the IAEA computer system
to an IBM MVS operating system, a system pool of disk volumes is now used instead of a
reserved disk. This necessitates either careful allocation of data files, forcing the
SIMULOLD and SIMULNEW files onto the same disk volume (which could result in losing
both files if the disk is damaged), or constantly updating the input data to IEHPROGM.
IDCAMS performs the same function as IEHPROGM, but uses the system catalog to
locate the SIMULOLD and SIMULNEW files instead of requiring the user to specify the
disk volume. Note that the IDCAMS program is available ONLY with the IBM MVS
operating system.

Argonne's Method; WPRENAME

At Argonne, not only is a system pool of disks used, but a data migration system
is used to make more disk space available. Argonne guarantees the file will be on line,
but not necessarily on any specific disk drive. (At the time, IDCAMS program and MVS
operating system were not available at Argonne.)

Because of this, the RENAME step is performed differently at Argonne. Instead
of switching the data file names, the SIMULNEW file is copied onto the SIMULOLD
file. The cataloged procedure WPRENAME performs this copying operation. Within the
procedure, the IBM utility program IEBGENER is used to perform the actual copying of
SIMULNEW to SIMULOLD.

When SIMULNEW is copied to SIMULOLD, whatever was on the SIMULOLD data
file is lost. This can create a problem, for example, when the WPRENAME procedure is
run after a MERSIM program failed. In this case, a bad SIMULNEW file would be
written over a good SIMULOLD file. A portion or all of the previously simulated
configurations would be lost.

To improve this situation, an extra data file, SIMULBAC, was added. In
WPRENAME, before SIMULNEW is copied to SIMULOLD, SIMULOLD is copied to
SIMULBAC. Therefore a backup of SIMULOLD is made before SIMULNEW is copied to
SIMULOLD. Figure 3 illustrates the WPRENAME procedure.

( FINISH J ( S T A R T )

SDOJLNEW HOVE 2 ——1 SIMULOLD { 1 MOVE 1 ——M SIMULBAC

Fig. 3 WPRENAME Procedure
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Analysis of RENAME Procedures

During the course, the method used in the WPRENAME procedure has proved to
be very useful. Figure 4 analyzes a common problem in running the WASP model. This
problem occurs during a variable expansion study, which requires the WPRENAME
procedure to be run before each MERSIM. To save time, participants often run
WPRENAME and MERSIM in the same job. If at some point the MERSIM fails (for any
number of reasons), the participant may correct the error and resubmit MERSIM, but by
mistake, may run WPRENAME also.

LOOP* MODULE
— t I H A M E
SIMULOLD SIHULNEW

H P 1 E H A M E ————
SIMULBAC SIMULOLD SIMULNEW

1

2

3

4

5

6

GONGEN
MERSIM
DYNPRO
GONGEN
RENAME
MERSIM
DYNPRO

GONGEN
RENAME
MERSIM
DYNPRO
GONGEN
RENAME
MERSIM*
RENAME
MERSIM

RENAME
MERSIM

enpty
«•pty
«•pty
empty
GOOD(l)
GOOD(l)
GOOD(l)
GOOD U)
GOOD(2)
GOODC2)
COOD(2)
GOOD(2)
GOOD(3)
GOOD(3)

BAD (4)
BAD(4)
BAD(5)
BAD(5)

«•pty
OOOD(l)
GOOD(l)
GOOD(l)
«pty
GOOD(2)
GOOD(2)
GOODC2)
GOOD(l)
GOOD(3)
GOOD(3)
GOOD(3)
GOOD(2)
BAD (4)
GOODC3)
BAD(5)
BAD(4)
BAD(6)

«pty
«pty
«pty
«pty
«pty
«pty
«pty
empty
GOOD(l)
GOOD(l)
GOOD(l)
GOOD(l)
GOOD(2)
GOODC2)
GOODC3)
COOD(3)
BAD (4)
BAD (4)

«pty
«pty
«pty
«pty
GOOD(l)
GOOD(l)
GOOD(l)
GOOD(l)
GOOD(2)
GOODC2)
COOD(2)
GOOD(2)
GOOD(3)
GOOD(3)
BAD (4)
BAD (4)
BAD(5)
BAD(5)

«pty
COOD(l)
COOD(l)

t v

COOD(l)
COOD(l)
GOOD(2)
GOOD(2)
GOODC2)
GOOD(2)
GOODC3)
GOOD(3)
GOOD(3)
GOOD(3)
BAD (4)
BAD (4)
BAD(5)
BAD(5)
BAD(6)

* User's MERSIM fails in loop 4. Using RENAME, the SIMULOLD
file is lost in loop 5. WPRENAME allows one »ore loop,
not losing SIMULOLD until loop 6.

Fig. 4 Analysis of RENAME Step

This problem is analyzed for both methods of the RENAME step discussed in this
paper. In Fig. 4, the 4th MERSIM fails. At this point, SIMULNEW is now an incomplete
or "bad" file. The error in MERSIM is corrected, then WPRENAME and MERSIM are run
again. The bad SIMULNEW file is written onto the good SIMULOLD, and then MERSIM
runs, but fails again since SIMULOLD is now a bad file. The error message from this
MERSIM refers to a FORTRAN data file read error. The participant, not knowing how
to respond to this error, brings the output to the course staff, worried that the
SIMULOLD file is lost.
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If the IAEA method was used, both the SIMULOLD and SIMULNEW files would be
damaged at this point. With WPRENAME, a copy of the good SIMULOLD file was
written onto SIMULBAC just before SIMULOLD was destroyed. Therefore, the
SIMULOLD file can be recovered. To do this, the participant need only add one extra
parameter on the EXEC control card that runs MERSIM:

// EXEC MERSIM,CASE=xx,FROM=BAC
//INPUT DD *

input data for MERSIM
/*

The parameter FROM=BAC instructs MERSIM to read from SIMULBAC instead
of SIMULOLD. When MERSIM now completes successfully, the SIMULNEW file is
restored to the latest and most complete version of the configuration library. The
participant usually leaves smiling as he or she goes to submit this new MERSIM run.

As demonstrated above, the WPRENAME allows WASP users to run two complete
loops of WPRENAME/MERSIM (where MERSIM fails) and still be able to recover the
library of simulated configurations. The standard RENAME procedure does not allow
this occasionally very valuable second loop.

2.2 Insights Into Using WASP-ffl

Throughout the eight years that WASP-III studies have been performed at ANL as
part of the seven ESEP courses and also through the case studies performed by ANL
staff for other sponsors, much experience has been gained in running WASP. Many
insights have been gained into the model in order to characterize the system as
accurately as possible, use a minimuni amount of computer time, and yield results that
are as accurate as possible. This section discusses these insights on a module by module
basis beginning with the module LOADSY.

The LOADSY module characterizes the input load duration curve by a Fourier
series. It is imperative that the load duration curve (input as either a series of points or
a fifth order polynomial) be monotonically decreasing (i.e., no positive derivatives) in
order to be realistic. However, since LOADSY does not check the slopes of the input
functions, the user should plot the input curves before running LOADSY. Hence, any
errors can be discovered early and easily corrected.

The FIXSYS module characterizes the technical and operational cost data of the
existing generating plants and those that are firmly committed as additions to the
system. The input data in this module should reflect actual past performance of the
plant. If such data are not available, Appendix G of the IAEA guidebook on expansion
planning is a good source for technical data. Careful consideration should also be given
to the value input for the forced outage rate (FOR). The equivalent forced outage rate
(EFOR), rather than the equivalent unplanned outage rate (EUOR) is the correct
parameter to use in WASP as well as most planning, production cost, and reliability
models. The difference between these two values is that the EFOR does not include the
economy shutdown hours of a plant. This means that for a baseload plant, the EUOR
and the EFOR are virtually identical; however, for peaking plants that are not in
service for extended periods of time because of operating economy, the EFOR can be
substantially greater than the EUOR. For example, a gas turbine with an overall
capacity factor of less than 10% can have an EFOR of 45% as opposed to an EFOR of
less than 10% for a similar plant when operated as a base load unit.

Frequently when large, high technology generating units such as nuclear units,
are introduced into a developing system, the unit is not run at full output for the first
several years in order to gain operational experience as well as to allow the system
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demand to grow in order to better accommodate the full output. For units committed
to be added to a system, this method of operation can be easily simulated in FIXSYS.
First, define the stages of gradually increasing output as a single generating unit. Then,
install the first stage in the year the plant initially comes online. Next, retire that
stage in the year an increase in power level is to be achieved and add a unit that
corresponds to this next stage of operation. Continue in this way until the unit is
operating at fu l l power. Clearly, this procedure is limited to a few key generating
units.

In the VARSYS module, several techniques can be used to help the model give
more realistic results. When characterizing large hydroelectric expansion candidates,
whose available capacity in any period is a significant percentage of the total system
capacity, it is helpful to divide such candidates into several smaller candidates. This
achieves two purposes. First, the model can decide whether it is economic to bring this
unit online in several stages over a period of time or to bring it online all at once (if
that is feasible). Second, when a large hydroelectric plant is characterized as one
single unit, the model may prevent the plant from being added in a particular year due
to reserve margin constraints. In this way the plant may be unrealistically delayed and
may cause the model to choose a more expensive option to make up the energy which
would be generated by the hydro plant.

Another important consideration is the ordering of hydroelectric expansion
candidates in the two hydro categories allowed in VARSYS. If there are several
candidates that can come online in the same year (or within 1 or 2 years of each other),
it is important that the candidates be listed such that the most economic is listed first
and the least economic listed last. Screening curves can be used to help one decide on
the economic attractiveness of candidates. This ordering is important because a
hydroelectric candidate can only be added after the hydroelectric unit listed before it
has been added. Hence, if an uneconomic unit is listed before an economically
attractive unit, the latter unit may be delayed or not selected at all. Therefore, the
"optimum" solution obtained might not be realistic.

There are two techniques which will help the CONGEN module to run more
effectively and yield more realistic results. First, CONGEN can run up to five times
faster when it is not required to calculate the LOLP of each configuration. Hence, a
great deal of computing time and cost is saved by merely having CONGEN calculate
configurations acceptable to the reserve margin criteria alone. Furthermore, the LOLP
calculated in CONGEN is fictitious since it does not account for generating plant
maintenance. If one desires to restrict configurations due to LOLP, it is best to do so
in DYNPRO.

Second, the "no overexpansion" option in CONGEN can be complicated and in
most instances should not be used. The no overexpansion option does not allow an
additional unit of a particular candidate to be added to a configuration if that
configuration already meets the minimum reserve margin criterion, even if the tunnel
width of that candidate allows the additional unit. However, case studies performed at
ANL have shown that by not allowing overexpansion, the global optimum solution may
be accidentally bypassed. This is especially true when the cost per unit of unserved
energy is relatively high. Hence, it is recommended that CONGEN always be allowed
to overexpand. That is, the IOPTN variable on card type 6 should be set to zero. This
value calls for no calculation of LOLP and allows overexpansion.

There are also several techniques that may assist the user in running the
DYNPRO module. First, for the initial variable expansion, a base case should be run
that has equal foreign and domestic discount rates, no fuel multipliers, and no
escalation rates. This should be done so that when an optimal solution is achieved, it is
relatively simple to look at the solution to see whether it is reasonable given the input
fuel and capital costs and discount rates. The solution is not complicated by any
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additional factors such as multipliers or escalation rates. If the solution in this base
case does not seem reasonable, steps can be taken to track down and correct the error
before more complex scenarios are studied. Also, the discount rates used in DYNPRO
should normally be the real values and not apparent values, since it is usual to use
constant dollars referenced to a base year.

DYNPRO will also calculate the cost of energy not served (ENS) according to a
second-order polynomial whose coefficients are specified by the user. In past case
studies at ANL, specifying the coefficients has caused a few problems because users
were unfamiliar with the form of the equation and frequently misinterpreted it. It must
be kept in mind that the equation describes the incremental cost of unserved energy as
a function of the amount of unserved energy. The form of the equation is as follows:

h=NHYD , ,2

where:
a, b, c, are constants ($/kWh) given as input data,
NHYD is the total number of hydroconditions defined in the study,
Nt j^ 's the amount of ENS(kWh) for hydrocondition h in the year t,

is the total demand (kWh) of the system in year t, and
a is the probability of hydrocondition h.

The user must carefully determine the proper relationships between ENS and its
cost.

Finally, setting a minimum LOLP criterion that configurations must meet before
being considered in the optimal solution normally should not be used for systems that
have significant hydroelectric capacity. This is because the LOLP criterion, like
several other classical generation reliability measures, was originally developed for
thermal systems. Hence, they are inadequate because reliability in hydroelectric
systems must account for both the effects of reservoir depletion and equipment
outages, not just equipment outages. Therefore, LOLP has little meaning in this case
and it is best to penalize unreliable configurations by adding the cost of energy not
served to the objective function.

2.3 Unusual Uses of WASP Capabilities

Although WASP-III does not explicitly characterize pumped storage plants, there
is a technique such that the user can reasonably approximate pumped storage plant
operation. Representing a pumped storage plant in FIXSYS can be done either as a
regular hydroelectric plant or as a thermal unit. A pumped storage plant represented as
a hydroelectric plant would have a fixed capacity in all seasons and the amount of
storage capability would have to be adjusted so that the plant would only operate in the
peaking mode for 3-8 hours per day, whatever is typical for that plant. Pumping costs
could either be added to the fixed operation and maintenance costs for the hydro
category in which the pumped storage plant is listed or could be left out altogether. If
the latter method is chosen, the user must remember to add an appropriate value to the
annual cost of the configuration when determining cash flows. If there is a significant
amount of pumped storage capability in the system, it would be appropriate to reserve
one hydro category solely for pumped storage. One limitation to this representation is
that the user must decide in advance what units are doing the pumping and how much
pumping they are doing so that pumping costs can be calculated.
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Pumped storage plants can also be represented in FIXSYS as a thermal unit. The
maximum allowable capacity factor would have to be estimated and then the equivalent
forced outage rate (EFOR) and scheduled maintenance adjusted so as not to exceed the
maximum allowable capacity factor. This would be done according to the following
equation, where EFOR and scheduled maintenance are measured as fractions:

Maximum capacity factor = (1-EFOR) * (1-Scheduled Maintenance).

The variable costs would be equal to the estimated cost of pumping in $/kWh divided by
the overall pumped hydro efficiency. Also, the plant would be listed last or nearly last
in the loading order.

Consequently, these are two methods in which pumped storage plants could be
represented in FIXSYS. A similar technique could be used to represent pumped storage
in VARSYS, but in this method, the pumping cost would go into the capital cost of the
plant, when represented as a hydro unit. However, optimizing with respect to pumped
storage is not recommended because the representation is a rough approximation, and
because as more pumped storage is added, the costs for pumping would undoubtedly
change. Hence, this technique is considered a reasonable approximation only for small
amounts of pumped storage.

Also, fixed energy producers such as cogenerators, firm purchases, and
renewables can be approximated as hydroelectric plants in FIXSYS. Seasonal plant
capacities and energies would be approximated and the "storage capability" adjusted to
account for any peaking energy that these plants may provide. The costs for this power
are then approximated and input as the fixed operation and maintenance cost for the
hydro category which has been set aside to represent this kind of generation. This
technique could be extended for use in VARSYS, but as in the case of the pumped
storage plants, optimization of this category is not recommended.

2.4 Implementing WASP on a Small Mainframe Computer - Problems and Solutions

Recently, ANL was involved with assisting the World Bank in implementing
WASP at a utility in a developing country. Another agency in the country had already
obtained WASP-III from the IAEA but the utility did not have the model. The computer
system was an IBM 4331 with a DOS/VSE Operating System. Several problems were
encountered when implementing WASP on this system which required some refinements
to be made in the handling of files.

One problem resulted from files containing both formatted and unformatted
data. Another problem resulted from the operating system requirement that the user
know exactly where on the disk a file begins and ends. A minor problem concerning the
end of file condition for an empty file was also resolved.

The IBM 4331 uses a VS FORTRAN compiler. This compiler will not allow a file
to contain both formatted and unformatted data. Formatted data is in a very legible
form, while unformatted data is stored in machine language. The unformatted data is
processed much faster by the machine but is not in a legible format. There are two
approaches to solve this problem. The first approach was to define separate formatted
and unformatted files and to properly distinguish all the formatted read statements and
all the unformatted read statements. In addition, all subsequent modules which
referenced the original file had to be changed so that the read statements were now
pointing to the proper file.

The second solution called for a review of all the data being written to the file.
After this review, it was discovered that all the data in the formatted and unformatted
write statements was the same. As a result of this finding, it was determined that the
files did not need to be separated, but rather one of the sets of write statements could
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be removed. If the formatted read statements are removed, the running time of the
modules accessing the file will be slightly improved. However, if a problem occurs with
the file, it would be very difficult to verify the data in the file without writing a
program to translate it into a legible form. The option of removing the unformatted
read statements has the disadvantage of taking somewhat longer than the version with
only unformatted read statements. However, the program would run faster than a
version with two files, i.e., one for the formatted read statements and one for the
unformatted read statements. The advantage of keeping the formatted read statements
in the file is that one can easily dump and review the data in the file at any time
without having to write a special program to decode the file.

The second problem concerned a requirement of the DOS/VSE operating
system. This operating system required that the user specify in the JCL statements the
exact location on the disk where each file began and the size of the dataset in blocks.
This required converting the recommended space requirements in the WASP manual,
which are defined for 2314-type disk drives, into the blocks required by the system. It
would have been helpful if the manual specified the number of bytes per track on the
reference disk type so that any user could readily convert them into the units for their
system.

One minor problem was encountered when trying to define the empty files for
SIMULOLD and SIMULINL. The operating system would not allow the dataset to be
defined with zero tracks and would read any data that was there as being the beginning
of the current referenced file. In order to overcome this, a short FORTRAN program
was written to write an end of file marker on the dataset. This required a slight
modification in MERSIM to check for the empty file condition. This FORTRAN
program must be run every time a new study is to begin in order to mark the
SIMULOLD file as empty.

3 Potential Improvements in the Next
Generation WASP Model

Because WASP has been used so extensively at ANL and throughout the
developing world, a number of suggestions have been made for improvements to future
versions of the model. The suggestions deal mainly with improving computer running
time, explicitly addressing pumped storage and intermittent generating technologies,
enhancing report outputs, and increasing user friendliness of the model.

Reductions in computer time could be best achieved by reducing the time
requirements in MERSIM, since this module typically requires the most amount of t ime
to run. Using an advanced technique for production cost calculations could go a
long way toward reducing computing time required by MERSIM thus making the model
more usable in many countries.

Some extension of the treatment of hydroelectric units and the hydroelectric
system as a whole would also be helpful. Although it seems difficult for a practical
coupling of a hydro operation optimization and WASP to be made, some effort devoted
to this problem is worthwhile. Perhaps a recommended hydroelectric operation model
could be developed as a companion to WASP, or perhaps some reasonable
approximations within WASP can be made that will allow transfers of hydro energy
based on cost, reliability, and physical constraints. However, this is a nontrivial
analytical problem that will require serious effort to make significant headway.

It would also be most useful to have an explicit representation of pumped storage
as well as intermittent technologies such as wind, solar, etc. Chronological load data
could be input in addition to wind and solar plant operating characteristics.
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Several enhancements could be made in the report output format. In addition to
listing fuel costs, the physical quantities of fuel such as cubic feet of gas, tons of coal,
or just kilocalories could be reported. Many times the quantities of fuel required are as
important as the cost of the fuel. The information generated in FIXSYS and VARSYS
on base and full load generation costs should be reproduced in REPROBAT. Information
contained in MERSIM concerning the input loading order should also be reproduced in
REPROBAT. An additional table listing the total annual cash flow, including both
operating and capital costs, should 'be included. This would eliminate the need to
manually total the tables already in REPROBAT. Finally, it would be helpful to more
readily identify generating units if the character string could be expanded to more than
just four characters. Also, reprinting the names of the hydroelectric plants along with
their characteristics would be helpful because at present only the plant number is listed
after their initial definition in FIXSYS and VARSYS.

Several enhancements could also be made to improve user friendliness of the
model. To help reduce input errors due to incorrect decimal point placement, a free
format input could be used. In the FIXSYS module, a warning message could be given
alerting the user when the capacity of a unit goes below zero. Such a message should
not cause the program to terminate but should only flag this condition so the user could
check for potential errors. Also, to assist the user in specifying the amount of time
needed by MERSIM to simulate configurations generated by CONGEN, it could list the
number of configurations that are new and have not already been simulated by
MERSIM. Hence, the user could specify an appropriate estimate of computer t ime for
MERSIM to simulate the totally new configurations.

Finally, there are instances in WASP where a graphical output would enhance the
evaluation of the case study. Especially useful areas for graphical output would be
plots of load duration curves, various components of costs versus time, system
reliability versus time, capacity by fuel type versus time, etc. Graphical output is one
of the more difficult compatibility problems since graphics packages on large scale
machines are not standardized. WASP could generate an output file of data to be
graphed. Then each computer system could use local graphics capabilities to read this
output file and produce graphical output.

In the microcomputer area, one standard format, called DIF, is used by a number
of graphics programs. WASP could use the DIF format which would be directly usable
by graphics packages on microcomputers. In larger scale systems which may or may not
be able to read DIF format, an interface could be developed locally.

4 Conclusions

A great deal has been learned about the WASP model since training courses for
the IAEA began in 1978. We hope that through this paper we were able to share some
useful ideas based upon our experience with WASP. These ideas related to our
implementation of the WASP model, insights into using WASP, unusual uses of WASP
capabilities, and implementing WASP on a small mainframe computer in a developing
country. We also hope our suggestions for improvements in future versions of the WASP
model will help to make it even more useful and user friendly.

The WASP model has a technical breadth and depth that is missing in many other
models of utility generating systems. WASP has become a widely accepted approach
and is routinely used by major leading institutions and its borrowers. It has been a great
pleasure for the ANL staff to work with the many talented people from 48 countries in
the ESEP courses and to develop a close working relationship with the IAEA staff. We
are convinced that WASP is a very useful planning tool in many countries, including our
own. We hope the IAEA or other funding sources will see fit to institute improvements
to make the next version of WASP even more useful for electric system planners.

34



References

1. "Wien Automatic System Planning Package (WASP), A Computer Code for Power
Generating System Expansion Planning," International Atomic Energy Agency,
Vienna (1980).

2. "Expansion Planning for Electrical Generating Systems: A Guidebook, "
International Atomic Energy Agency, Vienna, Austria, Report STI/DOC/10/241
(1984).

3. Buehring, W.A., C.C. Huber, and B.P. Hamilton, "Implementation of WASP-III on
an IBM PC," paper presented at International Atomic Energy Agency's Advisory
Group Meeting on WASP-III, Vienna, Austria, Sept. 16-20, 1985.

4. "Argentina/United States Cooperative Energy Assessment" (3 Vols.), U.S.
Department of Energy, Argonne National Laboratory, Argonne, Illinois, U.S.A.
(Nov. 1982).

5. "Portugal/United States Cooperative Energy Assessment" (3 Vols.), U.S.
Department of Energy, Argonne National Laboratory, Argonne, Illinois, U.S.A.
(Sept. 1981).

6. "Republic of Korea/United States Cooperative Energy Assessment" (3 Vols.), U.S.
Department of Energy, Argonne National Laboratory, Argonne, Illinois, U.S.A.
(Sept. 1981).

7. Huber, Craig C., "Running WASP at Argonne", Proceedings of the Conference on
Electric Generating System Expansion Analysis, Columbus, Ohio, pp. 403-423
(March 1981).

35



APPLICATION OF WASP BY WORLD BANK IN
PREPARING ELECTRICITY PRICING AND
INVESTMENT STRATEGY*

A. McKECHNIE
Power and Energy Development Division,
Europe, Middle East and North Africa

Projects Department,
The World Bank,
Washington, D.C., United States of America

Abstract

WASP has been recently used by the World Bank to develop a
methodology to estimate the long run marginal costs (LRMC) of
generating capacity for tariff design. Despite the general
acceptance that electricity tariffs should be based on LRMC and the
existence of a substantial body of theoretical literature,
comparative little work has been done on developing operational
methods for estimating LRMC. One of the principal objectives of the
World Bank studies using WASP was to determine a robust methodology
for calculating LRMC when power systems are in the disequilibrium
characteristic of the 1980's. Two case studies are presented for
two typical countries. A significant finding of these case studies
to calculate LRMC using WASP is that the marginal cost of generating
capacity is substantially lower than figures used in previous
studies, especially when the power system is in disequilibrium.

A. Introduction

Background

1. Partly because of the higher cost of imported energy and the
investment and debt servicing requirements of the energy sector, many of our
borrowers are in the midst of a process of economic adjustment. Acute
disequilibrium in both the external balance and government budget, as well as
problems of debt servicing, have made economic adjustment an urgent priority.
This adjustment has two aspects. Firstly, to overcome the immediate
disequilibrium - primarily the field of activity of the International Monetary

* The World Bank does not accept responsibility for the views expressed
herein, which are those of the author and should not be attributed to the
World Bank or its affiliated organizations.
This paper is based on a study conducted by the Europe, Middle East and
North Africa Power and Energy Development Division to develop a
methodology for estimating the long run marginal cost of power
generation. Valuable assistance and comments were contributed by Ibrahim
Elwan, Sam O'Brien-Kumi, Wynne Jones, William Buehring, Art Roa, Yves
Albouy and Michael Webb. Maythinee Sriboonruang was responsible for
typing and producing the paper.
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Fund - which has increasingly led the World Bank to finance projects that
rehabilitate and increase the efficiency of existing plant, or lead to higher
efficiency in energy use. Such projects assist in short term adjustment
through the avoidance of large investments to increase supply and quick
savings in energy imports. Secondly, there is a need for the longer term
structural adjustment of the economy to lay the foundations for sustained
development. Part of this adjustment is a response to the increases and
relative changes in energy prices of the 1970s. Indigenous energy resources
need to be developed where this is economic and the pattern of fuel use
changed away from oil towards lower cost energy such as coal or hydro. In the
power sector it may be economic to shift the plant mix from oil to lignite or
nuclear, or to adopt generation technologies such as combined cycle or
combined heat and power.

2. The needs of World Bank borrowers for assistance in adjusting their
economies has persuaded those of us who work in the energy sector to place a
greater emphasis on achieving efficiency in the electric power subsector.
Energy prices that reflect economic costs are an essential part of a policy to
achieve efficiency in the consumption of energy. Prices that communicate the
costs of changes in consumption give incentives to consumers to adopt a level
and pattern of consumption for which they are prepared to pay and mobilize
resources to finance new investment. Sound investment decisions ensure that
this demand is met at least cost such that the cost to the economy of capital,
fuel and labor inputs to electricity production are minimized. Although the
priority today is efficiency, this does not mean that considerations of equity
are irrevelant. Careful tariff design (e.g. increasing block or "lifeline"
tariffs) and a balance in project selection (e.g. a rural electrification
component to the investment program) can enable governments to ensure that the
living standards of the poor can rise without significant loss of efficiency.

3. The experience of our borrowers has shown that poor investment
decisions, e.g. excess or shortages of capacity, sub-optimal plant mix, can
take many years to recover from, because of the long lead times to build plant
needed to restore the balance, or the time required for demand to increase to
the extent to justify new plant additions. A classic case of power system
disequilibrium arises when tariffs are too low and demand is consequently
stimulated. Because of low tariffs internal cash generation is insufficient
to finance new investment. Projects are delayed through lack of finance or
because demand is growing faster than the capability of the utility to
implement capacity additions. Potential capacity shortages lead to low
capital cost, high fuel cost plant (e.g. gas tubines) being installed, which
aggravates the imbalance in the system and promotes higher imports (or reduced
exports) of petroleum. Chronic shortages of finance make the utility more
dependent on government support, which usually leads to lack of autonomy,
government interference in day to day affairs and further loss of efficiency.
The poor financial performance of the sector may lead to wages and salaries
that are inadequate to attract and motivate skilled staff. Such tendencies
tend to reinforce each other in a downward spiral that eventually impacts on
the wider economy, e.g. the government budget, balance of payments, or lost
output due to power shortages, resulting in painful adjustment and shattered
expectations.

Use of WASP by World Bank

4. Power system planning models such as WASP are of considerable help in
ensuring that investment decisions are taken on a rational basis. The energy
projects divisions of the World Bank have been using WASP during the past
three years to provide a solid analytical basis for recommendations on power
investment strategy and to estimate the economic cost of generation, which is
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normally taken to be the long run marginal cost (LRMC). Such analysis has
been used mainly for sector studies, i.e. reports which identify and analyse
sector issues and make recommendations for addressing them. These reports are
not intended to replace power investment planning or tariff design by the
borrower. Rather, our objective is to analyse basic strategic choices e.g.
nuclear compared to imported coal, or the role of natural gas in electricity
generation. Details such as choice of unit size, plant location etc. would
need to be worked out by the borrower, who would normally update and extend
the data available for the study. These sector studies have been useful in
supporting power system planners within a country who may be faced with
artificial constraints of a political nature. Demonstrating the savings from
an alternative investment strategy, plus the willingness of the World Bank to
consider financing projects identified as priorities in the least cost
program, provide incentives for borrowers to prepare and implement their own
least cost programs. Our objective is not to do extensive WASP runs in-house,
but to strengthen the capabilities of our borrowers to prepare their own
investment programs of a standard adequate for financing by the World Bank and
other banks and agencies.

Use of WASP for Tariff Design

5. WASP has been recently used by the World Bank to develop a
methodology to estimate the LRMCs of generating capacity for tariff design.
Despite the general acceptance that electricity tariffs should be based on
LRMC and the existence of a substantial body of theoretical literature,
comparative little work has been done on developing operational methods for
estimating LRMCs. When tariffs were well below LRMC a high degree of
precision in estimating LRMC was unnecessary. Recently tariffs of some
borrowers have started to approach LRMC. Financial targets are being
increasingly set in relation to LRMC, although the need to mobilize resources
and reduce the drain on the Government budget, as well as obligations to
service existing debt and political constraints on tariff increases, may lead
to tariff levels that differ from LRMC. The disequilibrium characteristic of
the power systems of the 1980's has upset the logic of some of the traditional
methods of calculating LRMC. For example, it seemed unrealistic to base LRMC
on the cost of a peaking plant when the investment program consisted of mainly
base load units. Methods using the capital costs of base load plants, such as
long run average incremental cost (LRAIC) did not subtract the substantial
fuel savings which base load plant produces. JL/ It became apparent that a new
methodology was needed to calculate LRMC's for power systems in
disequilibrium, although such a methodology should also be applicable to a
power system in equilibrium. It should be mentioned that the existence of
disequilibrium does not mean that the generation investment program is not
least cost. Existing capacity which embodies the mistakes of the past,
constraints on plant lead times and the need for new capacity to meet demand
mean that the least cost option is not necessarily the option that would
prevail if these realities did not exist. The nature of the disequilibrium is
described below.

_!_/ LRAIC is defined as the present value of incremental investment and
incremental fixed operating costs, divided by the present value of the
annual changes in demand. For example if It = investment in year t
(annuitized over its life), M^ = fixed operating costs, Dt = demand,
r = discount rate and n = period of analysis, then

LRAIC = It + (Mt - M^
t=1

39



Marginal Costs and Power System Disequilibrium

6. The increased energy prices of the 1970's have resulted in power
systems that are markedly different than if those who planned them had seen
the future with certainty. Firstly, the plant mix - the relative proportions
of fuel types and base load and peaking plant - is far from optimal in most
power systems. This is a consequence of actual fuel prices differing
substantially from the planners' expectations. The high sunk costs embedded
in inherited capacity and long lead times for the plant needed to substitute
for oil (e.g. coal, hydro and nuclear) have reduced the flexibility to respond
to higher energy prices. Typically, power systems have a higher proportion of
oil fired plant than would have been justified at current fuel prices.
7. Secondly, higher international energy prices contributed to a
decrease in the rate of economic growth. Industries that were no longer
viable at the new energy prices went into relative decline. These industries
tended to be both energy and electricity intensive. Together with the impact
of higher electricity prices, the result was an unanticipated slowdown in the
growth of electricity consumption. In some countries this resulted in
temporary excess capacity for electricity generation. Elsewhere, shortages
in electricity supply arose from the financing problems precipitated by the
impact of energy price increases on the economy, together with insufficient
resource mobilization and stimulation to demand resulting from electricity
tariffs that were too low. In some countries there were blackouts and load
shedding through the reduction of frequency and voltage. In addition, delays
in implementing the long lead time projects needed to adjust to higher oil
prices frequently led to overinvestment in gas turbines.
8. Neither the theoretical nor empirical literature gives much guidance
on how to calculate marginal costs in power systems in such disequilibrium.
The result from the least cost planning models (such as WASP) is to commission
base load plant e.g. coal, nuclear or hydro. Relating marginal costs to the
cost/kW of a gas turbine in a power system when they are already in excess
does not usually make sense. One of the principal objectives of the World
Bank studies using WASP was to determine a robust methodology for calculating
LRMC when power systems are in the disequilibrium characteristic of the
1980's. It should be noted that the calculation of the LRMC of generation is
only the first step in tariff design. As well as calculating the marginal
costs of transmission and distribution, the tariff design has to analyse
losses and consumer load characteristics and arrive at a compromise among the
sometimes conflicting objectives of economic efficiency, financial viability,
equity and the need for the consumer to understand the tariffs.

Use of Generation Planning Models to Estimate Marginal Costs

9. Theoretical studies to derive marginal cost pricing and optimal
investment rules have used models of electricity supply costs that are rarely
used in the planning of real systems. JY For estimating system marginal costs
little use has been made of the mathematical programming models used by
engineers for making investment decisions. However, writings of Turvey (1968,
1969, 1971) and Munasirighe and Warford (1982) describe marginal capacity costs
in a system planning context, although their empirical work has relied on
cruder estimates of LRMC (Munasinghe and Warford, 1982, Turvey and Anderson
1977).

_!/ Examples of such studies are those by Balasko (1975), Crew & Kleindonfer
(1976) and Williamson (1966).
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10. Scherer (1977) used an adaptation of a linear programming model to
estimate marginal costs. However, linear programming investment planning
models are incapable of accurately modelling system operation and do not give
a good representation of the power systems typical of Bank borrowers, where
investments tend to be large and lumpy.
11. The genesis of the study to arrive at a methodology for estimating
marginal capacity costs using WASP was to overcome some of the fundamental
limitating of more traditional approaches. We concluded that a realistic
approach to peak load pricing should take account of: (a) the diverse
production technology; (b) periodic demand subject to random fluctuations; (c)
the marginal outage costs incurred in not meeting demand; (d) uncertainty in
supply (forced outages); (e) lumpiness in investment; (f) constraints to
adjusting capacity (plant lead times); and (g) system disequilibrium
(imbalance between supply and demand, or suboptimal plant mix) and its
implications for marginal cost changing over time. An operational methodology
for estimating the LKMC of generation that takes account of these aspects of
the real world is described below.

B. A Methodology for Calculating LRMC

Overview

12. The methodology for calculating LRMC proposed in this paper follows
the traditional approach insofar as LRMC is considered to have two
components: (a) marginal capacity cost, the cost of expanding capacity to
meet incremental demand, usually expressed in $/kW or $/kW/a; and (b) marginal
energy cost, consisting of fuel and variable operating and maintenance costs,
usually expressed in $/MWh. This paper concentrates on the estimation of
marginal capacity cost since this has been the application of WASP. However,
a related methodology for estimating marginal energy costs is also described.
13. The methodology follows recent theoretical work in that marginal
capacity costs are allocated to off-peak periods. Indeed, our view is that
the traditional distinction of "peak" and "off-peak" is artificial in a world
of uncertainty. Through a combination of plant failures and demand
uncertainty there is a finite probability of demand being curtailed at any
time of the day and year. With capacity subject to random failure, demand
characteristics alone do not indicate when the system is at stress. We later
show how marginal capacity costs can be charged in relation to the probability
of a supply shortfall occurring.

The Consequences of an Increase in Demand
14. In order to illustrate the proposed methodology, let us consider the
costs to society of an increase in demand. Since the purpose of the
methodology is to estimate the long run marginal cost, let us consider an
increase in demand related to the acquisition of new electricity consuming
equipment by a consumer. The consequent demand increase will therefore be
sustained over a period of years related to the life of the equipment.
15. For the first 2 to 3 years the actions which most utilities can take
are limited, since the shortest lead time for generating plant is typically 2
to 3 years for a gas turbine. The immediate consequence of an increment in
demand is usually an increase in the amount of unserved energy. Other short
term responses are possible. Some utilities have the option of increasing
electricity imports. In other cases it may be possible to defer the
retirement of old plant.
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16. After the initial 2 to 3 years following an increase in demand an
adjustment to the least cost investment program is technically feasible. In a
balanced system with optimal plant mix and reserve margin optimal before the
increase in demand, the response to an increase in demand would probably be
the addition of an additional peaking unit, e.g. a gas turbine. However, if
there is excess capacity, there may be sufficient time to advance a base load
plant. In such a case, fuel savings would offset part of the capital cost.
The net cost would be less than the cost of commissioning a gas turbine,
otherwise the rational decision would have been not to advance the base load
plants, but to install a gas turbine.

17. After the adjustment to the least cost investment program a later
adjustment may be required to restore the optimal plant mix. For example, the
optimal plant mix - the ratio between peaking and base load capacity - would
be upset if a gas turbine were advanced to meet the incremental demand, when
base load capacity would have been required but could not be advanced because
of its lead time. To restore the optimal plant mix the least cost next
investment might then be base load plant instead of peaking plant. The
adjustment to the least cost program might be a chain of modifications to the
phasing of investments rather than the simple addition of a gas turbine, or
the bringing forward of the entire investment program.

Definition of Marginal Capacity Cost

18. The foregoing suggests that the response to an increment in demand
may be far from simple. A sufficiently broad definition of the marginal
capacity cost has been used in this paper to encompass any response unique to
a particular power system. The long run marginal cost of capacity is defined
as the costs to society of the actions taken by the power utility to meet a
sustained increase in demand. Apart from externalities (e.g. incremental
pollution) which are rarely considered directly in the calculation of LRMC,
the costs of an increase in demand are the incremental capacity costs, net of
fuel savings, incurred by the utility, plus the cost of incremental outages
incurred by consumers.
19. A corresponding definition can be arrived at for a decrease in
demand. In such a case the cost of the unserved energy would be lower. The
supply response could be different, i.e. it is easier to delay long lead time
plant than to bring it forward, so that the costs of gas turbines are less
likely to figure in the calculation of the long run marginal cost of
generating capacity. Indeed, in many cases it would be better to base the
calculation of LRMC on an incremental decrease in demand since demand
forecasts are usually too high rather than too low.
20. Note that this definition applies only to marginal capacity costs.
The total LRMC also includes marginal energy (fuel) costs, the calculation of
which is discussed later in paras. 28 to 30. However, in some circumstances,
e.g. when a total LRMC is needed to evaluate small investments, the approach
described below can be modified to calculate a total LRMC that includes both
capacity and fuel costs. I/

A total LRMC U/MWh) can be calculated by dividing the present value of
incremental capital, operating and fuel costs (i.e. the difference between
these costs in the Base and Incremental Loads optimization) by the present
value of incremental energy.
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