INTRODUCTION TO THE WASP-IV MODEL

1. BACKGROUND INFORMATION

The Wien Automatic System Planning Package (WASP) was origindly developed by the
Tennessee Vadley Authority (TVA) and Oak Ridge National Laboratory (ORNL) of the United States
of Americato meet the needs of the IAEA's Market Survey for Nuclear Power in Developing Countries
conducted by the Agency in 1972-1973 -3,

Based on the experience gained in using the program, many improvements were made to the
computer code by IAEA Staff, which led in 1976 to the WASP-1I verson. Later, the needs of the
United Nations Economic Commission for Latin America (ECLA) to study the interconnection of the
eectricd grids of the sx Central American countries, where alarge potentid of hydroelectric resources
isavailable, led to ajoint ECLA/IAEA effort from 1978 to 1980 to develop the WASP-111 version ¥,

The WASP-1II verson has been didributed to severad Member States for use in eectric
expanson anadyss. In addition, other computer models have been added to the IAEA's catadogue of
planning methodologies to complement the WASP andysis. Firdly, in 1981, the Modd for Analyss of
Energy Demand (MAED) was developed in order to dlow the determination of eectricity demand,
conggtently with the overal requirements for fina energy, and thus, to provide a more adequate forecast
of eectricity needs to be considered in the WASP study . Later in 1992, the VALORAGUA moddl
for determination of the optima operating drategy for mixed hydro-therma power systems was
completed as a means of improving the determination of the characteristics of hydrodectric power
stations to be fed into WASP®. Microcomputers (PC) versions of WASP-I11 and MAED have aso
been developed as stand aone programs * 7 and & part of an integrated package for energy and
eectricity planning caled ENPEP (Energy and Power Evauation Program)!®. A PC version of the
VALORAGUA modd has adso been completed in 1992'%. More recently, following the
recommendations of an IAEA Advisory Group on WASP Experience in Member States convened in
1990 and 1991, additiond enhancements were incorporated in the WASP model, further increasing its
cgpabilities for moddling additiona aspects of eectricity generation system, handling larger number of
fud types, adding flexibility to capitd cost distribution during congtruction period and for generating
additiona information. This verson has been caled WASP-111 Plus, and has been released to interested
Member States.

With al these improvements, the WASP modd has been enhanced to facilitate the work by
electricity planners and is currently accepted as a powerful tool for ectric system expansion planning.
Nevertheless, experienced users of the program have indicated the need to introduce more
enhancements within the WASP mode in order to cope with the problems congtantly faced by the
planners owing to the increasing complexity of the system particularly with emerging environmental and
other issues.

The inter-agency internationa symposium on Electricity and the Environment, Helsinki, 19911%
aso recommended incorporation of environmenta and hedth impacts of dectricity sector into
compardive assessment of various eectricity generation options for making redigtic evauation of
different strategies for future development of the sector.



In order to meet the needs of dectricity planners and following the recommendations of Helsinki
symposium, development of a new verson of WASP was initiated in 1992 with cooperation of some
member states (Hungary and Greece). Advisory Group and Consultancy meetings on the subject
convened during 1992-1996 focused on identifying necessary enhancements to the mode and
suggesting appropriate methodological approaches to address new issues. The new verson of the
model with anumber of new features has been completed and named as WASP-1V.

Like its predecessor, WASP-IV is desgned to find the economicaly optima generation
expandon palicy for an dectric utility sysem within user-specified congraints. It utilizes probabilistic
edimation of syssem -production costs, -unserved energy cost, and -rdiability, linear programming
technique for determining optima dispatch policy satisfying exogenous condraints on environmental
emissons, fud avalability and eectricity generation by some plants, and the dynamic method of
optimization for comparing the costs of aternative system expansion policies.

The modular structure of WASP-IV permits the user to monitor intermediate results, avoiding
waste of large amounts of computer time due to input data errors. It operates under DOS environment
and uses magnetic disc files to save information from iteration to iteration, thus avoiding repetition of
caculations that have been previoudy done.

The new features and enhancements incorporated in WASP-1V are:

Option for introducing constraints on environmental emissions, fuel usage and energy
generation: WASP-IV dlows user to introduce limits on environmenta emissions (up to 2 types of
pollutants) by a set of plants, on fud usage by a set of plants; and/or on energy generation by a set of
plants. These congraints are handled by multiple group-limitation technique wherein a group of plants
may take role in a congraint and some plants can be involved in more than one type of congraints.
Linear programming method is employed to determine an optima policy for dispatch of plants
satifying these condraints. This option can be extremey useful for red life planning in view of
increasing importance of environmenta concerns as well as due to the fact that in many cases
availability of some fuels for power generation may be limited or energy generation from some plants
may be limited.

Representation of pumped storage plants Such an option was available in WASP-I1 but was
taken out in WASP-111 to accommodate more flexibility for hydro plants representation. However, in
view of increasing importance of pumped storage plants and other energy storage technol ogies under
development (e.g. large batteries or compressed air storage systems)  this option has been included
in WASP-IV.

Fixed maintenance schedule: Due to some practical consderations the user may like to specify a
certain schedule for annua maintenance of some of the plants in the sysem. WASP-1V dlows for
this option.

Environmental emission calculations:. WASP-IV cdculaes environmentd emissons from
electricity generation, for each year and for each period within a year, based on estimates of
electricity generated by each plant and the user specified characteritics of fuels used.



Expanded dimensions for handling up to 90 types of plants and larger number of configurations (up
to 500 per year and up to 5000 for the study period).

2. METHODOLOGY OF THE WASP-1VV MODEL

2.1. Formulation of the Problem

The WASP-1V code permits finding the optima expanson plan for a power generating system
over a period of up to thirty years, within congraints given by the planner. The optimum is evauated in
terms of minimum discounted tota cosis. A smplified description of the mode follows.

Each possible sequence of power units added to the system (expansion plan or expansion policy)
meeting the condraints is evauated by means of a cogt function (the objective function) that is
composed of:

Capital investiment costs (1)

Sdvage vaue of investment costs (S)

Fuel costs (F)

Fud inventory costs (L)

Non-fuel operation and maintenance cogs (M)

Cost of the energy not served (O)

The cogt function to be evaluated by WASP can be represented by the following expresson:

oo - o
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where:

- Bjisthe objective function attached to the expansion plan |,
- tisthetimeinyears(1, 2, ..., T),
- Tisthelength of the study period (tota number of years), and

- the bar over the symbols has the meaning of discounted vaues to a reference date at a given
discount ratei.

The optima expanson plan is defined by:

Minimum B, among dl | (1.2



The WASP andysis requires as a arting point the determination of aternative expanson policies
for the power system. If [K{] is a vector containing the number of al generating units which are in
operation in year t for a given expanson plan, then [K] must satisfy the following relationship:

[Kt] = [Kt-l] +[At]' [Rt]+[Ut] (1-3)
where:
[AJ =  vector of committed additions of unitsin year t,
[R§ =  vector of committed retirements of unitsin yeer t,

[U{] vector of candidate generating units added to the syseminyear t, [U] 3 [O]

[A{] and [R] are given data, and [Uy] is the unknown variable to be determined; the latter is called the
system configuration vector or, Smply, the system configuration.

Defining the criticad period (p) as the period of the year for which the difference between the
corresponding available generating capacity and the pesk demand has the smdlest vaue, and if P(K, )
is the ingdled capacity of the system in the critical period of year t, the following congraints should be
met by every acceptable configuration:

(1+2a)D, * P(K,)* (1+D0,D, (14)

which smply gaes thet the ingtaled capacity in the critica period must lie between the given maximum
and minimum reserve margins, a and by respectively, above the peak demand D, in the critical period
of the year.

The religbility of the sysem configuration is evauated by WASP in terms of the Loss-of-Load
Probability index (LOLP). This index is caculated in WASP for each period of the year and each
hydro-condition defined. The LOLP of each period is determined as the sum of LOLPs for each
hydro-condition (in the same period) weighted by the hydro-condition probabilities, and the average
annua LOLP asthe sum of the period LOLPs divided by the number of periods.

If LOLP(K;q) and LOLP(K,;) are the annua and the period's LOLPS, respectively, every
acceptable configuration must repect the following congraints:

LOLP(K:3 £ Cia (1.5)
LOLP(K) £ Cip (for dl periods) (1.6)
where G, and C; , are limiting values given as input deta by the user.
If an expanson plan contains system configurations for which the annud energy demand E is

greater than the expected annua generation G; of dl units exiging in the configuration for the
corresponding year t, the tota costs of the plan should be pendized by the resulting cost of the energy



not served. Obvioudy, this cost is a function of the amount of energy not served N, which can be
caculated as.

N = E - G (L7)

The usr may aso impose tunnel condraints on the configuration vector [U;] so that every
acceptable configuration must respect:

[UP] £ [U,] £ [UP] +[DU,] (19)

t

where [ U? ] is the smallest value permitted to the configuration vector [ U] and [DU, ] isthe tunne
condraint or tunnel widith.

The generation by each plant for each period of the year is estimated based on an optima
dispatch policy which, in turn, is dependent on availability of the plants/units, maintenance requirements,
pinning reserves requirements and any exogenous condraints imposed by the user on environmentd
emissons, fud avalability and/or generation by some plants. The user may impose congrants on
environmental emissons, fud usage and energy generation for a set of power plants through the new
feature introduced in this verson, i.e. through multiple group-limitations. Such congraints take the form:

A COEFi; xG £ LIMIT; forj=1,..M (1.9)
il

where G is generation by plant i, COEF;; is per unit emisson (for emission condraints) or per unit fue
usage (for fud availability congraint), etc by plant i in group limitation j, LIMIT; is the user specified
vaue for the limit and 1j isthe set of plantstaking role in group limitation j. These specid condraints are
handled by a new agorithm incorporated in WASP-1V, which determines dispatch of plantsin such a
way that these congtraints are respected with minimum production cost.

The problem as stated here corresponds to finding the values of the vector [Uy] over the period of
study which satisfy expressions (1.1) to (1.9). This will be the "best” system expansion plan within the
condraints given by the user. The WASP code finds this best expanson plan using the dynamic
programming technique. In doing so, the program aso detects if the solution has hit the tunnd
boundaries of expresson (1.8) and gives a message in its output. Consequently, the user should
proceed to new iterations, relaxing the congraints as indicated in the WASP output, until a solution free
of messagesisfound. Thiswill be the "optimum expanson plan” for the system.

2.2. Calculation of Costs

The calculation of the various cost components in expresson (1.1) is done in WASP with certain
models in order to account for:

(@ Characterigtics of the load forecast;

(b) Characterigtics of therma and nuclear plants;



() Characterigtics of hydrodectric plants;
(d) Stochestic nature of hydrology (hydrologica conditions); and
() Cost of the energy not served.

In the above lig, the word plant is used when referring to a combination of one or more units (for
thermal) or to one or more projects (for hydro or pumped storage).

The load is modelled by the peak load and the energy demand for each period (up to 12) for dl
years (up to 30), and their corresponding inverted load duration curves. The latter represents the

probability that the load will equa or exceed a vaue taken a random in the period (for computationa
convenience, the inverted load duration curves are expanded in Fourier Series by the computer

program).
The modds for thermd and nuclear plants are described, each of them, by:
- Maximum and minimum capacities,

- Heat rate & minimum cgpacity and incrementd heat rate between minimum and
maximum cgpecity;

- Maintenance requirements (scheduled outages);

- Fallure probability (forced outage rate);

- Emisson rates and specific energy use;

- Capitd investment cost (for expansion candidates);
- Vaiablefud cog;

- Fud inventory cost (for expanson candidates);

- Fixed component and variable component of (non-fue) operating and maintenance costs,
and

- Pant life (for expanson candidates).

The models for hydroelectric projects are for run-of-river, daly peaking, weekly pesking and
seasond storage regulating cycle. They are defined by identifying for each project:

- Minimum and maximum capadities;

- Energy storage capecity of the reservoirs,



- Energy avalable per period;

- Capitd investment cost (for projects considered as expansion candidates);
- Fixed operating and maintenance (O & M) costs, and

- Pantlife (for projects considered as expansion candidates).

The hydrodlectric plants are assumed to be 100% reliable and have no associated cost for the
water. The stochastic nature of the hydrology is treated by means of hydrological conditions (up to 5),
each one defined by its probability of occurrence and the corresponding available capacity and energy
of each hydro project in the given hydro-condition.

The pumped storage plants are modelled by specifying
- Instdled capacity;
- CydeEffidency;
- Pumping capacity (for each period);
- Generation capacity (for each period);
- Maximum feasible energy generation (for each period).

The cost of energy not served reflects the expected damages to the economy of the country or
region under study when a certain amount of eectric energy is not supplied. This cost is moddled in
WASP through a quadratic function reating the incrementa cost of the energy not served to the amount
of energy not served. In theory at least, the cost of the energy not served would permit autometic
definition of the adegquate amount of reserve cagpacity in the power system.

In order to cdculate the present-worth values of the cost components of Eq. (1.1), the present-
worth factors used are evaluated assuming that the full capitd investment for a plant added by the
expanson plan are made a the beginning of the year in which it goes into service and that its salvage
vaue is the credit a the horizon for the remaining economic life of the plant. Fue inventory costs are
treated as investment cogts, but full credit is taken at the horizon (i.e. these cogts are not depreciated).
All the other costs (fud, O&M, and energy not served) are assumed to occur in the middle of the
corresponding year. These assumptions areillugtrated in Figure 1.
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B j = objective function (total cost) of the expansion plan
CAPITAL; = sum of the investment costs of all units added in the first year of study
OPERATING; = sum of all system operating costs (fuel, O&M, and energy not served)in  the first year of study
SALVAGE = sum of the salvage values at horizon of all plants added during the study period
to = number of years between the reference date for discounting and the first year of study
T = length (in number of years) of the study period

Figure 1. Schematic diagram of cash flows for an expansion program

According to the above, the cost components of Bj in expresson (1.1) are caculated as
follows

(@) Capital investment cost and salvage values.

th:(l'H)_t" alur, Mw] (1.10)

= \ T8 , ,
S =(1+i) " &ld, U1, Mwy] (111)
where:
S = aum cadculated considering dl (thermd, hydro or pumped storage) units k added in
year t by expangon plan j,
Ulk = capita investment cost of unit k, expressed in monetary units per MW,
MW, = cagpacity of unitkin MW,



dit = sdvagevduefactor a the horizon for unit Kk,
[ = discount rate,

t = t+1-1

T = T+t

and t, to, and T follow the same definitions given in Figure 1.

(b) Fud costs:

gy 0s M
Fj,t:(]-'H)t " aYD[ah Yj,t,h] (1.12)

h=1

where a, is the probability of hydro-condition h, Y ; ., thetotal fud costs (sum of fuel costs for thermal
and nuclear units) for each hydro-condition, and NHYD represents the totd number of hydro-
conditions defined.

The energy generated by each unit in the system is caculated by probabilistic smulation. In this
approach the forced outages of thermd units are convolved with the inverted load duration curve and,
consequently, the effect of unexpected outages of therma units upon other units is accounted for in a
probabilistic way. The net effect is an increase of pesking units generation in order to make up the
reduction of base units generation due to scheduled outages for maintenance and unit faillures. Thus,
increasing the expected generating costs of the system. Obvioudy the fud cost of a particular block of
energy generated by aunit is calculated as the amount of generation times the unit fue cost times its heat
rate.

If specid congraints on a set(s) of plants are imposed for maximum amount of emissions, fud
usage and/or energy generation, linear programming technique is used for determining an optimd
dispatch strategy for the plants satisfying these congraints.

() Fud inventory cost:

L. =

a+iy - 1+ 7| &URC, MW @

where the indicated sum @) is caculated over dl thermad units kt added to the system in year t, and
UFICy; isthe unitary full inventory cost of unit kt (in monetary units per MW).

(d) Operation and maintenance costs:

Mj,t:(1+i)-t'-0-5 & [uUFo& M,” MW +UvO& M, " G| (114

where:

S = amowead units (1) exiging in the sysem in yeer t,
OFO&M, = unitary fixed O&M cost of unit | , expressed in monetary units per MW-year,
OVO&M, = unitary variable O&M cogt of unit | , expressed in monetary units per kWh,
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G+ = expected generation of unit | in year t, in KWh, which is caculated as the sum of the
energy generated by the unit in each hydro-condition weighted by the probabilities of
the hydro-conditions.

(e) Energy not served costs:

o t.o5 NHDE 2 ()
=(1+)"" & g+ D P, C Bl N, a, (115
h=1 § 2 gEA g 3 EAﬂH |

where: a, b, and ¢ are constants ($kWh) given as input data, and:
N¢n =amount of energy not served (kWh) for the hydro-condition hin yeer t,
EA; = energy demand (kWh) of the system in year t.

The cost components of the objective function (B;) are presented in expressions (1.10) to
(1.15) inasgmplified form. In fact, the above expressons have been derived considering each expanson
candidate as one single unit (P-S, hydro, therma or nuclear) whereas in WASP-1V the expanson
candidates are defined as plants and the number of units (or projects) from each plant to be added in
each year isto be determined by the WASP study. Besides, WASP-1V:

- combines capita investment cost and associated salvage vaue with the fud inventory cost and
its salvage vaue;

- aggregates operating costs by types of (fuel) plant;

- separates al expenditures (capita or operating) into loca and foreign components;

- permits escdating al costs over the study period;

- has provisons to apply different discount rates and escaation ratios for each year, for the loca
and foreign cost components, and to change the congtants (a, b, and c) for evauating the energy
not served cost from year to year.

Findly, the units of the different variables in Es. (1.10) to (1.15) and the variable names used in the

above discussion do not correspond to the units and terminology used in the WASP modules. Table 1
summarises the capabilities of the WASP-1V computer code.
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Table 1. Principal Capabilities of WASP-1V

Parameters Maximum
dlowable

Y ears of study period 30
Periods per year. 12
Load duration curves (one for each period and for each year). 360
Cosine termsin the Fourier representation of the inverted load duration curve of 100
each period.
Types of plants grouped by "fud" types of which: 12
10 types of therma plants; and 2 composite hydroe ectric plants and one
pumped storage plants.
Thermd plants of multiple units. This limit corresponds to the total number of 88
plantsin the Fixed System plus those thermd plants considered for system
expanson which are described in the Variable System (87 if P-Sis used).
Types of plants candidates for system expansion, of which: 15
12 types of therma plants (11 if P-Sis used); 2 hydrodectric plart types, each
one composed of up to 30 projects; andl pumped storage plant type with up to
30 composed projects.
Environmentd pollutants (materids) 2
Group limitations 5
Hydrologica conditions (hydrologicd years). 5
System configuratiorsin dl the sudy period (in one sngle iteration involving 5000

sequentia runs of modules 4 to 6).

2.3. Dimensions of the WASP-IV computer program

Table 1 provides a lising of the more important cgpabilities of the WASP-IV code. Other
characteristics and limitations of second order of importance are explained in the description of the

various modules of the program aong the chapters of the WASP manudl.

3. WASP-IVV MODULES

Figure 2 shows a smplified flow chart of WASP-1V illudrating the flow of informetion from the
various WA SP modules and associated data files. The numbering of the first three modulesis symboalic,
since they can be executed independently of each other in any order. For convenience, however, these
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three modules have been given numbers here. Modules 4, 5, and 6, however, must be executed in
order, after execution of Modules 1, 2, and 3. There is dso a saventh module, REPROBAT, which
produces a summary report of the first Sx modules, in addition to its own results.

- Module 1, LOADSY (Load System Description), processes information describing period
peak |oads and load duration curves for the power system over the study period.

- Module 2, FIXSYS (Eixed System Description), processes information describing the existing
generation ystem and any pre-determined additions or retirements, as wdl as information on
any condraints imposad by the user on environmental emissons, fud availability or eectricity
generation by some plants.

- Module 3, VARSYS (Varidble System Description), processes information describing the
various generating plants which are to be considered as candidates for expanding the generation
sysem.

- Module 4, CONGEN (Configuration Generator), caculates al possble year-to-year
combinations of expansion candidate additions which satisfy certain input condraints and which
in combination with the fixed system can satisfy the loads. CONGEN dso caculates the basic
economic loading order of the combined list of FIXSYS and VARSY S plants.

- Module 5, MERSIM (Merge and Simulate), consders al configurations put forward by
CONGEN and uses probabilistic smulation of system operation to calculate the associated
production costs, energy not served and system reiability for each configuration. In the process,
any limitations imposed on some groups of plants for their environmenta emissons, fue
avallability or eectricity generation are aso taken into account. The dispatching of plants is
determined in such a way tha plant availability, maintenance requirement, spinning reserve
requirements and al the group limitations are satisfied with minimum cost. The module makes
use of dl previoudy smulated configurations. MERSIM can dso be used to smulate the system
operation for the best solution provided by the current DYNPRO run and in this mode of
operaion is caled REMERSIM. In this mode of operation detailed results of the smulation are
aso stored on afile that can be used for graphical representation of the results.

- Module 6, DYNPRO (Dynamic Programming Optimization), determines the optimum
expanson plan basad on previoudy derived operating costs dong with input information on
capita costs, energy not served cost and economic parameters and reliability criteria

- Module 7, REPROBAT (Report Witer of WASP in a Batched Environment), writes a
report summarizing the tota or partid results for the optimum or near optimum power system
expangon plan and for fixed expanson schedules. Some results of the caculations performed
by REPROBAT are dso stored on the file that can be used for graphica representation of the
WASP results (see REMERSIM above).
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Figure 2. Smplified flow chart of the WASP-1V computer code

-13-




4. REFERENCES

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

OAK RIDGE NATIONAL LABORATORY, Wien Automatic System Planning Package
(WASP): An Electric Expangion Utility Optima Generation Expanson Planning Computer Code,
Rep. ORNL-4925 (1974).

INTERNATIONAL ATOMIC ENERGY AGENCY, Market Survey for Nuclear Power in
Developing Countries. Genera report, IAEA , Vienna (1973).

COVARRUBIAS, A.J, HEINRICH, P. MOLINA, P.E., "Development of the WASP-111 at the
International Atomic Energy Agency”, in Proc. Conf. Electric Generation System Expansion
Analysis (WASP Conf.), Ohio State University, Columbus (1981).

INTERNATIONAL ATOMIC ENERGY AGENCY, Modd for Andysis of Energy Demand
(MAED): Users Manud for MAED-1 Version, IAEA-TECDOC-386, Vienna (1986).

INTERNATIONAL ATOMIC ENERGY AGENCY, VALORAGUA - A Modd for the
Optima Operating Strategy of Mixed Hydrothermal Generating Systems, Users Manud for the
Mainframe Computer Verson, IAEA Computer Manua Series No. 4, Vienna (1992).

INTERNATIONAL ATOMIC ENERGY AGENCY, WASP-IIl Verson for IBM-PC (ADB
Verson), IAEA Internd Document, Vienna (1987).

INTERNATIONAL ATOMIC ENERGY AGENCY, MAED-1 Verson for IBM-PC, IAEA
Internal Document, Vienna (1988).

ARGONNE NATIONAL LABORATORY, Energy and Power Evauation Program (ENPEP),
Documentation and User's Manud, ANL/EES-TM-317, Argonne (1987).

INTERNATIONAL ATOMIC ENERGY AGENCY, PC-VALORAGUA Usars Guide -
Microcomputer Version of the VALORAGUA Program for the Optima Operating Strategy of
Mixed Hydrotherma Generating Systems, IAEA Computer Manua Series No. 5, Vienna (1992).

INTERNATIONAL ATOMIC ENERGY AGENCY, Electricity and the Environment, Proc. Int.
Symp. (Helsinki, 13-17 May 1991), IAEA Proceedings Series, STI/PUB/877, Vienna (1991).

-14-



