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ABSTRACT

This report describes a computer model of the Western United States bulk power
market. The model is designed to support the analysis of decisions to sell or purchase
power, or acquire generating resource for the Bonneville Power Administration (BPA).
The model simulates both hourly operation and long-term (30 year) expansion of all
major utilides in the Western U.S. bulk power market. All major generating and
transmission systems and economy energy, firm capacity, firm power and option energy
sales contracts among the utility parties are simulated. The model determines market
transaction prices and mutually beneficial levels of power contracts among the parties,
least-cost resource acquisitions, and operating levels for generating resources,
transmission lines and contracts.

The modeling approach is based on an economic equilibrium of prices and quantities
over ime. Each party is assumed to act to serve its native load customers at least cost.
An ijterative solution algorithm is used to solve a large set of nonlinear, simultaneous
equations that describe the physics and economics of generaton, transmission and
contract resources and the behavioral/economic decision rules and criteria used by each
party. The model attempts to describe actual rather than purely optimal decision making,
but it is also capable of finding least-cost operating and acquisition decisions.
Environmental emissions, and emission constraints and taxes are treated in the model.
Uncertainty in hydro inflows, fuel prices, power loads and resource availability is
represented using the Monte Carlo method. Decisions in the model are not deterministic
but vary by game based on conditional expectations across games.
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PREFACE

The purpose of this report is to provide documentation of the modeling methodology
underlying the Bonneville Power Administration's (BPA) Power Market Decision
Analysis Model (PMDAM). Other user documentation is in preparation and the computer
code itself is documented with extensive comments. This document is intended to
describe the model and its methodology to those who wish to gain a fundamental
understanding of the model, without the burden of reading the computer code and more
detailed documentation.

Development of this model began in 1986 to meet BPA's needs for information and
strategies to support marketing of surplus firm energy and capacity. Subsequently, the
model has been applied to a range of decision problems within Bonneville, but it has
remained an internal model because of its use in support of contract negotiations. In
1990, BPA decided to make public the model methodology, data, and results and to ask
for outside review so that the model may be used to support other BPA decisions that
require public comment. The publication of this report is part of this review process and
we invite the readers to give us their critical comments and suggestions.

Many BPA managers contributed to the development of this model. Initally, Sue
Hickey, Bob Lamb, Paul Norman, Walt Pollock, and Ed Sienkiewicz established this
project as a major new effort by BPA. Over the last three years, Syd Berwager, Larry
Kitchen, Bob Lewis, Bruce McKay, Shirley Melton, and Dennis Metcalf have provided
project management and oversight. Methodology development and programing has been
led by the author as a consultant to BPA with the primary support of BPA professionals
Gerry Bolden, Flor Francisco, Ron Hicks, Dennis Phillips, Dave Teuscher, Terry
Thompson, and Cindy Van Dusen. Model input data have been assembled by the above
persons and by Kathy Craig and Don Weaver. Many others at BPA have contributed by
their suggestions and reviews of model results, methodology and data.
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The BPA |
Power Market Decision Analysis Model:
Methodology Report

1. Introduction

1.1. Purpose of the Model

The Bonneville Power Administration (BPA)
is a federal power marketing agency primarily
responsible for marketing the electric power
generated by the federal hydro electric projects
on the Columbia River. BPA owns and operates
the major transmission lines within the Pacific
Northwest and the interties to the California and
British Columbia borders. BPA facilitates the
development of new generating resources within
the Pacific Northwest through contracts to
purchase generation, but it

contract decisions requires a model with suffi-
cient detail in those aspects of the power market
that are relevant to contract decisions while
suppressing irrelevant detail.

In addition to the model’s use for long-term
power marketing decisions, the model is also
applicable to many long-term power purchase
and resource acquisition decisions and to coordi-
nated west coast system planning.

1.2. Everything is Connected
Analysis of contracts

does not directly own any |PMDAM supports the analysis of long- | for the sale of power

generating resources. BPA
markets only to other

term power marketing and resource | cannot be isolated from
acquisition decisions...

modeling of the operation

uiilities and 10 a few very |By simulating the west coast power| 3" cxpansion of the

large directly-served cus- market.

power systems within the
markets served by the

tomers such as aluminum
smelters. Wholesale
power marketing is the principle function of the
agency.

The BPA Power Market Decision Analysis
Mode! (PMDAM) was originally developed for
the analysis of marketing strategies and decisions
concerning long-term power sales contracts.
Power sales contracts are complex because they
may specify when, where, how much, and at
what price power is to be delivered over twenty
years or more. Often the contracts provide for
seasonal or daily exchange of power to take
advantage of the diversity in loads and resources
among west coast utilities. Analysis of these

utilities participating in the
sale. Power sales change the operation of ex-
isting resources and may change the need to
acquire new resources in the participant’s
systems.

For example, some contracts contribute to
meeting the buyer’s peak hour needs thereby
displacing the operation of high-variable cost
resources and contributing to system reliability.
Alternatively, the buyer could acquire a high-
fixed, low-vanable cost generating resource such
as a coal-fired plant or a low fixed, high variable
cost resource such as a gas turbine plant. The
price the buyer is willing to pay for the contract



power depends on the costs of these and other
altematives. Likewise, the price the seller is
willing to accept depends on the seller’s other
sales, purchase and resource altematives.

In power marketing and resource planning,
everything seems to be connected to everything
else. The principal purpose of this model is to
cut through this complexity and connectedness to
develop insight into the key factors that
determine BPA’s best power marketing and
resource strategy.

1.3. Features of the Model

PMDAM is a large and very powerful model
with a number of unique features of great value
to power market decision analysis.

PMDAM simulates both the physics of the
power systems and the decision making by par-
ties within the market. The physics of the power
systems include such con-

BPA Power Market Decision Analysis Model

function, discount rate or environmental prefer-
ences,

The model coordinates decisions among the
parties by finding contracts and exchanges that
are beneficial to the parties involved (WIN-WIN)
and result in an economic balance, or equi-
librium of supply and demand, among the parties
at an agreed price. Both market quantities and
market prices are computed by the model.

The model determines the hourly operating
balance of all native loads, generating resources,
contract loads and contract resources. Limits and
losses on transmission between the parties are
accounted for. This hourly detail is augmented
by daily, weekly, monthly and annual balances.
The hourly detail is necessary because many as-
pects of long-term marketing and resource plan-
ning cannot be addressed without some level of
hourly modeling.

cepts as supply /demand
balances and transmission
losses. The decision
making by parties include
decisions to acquire re-
sources or to buy and sell
power,

In simulating decision
making in the market, one
could assume optimal
decision making, but then

PMDAM FEATURES

Least cost, economic/environmental
optimum solution for each party.

Economic equilibrium solution among
parties.

Hourly operating balance of loads, re-
sources, contract loads, contract re-
sources and transmission.

Multi-year, least cost acquisition of re-
sources and contracts for each

Simultancously with the
modeling of operations,
PMDAM determines the
multi-year, planning
balance for resources and
contracts for each party.
The planning objective is
to meet firm capacity and
firm energy reliability
criteria while minimizing
each party’s total fixed and
variable costs. Generating

imu- party. : resource acquisition deci-
:l;fe r:g:i:;l Tnaa);kne(:tcsc::il;- Extensive marginal cost and total cost| sions are simulated for
tions where decision outputs. each party as are decisions

making may be affected by

Uncertainty in key variables.

to sell or purchase power

factors not explicitly

modeled in PMDAM. PMDAM attempts to
simulate actual decision making in the market by
assuming each party strives for, but does not
necessarily attain, least-cost economic solutions.
Behavioral parameters are used to describe the
degree to which least-cost, optimal decision
making is attained, Consequently, the modeling
methodology is able to simulate a range of de-
cision making behavior from arbitrary decision
rules to least-cost economic optimal behavior.

In simulating economic decision making,
environmental and other non-monetary con-
siderations are modelled by PMDAM either as
constraints or by assigning monetary values to
non-monetary ouicomes.

PMDAM assumes each utility party will act
in its own interest and auempt to find the least-
cost plan to serve its native load customers.
Each utility need not have the same objective

on a long-term basis.

For every constraint in the model, the
methodology associates an opportunity price that
gives the change in a party s total cost for a unit
change in the constraint. For example, the
hourly energy opportunity price for a utility at a
given location is associated with the constraint
that supply equal demand at that location for the
utility in that hour. The hourly energy
opportunity price is the lowest price in
mills/kWh the utility should accept for any
economy energy sale in that hour at that location.

PMDAM employs many opportunity prices
including those related to transmission, hydro
operation, thermal unit commitment, mainie-
nance, firm capacity, and firm energy. These
opportunity prices are fundamental to the
iterative algorithm used to solve the model.
Opportunity prices also are useful analysis
outputs since they summarize how much a party




is willing to pay for each fundamental
commodity in the market,

Opportunity prices are also called marginal
costs. Usually, the two terms can be
interchanged, but when discussing algorithms
and models it is easier to refer to marginal cost as
a price. The adjective opportunity distinguishes
the price that is the marginal cost from other
prices such as average cost prices and indicates
that the price is the increase in cost (or decrease
in benefits) associated with a change in a
constraint. The change in the constraint either
eliminates or provides an opportunity to reduce
cost.

Opportunity prices are also called shadow
prices. In the mathematical programming
literature, the shadow price is the price
associated with each constraint in a constrained
optimization problem and is the change in the
objective function per unit change in the
constraint, ‘

Opportunity prices in this report are given the
Greek letter A , which in English is the letter 1.
The symbol A is used by wradition to honor the
mathematician, Lagrange who developed some
of the basic theory underlying the methodology
of PMDAM.

Finally, PMDAM explicitly represents
uncertainty in key variables which affect those
outputs of the model important 10 decision
making. Currently, load, fuel prices, hydro
inflow conditions and generating plant
availability are treated as uncertain variables.
Uncertainty is modeled as resolving over time.
Initial decisions simulated in the model are made
in the face of uncertainty using probability
weighted expected values. Subsequent decisions
simulated in the model are conditioned on the
resolution of the uncertainty over time. This
means that the acquisition and operating
decisions simulated by the model adjust as
uncertainty is resolved.

1.4. Organization of the Report

The main body of this report is organized in
four sections, Section 2 describes in mostly non-
mathematical terms what the model does and
how it works. Section 3. presents the basic
mathematics underlying the model and motivates
the model from the perspective of economic and
oplimization theory. Section 4. describes the
computer implementation of the model. Section
5 illustrates the output and uses of PMDAM.
The appendices list the variables and the
important equations of the model.

BPA Power Market Decision Analysis Model!
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2. Scope of the Model

2.1. Basic Structure of the Model

PMDAM simulates the west coast wholesale
power markets. The basic structure of the model
is shown in Figure 2.1.

Al the center of the figure is the system of
equations that describe the model in
mathematical terms. At the right are the decision
criteria used by utilities and their regulators. At
the left are the basic physical system elements.
At the top are the key dimensions that describe
the coverage and level of detail in the model.

All of the inputs into the center box determine
the equations that form the model. At the bottom
is the iterative solution algorithm that solves the
system of equations. Based on the solution to the
equations, information is provided on the op-
eration and acquisition of the system eclements
and on the decision criteria outcomes. This

feedback is indicated by the double arrow lines.

On the left the native loads of each utility on
the west coast are represented. Long-term load
growth and seasonal, daily and hourly load
patterns for each native load are modeled.

All generating units on the west coast are
represented with such information as minimum
loads, heat rates, maintenance rates, and forced
outage probabilities.

The major interregional ransmission links are
represented. Transmission losses are a function
of loading.

All existing long-term power contracts (about
300) are represented, and a large number of
generic new contracts among all parties are
defined to allow the model to decide how much
of each type of new contract to write among the
parties.

Dimensions:

Regions

Parties

Uncertainty

Time

y
/

| Generation

Contracts

System of
Equations

| quantitles,

in
Rellability
costs,
prices,
and
opportunity

costs Environmental

il

i

System Elements:
(operation and acquisition)

‘Iterativo
Solution
Algorithm

Decision Criteria:

Figure 2.1 - Basic Structure of PMDAM




The financial part of the model covers most of
the standard utility financial matters. The
financial objective for each utility is least-cost to

ratepayers. Most of the standard financial .

variables associated with utility operation and
investment are computed.

Reliability is characterized both in terms of a
peak loss-of-load probability requirement and a
firm eneegy requirement. Firm energy capability
has been the key criteria in the hydro-rich Pacific
Northwest planning region and peak capability is
the key criteria for the mainly thermal systems in
the Pacific Southwest.

The model computes regional and west coast
emissions, and has the capability to have
environmental criteria affect operation and
acquisition. Capability to compute Pacific
Northwest fisheries and recreational impacts is
currently being developed.

The basic idea behind the iterative algorithm
is to find the opportunity prices that balance
short- and long-term supply and demand while
minimizing each party's cost of meeting native
loads. . A very large system of thousands of
nonlinear, simultaneous equations is used to
describe the system elements and decision
criteria over the range of party, region, time and
uncertainty dimensions. This system of
equations must be solved to produce the model
results. Solution of these equations requires an
iterative approach. One reason an iterative solu-
tion is required is because the supply and de-
mand for power among utilities on the west coast
depends on price and price depends on the cost
of suppling power at a given level of demand.

The model computes many variables of
interest that can be considered model outputs.
Quantities, costs, prices and opportunity prices
are computed for hourly, daily, weekly, monthly
and annual power related commodities such as
economy energy, firm energy, firm capacity,
hourly transmission services, and transmission
capacity. _

The level of detail in the model is variable
depending on the needs applications of the model
results.

. At the top of Figure 2.1, four key dimensions

of the model are indicated: parties, regions,
uncertainty and time.

The model’s simulation is carried out over
time where time is dimensioned in years,
months, weeks, days, and hours. The model is
designed to operate over a planning horizon of

BPA Power Market Decision Analysis Model

up (o forty years and over representative months,
weeks, days and hours within each year.

The uncertainty dimension specifies the
number of random games used to0 represent un-
ceriainty in the market. Uncertainty about
inflows, loads, fuel prices and unit availability is
modeled using a2 Monte Carlo approach with
decisions conditioned on how the unceriainty is
resolved over time,

Each item in Figure 2.1 is described in more
detail later in this report. This section provides a
brief introduction to each item.

2.2. Regions, Parties, Points of
Delivery and Nodes

The PMDAM model is designed to cover
BPA’s major power markets on the west coast of
the United States. This market consists of a
number of regional markets each of which is
controlled by one or more utility companies who
serve retail customers.

Table 2.1 - Regions and Parties

BC - British Columbia
BCH - British Columbia Hydro

PNW . Pacific Northwest (Washington,
Oregon, Idaho,and Western Montana)
GPUB - Generating Public Utilities (NW)
PGE - Portland General Electric
BPA - Bonneville Power Administration
PP&L - Pacific Power and Light
OIOU - Other Investor Owned Utilities

NC - Northern California
PG&E - Pacific Gas & Electric
ONC Qther Northern California Utilities

SC - Southern California
SCE - Southern California Edison
LADWP - Los Angeles Department of
Water and Power
SDG&E - San Diego Gas & Electric
OSC - Other Southern California Utilities

ISW - Inland Southwest (Nevada, Utah,
Arizona, and New Mexico)
ISW - all utilities in the ISW region

As shown in Figure 2.2 and Table 2.1, the
model divides this west coast market into five

" regions and thirteen parties each representing a

single utility or a group of utility companies.
The number of regions and parties is determined
by model input data. As with many other di-
mensions of the model, the level of regional and



party detail can be adjusted to meet the needs of
the analysis. For BPA's analysis needs, Pacific
Northwest detail is more important than Inland
Southwest detail.

Parties in PMDAM can own resources in
more than one region. In the current data base
several California parties own resources in the
Inland Southwest region of the model.

Figure 2.2 also shows the basic transmission
network used by PMDAM. Transmission is
discussed further in Section 2.9. For each
transmission link in the figure, the ownership of
the link by party is indicated.

As shown in Figure 2.2, the ownership of the
transmission lines between the PNW and the two
California regions changes at the points of
delivery called COB (California Oregon Border)
and NOB (Nevada Oregon Border). Regions are
also points of delivery in PMDAM. A point of
delivery is a geographic location where power is
delivered according t0 a contract between two
parties. ‘

An important dimension used in PMDAM is
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called the node dimension. A node in PMDAM
represents a single party in a single region. The
node dimension is necessary because SCE, for
example, owns generating resources in both the
SC and ISW regions. Two nodes are then
assigned in the model to SCE, one for each
region. BPA owns resources only in the the
PNW and is assigned only one node. Similarly,
PGE is assigned one node for its resources in the
PNW.

Points of delivery that are not regions such as
COB and NOB are not used to define nodes.
The node dimension is important because it is at
a node that generation plus purchases from other
nodes must balance native loads plus sales to
other nodes.

2.3. Time Structure

Time in PMDAM is structured by year,
month, week, day and hour. Many variables in
the model, such as load, generation, and
operating cost may vary by all five of the time
dimensions. Other variables may be independent
of time. Some variables, such as fuel price may

BC
|
(BPA)
[
PNW
BPA, PP&L, PGE, GPUB, OIOU
> \
(BPA, PGE, PP&L)
(BPA, PGE)
(PG&E, ONC, SCE, LADWP, SOGAE, OSC)
| @
PGAE, ONC
I
(PG&E, SCE,
Jm%?'sgzi‘éco%c) P somq/ oW
SC /

SCE, LADWP, SDG&E, 0SC |- | (FOAE.ONC.SCE

Figure 2.2 - Regions, Parties and Points of Delivery




vary by month and year, but not by hour, day and
week.

The selection of which time dimensions to
associate with each variable is a modeling
decision that depends on 3 number of factors
including (1) the sensitivity of the model resulis
to the choice of time dimensions for a variable
and (2) the logic of the model.

Different applications of the model require
different degrees of time detail. For example,
long-term planning applications relating to
generating resource acquisition may require a
planning horizon of 20 to 40 years. Short-term
planning applications relating to efficient
operation of the system may require only a few
years of detail, but much more hourly, or
monthly detail. '

The cost of running the model in terms of
computer time and computer disk storage
increases with the amount of time detail in the
model. PMDAM allows the user to select the
amount of time detail appropriate to his
application and allocation of computer resources.

Table 2.2 illustrates the tradeoff between time
detail and model size. In this table, ime detail is
illustrated for four different runs of PMDAM
tha: have been used ai BPA. In the first run, the
year detail is emphasized. In the second run, the
month detail is emphasized. In the third run,
year and hour detail are emphasized. In the
fourth run, all time dimensions, except year are
emphasized.

Table 2.2 - Time Detail Vs. Size

Run
Dimension ] 2 3 4
Years 4 20 4 1
Monthe Per Yoar 4 12 4 12
Weskts Per Month 1 1 1 2
Oays Per Weak 2 2 2 7
Hours Per Day 2 2 26 24

The bottom row in Table 2.2 indicates the
relative size of PMDAM. This size indicator is
simply the product of time dimension sizes for
the run. For example, run 3 will require a factor
of about 11,520/640 (or, 18) times more
computer resources than run 1. Other
dimensions such as the number of random games
and number of parties also affect model size.
Generally, if the size or product of the time
dimensions is doubled, then the run time and
storage requirements of the model are roughly
doubled.
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Model input data are always expressed at the
highest level of detail necessary. PMDAM
automatically converts the input data to the sizes
of model time dimensions chosen by the user.

Another variable affecting model size is the
number of games used 0 represent unceriainty.
A fifty game model will require about fifty times
the computer storage and computation resources
of a single game model.

2.4. Uncertainty

Explicit modeling of uncertainty is important
to analysis of many power system decision
problems. PMDAM currently treats the follow-
ing four input variables as uncertain: hydro
inflow, native load, gas price, and generating unit
forced outage. These variables are critical to
properly representing the operating costs of the
systems, the overall system growth, and the need
for a new or a different mix of resources and con-
tracts. Other variables could be wreated as uncer-
tain without greatly increasing the computational
costs of PMDAM.

2.4.1. Monte Carlo Approach

The Monte Carlo method of modeling
uncertainty requires running the model for
several games. Each game is a complete run of
the model over all time dimensions, and parties.
Each game is equally likely; the probability
associated with each game is

(2.1] Game Probability =
1

Number of Games

For each game, samples of all uncerain
variables are generated based on the probability
distributions for each variable. Standard
methods are used to generate random samples of
a variable such that the distribution of the
random samples is the same as the input
probability distribution for the variable

2.4.2. Conditional Uncertainty

At a given time the probability distribution
on a variable may depend on other uncertain
variables or on the same variable in a previous
time period. For example, in PMDAM regional
loads depend on overall national economic
variables as well as regional variables. Another
example is the probability distribution on
monthly hydro stream flow that depends on the
previous month’s flow., The probability
distributions for each of the uncertain variables
in the model are described later in Section 2 in
the discussion of loads and generating resources.



2.4.3. Conditional Decisions

PMDAM models the impact of uncertainty on
decisions made by parties in the power market.
As uncentainty is resolved sequentially over time,
operating and acquisition decisions depend on
the conditional probability distributions at each
decision point,

Decisions in PMDAM are based on
minimizing cost to each party. The cost is
measured in expected present value forward from
the time of the decision.” The expected value of
present cost is a conditional expected value that
is based on the conditional probability
disgibutions at the time of the decision.

As a result of the conditional decision
methods in PMDAM, the Monte Carlo games
decisions in one Monte Carlo game depend on
outcomes in all games. The results of all games
are used to estimate the conditional expected
values used for decisions on any given game (se¢
Section 2.8.4.20 and 2.8.6.9).

2.5. Iterative Solution Algorithm

The structure of the model, and the input data
define a set of simultaneous equations that
represent the power market and system. Some of
the equations in PMDAM represent physical
constraints such as the requirement that loads
and resources balance in each hour for each
party. Other equations are behavioral, in that
they describe how operating and acquisition
decision variables vary as a function of other,
sometimes uncertain, variables. These
behavioral equations are developed from an
optimization objective function for each party
that assumes each party strives to minimize costs
to its native load customers while carrying out
mutually beneficial contracts with other parties.
The development and solution of the set of
simultaneous equations that form the model is
described in more depth in Section 3.

The output variables of the model are
determined by solving PMDAM’s set of
simultaneous equations. These variables include
quantities describing operating and acquisition
decisions for generating resources, contracts and
transmission. The output variables also include
opportunity prices. These opportunity price
variables are often denoted by the symbol A, and
play a special role in the solution of the system
of equations.

The solution of PMDAM's set of equations
can also be interpreted as the equilibrium
solution to an economic supply and demand
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problem. The equilibrium prices are the
opportunity prices and the equilibrium quantities
describe the operation and acquisition of
generation and contracts by the parties in the
model.

The system of equations in PMDAM is
solved using an iterative algorithm. This
iterative algorithm can be illustrated by a
simplified single hour example. For this
example only, the interactions between this hour
and any other hour will be ignored.

Consider a single node (party in a given
region) power system with thermal generation,
import purchases, export sales and native load.
For a single hour of a game, the operation of this
system requires that total generation equals total
load and that the cost of serving the native load
be the lowest possible. This hourly load/resource
balance equation is written as follows:

[2.2] surplus(A) = generation(A) -
native load(A) - sales(A) +
purchases(A)

where -

A is the hourly energy opportunity price for the
node,

surplus(X) is the excess supply over demand at
a given estimate of the hourly energy
opportunity price (At the solution, surplus(A)
must equal zero.),

generation(A) is the total generation from all
generating resources at the node at a given
estimate of the hourly energy opportunity
price,

native load(A) is the hourly firm load at the
node, which is always served except in
outage situations when insufficient
generation and purchases are available,

sales(A) is the total of all sales w0 all other
nodes at a given estimate of the hourly
energy opportunity price.

purchases()) is the total of all purchases from
all other nodes at a given estimate of the
hourly energy opportunity price.

The algorithm to find the least-cost operation
of resources and contracts with zero surplus in
this hour is diagramed in Figure 2.3 and stated
below.

Simplified Iterative Algorithm
1. Estimate A,
2. Compute surplus(A) from Equation [2.2],
3. If surplus()) = 0 then STOP,
4. Otherwise, set A = A —~ a surplus(A) and
return to Step.2,



In this algorithm @ is an arbitrary small
number, adjusted to achieve convergence of the
series of surpluses produced by the algorithm to
zero surplus. Too large a value for @ will cause
successive values of the surplus and A io oscillate
without converging to zero surplus solution. Too
small a value of & will cause successive values
of the surplus and A to move very slowly towards
a zerc surplus, requiring more iterations than
necessary. Procedures for setting a, have
evolved through experimentation with the model.

In simple terms, the algorithm proceeds as
follows:

1. Estimate, the hourly energy opportunity
price A. Any initial value of A will work, but
a good estimate will reduce the number of
iterations required to achieve a solution.
Suppose the initial estimate of A is 20 mills
per kWh,

2. Given A = 20, dispatch all generating units
or portions of units and all purchases costing
less than 20 and serve only those sales loads
worth more than 20. The native foad is
always served except at very high
opportupity prices. Add up the generation
less native load less sales plus purchases
according to Equation [2.2). The result is
the sufplus energy (a negative surplus is a
deficit) on the current iteration.

3. If the surplus is near zero then' the initial
estimate is the solution.
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4, If the surplus is positive, then decrease A. If
the surplus is negative (a deficit), then
increase A. A large surplus requires a larger
decrease in A than a small swplus. « defines
the desired rate of change of A with respect
to the surplus. If the surplus at A = 20 is 100
mW and @ = 0.001 then the new A is

[23]A = 20- 100 x 0.001 =
20-0.1=
19.9 mills/kWh.

After several iterations a solution with
surplus = 0 will be found. Variations of this
algorithm are used to treat special cases where
this simplified algorithm would not find a
solution (see Section 3.2.4).

Why does this algorithm result in the least-
cost solution (minimal net cost of serving native
load)? From the way the algorithm is con-
structed, at the solution no additional energy
from generation or purchases that would cost less
than A is available and no additiona! sales
opportunity worth more than A is available.
Thus, the soludion is a least-cost solution.

Figure 2.4 shows the hourly energy
opportunity price for three major west coast
parties on a typical 1991 summer day. Hourly
energy opportunity prices are often called system
lambdas by industry specialists. The results in
Figure 2.4 were based on model input
assumptions prepared in early 1990. The results

Estimate
Initial

A

surplus{ 1) =

generation( 1) - native load( 1)
- sales( 1) + purchases( 1)

Azl - a surplus(i)

Figure 2.3 - Simplified Iterative Algorithm
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BPA
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L)

overcome losses, transmission costs and
the opportunity prices of limited
transmission capacity (o transmit power
on-peak from the PNW to California.
Transmission losses, costs, and
%pommity prices are discussed in Section

Figure 2.5 shows the system lambdas
for the same three parties on a typical
winter weekday in the year 2015. The
lambdas are much higher than in Figure
2.4 because of escalation in fuel prices.

Hour of Day

Figure 2.4 - System Lambdas for Typical 1991

Summer Weekday
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Here, BPA off-peak system lambdas
exceed the Califomia system lambdas.
BPA system lambdas also reflect the
doubie moming and evening winter peak
caused by the PNW winter electric heating
load. Off-peak imports of power from

can vary significantly depending on hydro
inflows, loads, and natural gas price outcomes.

In Figure 2.4, BPA, a PNW hydro dominated,
winter peaking utility has a relatively flat system
lambda over the twenty-four hour period.
PG&E, a Northern California utility and SCE a
Southern California are both summer peaking,
mainly thermal utilities. Both of these utilities
have greater on- versus off-peak differences in
system lambdas. SCE has lower off-peak system
lambdas because of its greater access to low-cost,
off-peak coal generation from the Inland
Southwest region.

The difference between the on-peak system
lambdas for BPA and the California utilities
reflects the difference in cost needed to

California utilities are supported by the
higher BPA off-peak lambdas.

2.6. Opportunity Prices

An opportunity price in PMDAM is
associated with each constraint in the model.
The hourly energy opporunity price A described
in Section 2.5 is the opportunity price associated
with the hourly node energy load/resource
balance constraint. Other operating and
acquisition A’s are associated with other
constraints in the model. These other
opportunity prices perform a role similar to the
hourly energy opportunity prices in satisfying
other constraints in the model. A complete list of
the opportunity prices and associated constraints
in PMDAM is provided in Appendix B.

The term opportunity price reflects the
change in cost to native load customers

given a unit change in the constraint. In
other words, a one kWh increase in native
load in this hour would result in a cost
increase of A to native load customers.
Referring to Equation [2.2], this cost
increase reflects the lost opportunity in
selling one kWh of energy elsewhere , or
generating or purchasing one kWh less
energy. The theoretical basis for
opportunity prices is discussed further in
Section 3.

Opportunity prices must be

1 23 &6 0 76 8WI1I2ISIAGKITIS IS B RDN

Hour of Day

Figure 2.5 - System Lambdas for Typical 2015 Winter

Weekday

distinguished from the accounting cost to
customers based on rate making
requirements. The rate making
requirements may or may not consider
opportunity prices in setting rates.
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In this section we will briefly describe each of
these constraints and the opportunity price A
associated with each constraint. The opportunity
prices are divided into two classes: operating
opportunity prices and planning or acquisition
opportunity prices.

2.6.1 Operating Opportunity Prices

Operating system opportunity prices are
associated with model constraints that are
imposed on an operating basis.

2.6.1.1. Hourly Energy Opportunity
Price
The hourly energy opportunity price, (
hereafter Ae), introduced in the discussion of the
iterative algorithm in Section 2.5 is associated
with the hourly node energy load/resource
balance constraint. For each party, one node is
assigned to each region in which the party owns
generating resources or serves loads. The
hourly node energy load/resource balance
constraint is

[2.4] generation()e) - native load(Ae) -
sales(Ae) + purchases(Ae) = 0

where the terms in this equation were defined in
Equation {2.2].

The terms in Equation (2.4] are written as a
function of the hourly energy opportunity price,
Ae. In fact, many other opportunity prices aiso
influence the terms in [2.4]. For example,
generation is directly a function of Ae and also
the maintenance, hydro, pumped storage, firm
capacity, and firmness of energy opportunity
prices described below. Indirectly all
opportunity prices may affect generation in a
given hour. The hourly energy opportunity price
is special to the hourly energy load resource
balance constraint. It specifies the change in cost
per unit change in this constraint due to a change
in any term in the constraint.

The node hourly energy opportunity price, Ae,
is the highest price, in mills’kWh, the party
should pay for additional energy generated or
purchased in that hour and in the region defined
by the node. A, is also the lowest price the party
should accept for additional energy sold in that
hour and in the region defined by the node.

Finally, under outage conditions, Ae, is the
highest price the party should pay for additional
energy used to avoid a native load outage in that
hour and in the region defined by the node.
Under outage conditions, A, is also the lowest
outage price the party should accept for any
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native load outage in that hour and in the region
defined by the node.

2.6.1.2. Hourly Transmission
Opportunity Price

The hourly transmission opportunity price, Ay,
is associated with the hourly balance of loads and
transmission capacity on a single owner’s share
of a single link of the transmission system. The
balance of loads and resources on a transmission
link must be measured at the same point on the
transmission line so that transmission losses are
properly considered.

[2.5] ransmission load(Ay) S
transmission capacity

The hourly transmission owner’s opportunity
price, Ay, is the highest price, in millskWh, the
owner should pay for additional transmission
capacity purchased only for that hour and for that
owners share of a transmission link. A, is also
the lowest price the owner should accept for
transmission capacity sold for use in that hour
and for that transmission link.

2.6.1.3. Annual Maintenance
Opportunity Price
The annual maintenance opportunity price,
AM, is associated with the annual constraint that
the total mainienance of a generating resource

over all months of a year equal the annual
maintenance requirement.

[2.6]

monthly maintenance fraction (AM)
number of months

months
= annual maintenance fraction

The annual maintenance opportunity price,
AM, is the highest price, in $/kW-yr, the owner
should pay to reduce the annual maintenance
requirement of a generaung resource in that year.
AM. is also the lowest price the owner should
accept to increase the annual maintenance
requirement of a generating resource in that year.

2.6.1.4. Contract Energy
Opportunity Prices

The contract energy opportunity prices are
associated with various conuract constraints on
the delivery of contract energy. Firm energy
contracts may have annual, monthly, weekly and
daily limits on energy delivery. The contract
constraints actually apply to a link of a contract



Complex contracts may be composed of several
links. For example, a capacity contract for
delivery of energy over peak hours and the return

of that energy over the off-peak hours, would

have two links; a delivery link and a rerurn link.

Contract links should not be confused with
transmission links. A contract link is a
contractual agreement between two parties, that
may use more than one transmission link. A
transmission link is an electrical connection
between two points of delivery.

The annual contract link energy opportunity
price, A|a, is associated with the following
constraint:

[2.7] annual link energy (A]la) <
annual link energy limit
The monthly contract link energy opportunity

price, A|m. is associated with the following
constraint

[2.8] monthly link energy (A|jm) <

monthly link energy limit

The weekly contract link energy opportunity
price, A|w. is associated with the following
constraint :

[2.9] weekly link energy (Alw) <
weekly link energy limit
The daily contract link energy opportunity

price, A|d, is associaied with the following
constraint:

[2.10] daily link energy (A1q) <
daily link energy limit
Firm capacity contracts require that any
energy delivered to the buyer be returned to the
seller within 24 hours. The capacity contract
link energy opportunity price, A|c, is associated
with the following constraint:

[2.11] daily link retumn energy (llc) =
daily link energy (Aic)

The daily link energy in the above equation is
the energy on the delivery link of the capacity
contract and the daily link return energy is the
energy on the remm link of the capacity contract.

Each of the contract link energy opportunity
prices in Equations [2.7] to [2.11] is the highest
price, in mills/kWh, the buyer should pay to
increase the quantity of energy available under
the constraint associated with the price. Each of
the contract link energy opportunity prices is also
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the lowest price the seller should accept to
decrease the quantity of energy available under
the constraint associated with the price.

2.6.1.5. Pumped Storage Energy
Opportunity Price

The pumped storage energy opportunity price,
As, is determined by the upper and lower stored
energy limit opportunity prices. This
opportunity price is computed on an hourly basis.

The upper stored energy limit opportunity
price, Agy. is associated with the following
constraint

[2.12] stored pumped energy (ASy) <
upper pumped energy limit
The upper stored energy limit opportunity
price, ASy, in mills/kWh, is the highest price the
storage resource owner should pay to increase

the storage capacity of the resource for that one
hour.

Similarly, the lower stored energy limit
opportunity price, AS|, is associated with the
following constraint:

[2.13] stored pumped energy (Asp 20
The pumped storage energy opportunity price,

AS, is computed from the two stored energy limit
opportunity prices as follows:

[2.14] AS =AS (hour + 1) - ASy + AS]

The pumped storage energy opportunity price,
As, is the highest price the storage resource
owner should pay to increase the stored energy
of the resource for that one hour. The pumped
storage energy opportunity price, AS, also is the
lowest price the storage resource owner should
accept for energy generaied by the resource in
that one hour.

Further detail on the interpretation of the
pumped storage constraints and opportunity
prices is provided in Section 2.8.3.

2.6.1.6. Hydro Stored Energy
Opportunity Price

The hydro stored energy opportunity price,
AH, is determined by the upper and lower hydro
stored energy limit opportunity prices. This
opportunity price is computed on a monthly
basis.

The upper hydro stored energy limit
opportunity price, Agy, is associated with the
following constraint:



[2.15] stored hydro energy (Agy) <
upper hydro energy limit
The upper hydro stored energy limit
opportunity price, Agy, in millskWh, is the
highest, price the hydro resource owner should
pay to increase the storage capacity of the hydro
resource for that month.

Similarly, the lower stored energy limit
opportunity price, Ag], is associated with the
following constraint:

[2.16] stored hydro energy (As]) 2
lower hydro energy limit
The lower hydro stored energy limit
opportunity price, Agl, in millskWh, is the
highest price the hydro resource owner should
pay to reduce the lower storage capacity limit of
the hydro resource for that month.

The hydro storage energy opportunity price,
AH, is computed from the two stored energy
limit opportunity prices as follows:

[2.171 AH = AH (month + 1)
- Asu+ Agl

The hydro energy opportunity price, AH, is
the highest price the hydro resource owner
should pay to increase the stored energy of the
hydro system for that one month. The hydro
energy opportunity price, AH also is the lowest
price the hydro resource owner should accept for
energy generated by the hydro resource in that
month.

Further detail on the interpretation of the
hydro storage constraints and opportunity prices
is provided in Section 2.8.4,

2.6.1.7. Hydro Minimum Discharge
Opportunity Price
The hydro minimum discharge opportunity
price, AD, is associated with the constraint on
minimum average discharge of hydro energy as
follows:

[2.18] hydro monthly discharge (AD) 2
minimum monthly hydro discharge
This opportunity price is computed on a
monthly basis.
The hydro minimum discharge opportunity
price, AD, is the highest price the hydro resource

owner should pay to decrease the minimum
monthly discharge for one month.
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2.6.1.8. Hydro Energy Variability
Opportunity Prices

The hydro energy hourly variability
opportunity price, Ayh, is determined by the
hydro energy daily variability opportunity price.
Daily variability of hydro energy discharge is a
measure of the variation in hourly discharge
compared to the average discharge for the day..

The hydro energy daily variability
opportunity price, Ayd, is associated with the
following constraint:

[2.19] daily variability (Avd) <
maximum hydro daily variability
where
daily variability =
daily standard deviation discharge
daily average discharge

The hydro energy hourly variability
opportunity price is derived from the daily
variability price as follows:

[2.20] Avh =
A d daily variablity
V¢ 3 hydro hourly discharge

Further detail on the interpretation of the
hydro variability constraints and opportunity
prices is provided in Section 2.8.4.

2.6.1.9. Emissions Opportunity
Prices
The emissions opportunity price, Ag, is
associated with the following constraint on the
discharge of air and other emissions from electric
power facilities: :

[2.20a] Emissions (Ag) <
Emissions Limit

where emissions by type and region are
accumulated for all generating resources.

This emissions limit can be enforced on a
monthly basis by emission type and by region or
air basin or for the West Coast as a whole.
Emission types include such emissions as carbon
emissions contributing to CO2 buildup and
global warming, sulphur dioxides, nitrogen
oxides and particulates. Emission constraints
and the development of emissions opportunity
prices are described in more detail in Section
2.13. ’



The emissions opportunity price, Ag, is
computed on a monthly basis by emissions type
and region.

For each generating resource a derived
generation emissions opportunity price, AG, is
computed as follows:

[2.20b] AG =
MAXEMS

Zkgi x Resource Emission Rate;j
j=1

where

Resource Emission Rate is the quantity of the
ith type of emissions ( i.e. tons of Carbon )
per kWh of generation by a given generating
resource.

The generation emissions opportunity price,
AG specifies the emissions opportunity price in
mills per kWh of generation by each resource.
AG is used in the dispaich of generating units and
also affects the acquisition of generating units.
AG is the highest price a generating resource
owner should pay to be allowed to increase the
emissions discharges by the amounts required to
generate one additional kWh of electricity from a
generating resource. AG is also the lowest price
a generating resource owner should accept to
agree to decrease the emissions discharges by the
amounts required to generate one less kWh of
electricity from a generating resource.

2.6.2 Acquisition Opportunity
Prices
Acquisition opportunity prices are used on a
planning basis in PMDAM to insure that
reliability criteria are met in planning the
acquisition of generating resources and the
acquisition and sale of firm contracts.

2.6.2.1. Loss of Load Probability
Opportunity Price
The loss of load probability (LOLP) is a
measure of the likelihood that peak loads will not

be served because of insufficient generation and
purchases.

In PMDAM each party is a member of a
reliability pool. A loss of load probability is
computed both for the pool and for the party.

The annual pool LOLP opportunity price, A A,
is associated with an annual constraint on pool
LOLP. The constraint is as follows:
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[2.21] annual pool LOLP (AA)<
annual pool LOLP requirement

The annual pool LOLP opportunity price, A A,
is the highest price the pool should pay to reduce
the annual pool LOLP for one year. The annual
pool LOLP opportunity price, AA.is also the
lowest price the pool should pay to increase the
annual pool LOLP requirement for one year.

The monthly party LOLP opportunity price,
AL, is associated with a monthly constraint on
party LOLP. The constraint is as follows:

[2.22] monthly party LOLP (AL) =
monthly party average LOLP (AL)
The monthiy party average LOLP is the
average LOLP for the parties in the pool.

The monthly pool LOLP opportunity price,
AL; is the highest price the pool should pay to
reduce the momhly party LOLP for one month.

Further detail on the interpretation of LOLP
constraints and opportunity prices is provided in
Section 2.12.2.

2.6.2.2. Monthly Firm Capacity
Opportunity Prices

The monthly firm capacity opportunity prices
are derived from the LOLP opportunity prices
described in Section 2.6.2.1. The firm capacity
opportunity price depends on the characteristics
(size and outage probability rate) of the capacity.

The monthly firm capacity opportunity price,
Ar, for a generating resource is given by

[2.23] Ar =
d annual pool LOLP
AA — +
d resource capacity
d monthly party LOLP

d resource capacity

where the partial derivative terms are resource
and party specific.

The monthly firm capacity opportunity price,
Ar, is the highest price, in $/kW-yr, the owner
should pay for additional quantities of nameplate
capacity of a resource for this month.

AL

The monthly firm contract link capacity
opportunity price, A, is given by



[2.24] A¢c =
d annual pool LOLP
A +

d link capacity

d monthly party LOLP

d link capacity
where the partial derivative terms are contract
link specific.

The monthly firm contract link capacity
opportunity price, Ac, is the highest price, in
$/kW-yr, the owner should pay for additional
quantides of contract link capacity for this
month. The monthly firm contract link capacity
opportunity price, A, is also the lowest price the
owner should accept for sale of additional

quantities of contract link capacity for this
month.

It is useful to also compute the opportunity
price on perfectly reliable and fully maintained
capacity. The monthly firm perfect capacity
opportunity price, AC, is given by

[225] AC =
d annual pool LOLP.
AA +

a perfect capacity
d monthly party LOLP

a perfect capacity

The party monthly firm capacity opportunity
price, AC, is the highest price, in $/kW-yr, the
party should pay for additional quantities of
perfectly reliable and fully mainwained resource
or contract capacity purchased only for that
month. AC, is also the lowest price, in $/kW-yr,
the party should accept for additional quantities
of perfectly reliable and fully maintained
resource or contract capacity sold only for that
month.

AL

AL

2.6.2.3. Annual Energy Firmness
Opportunity Price
The party annual energy firmness opportunity
price, Ag, is associated with a reliability

constraint on each party, that its annual firm’

generation and import purchases equal or exceed
it anrual firm native load and export sales. This
constraint is given by
[2.26] generating firm energy

+ contract firm energy

- native firm load

- contract firm load =0
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. The party annual energy firmness opportunity
price, AE, is the highest price, in $/AW-yr, the
party should pay to convert a given schedule of
non-firm energy purchases or generation to the
same schedule of firm energy purchases in that
year. AE, is also the lowest price, in S/kW.yr,
the party should accept to convert a given
schedule of non-firm energy deliveries to the
same schedule of firm energy deliveries in that
year,

2,6.2.4. Monthly Firm Transmission
Opportunity Price

The link monthly firm transmission
opportunity price, AT, is associated with the
constraint that the committed capacity of the
owner's share of a ransmission link not exceed
the rated firm capacity of the owner’s share of a
transmission link. The committed capacity
includes capacity dedicated to the owner’s power
sales and purchase contracts as well as
transmission capacity sold to other parties. This
constraint is written as follows:

[2.27]

committed link transmission (AT) <
link transmission capacity
The link monthly firm transmission
opportunity price, AT, is the highest price, in
$/kW-yr, the owner should pay for additional
ransmission capacity purchased only for that
month and for that transmission link. AT, is also

.the lowest price the owner should accept for firm

ransmission capacity sold for use in that month
and for that transmission link.

2.7. Native Loads

Loads in PMDAM are of two kinds. Native
loads and contract loads. Native loads are those
loads served directly by a pasty. Contract loads
are sales to other parties in the model. In
practice some native lcads may be served by
contract, but for the purpose of modeling we
define native loads as sales to parties not
represented in the model. In this section, only
native loads are discussed.

2.7.1. Types of Native Loads

The model allows the specification of an arbi-
trary number of native loads for each party. For
each native load, the expecied annual, load
shapes, uncertainty and the cost of not serving
the load can be defined. Also, associated with
each native load is a firm peak demand and firm
energy load requirement.



The modeling of loads can be illustrated by
the case of BPA, where the native loads currently
represented are

1. BPA Firm Load (BPAFRM) - Federal
agency loads, United States Bureau of
Reclamation loads, small public utility
loads, nongenerating public utility loads,
and associated transmission losses.

2. Directly Served Industries Firm Load
(DSIFRM) - The one quartile of the mainly
aluminum smelter load served as both a firm
capacity and a firm energy load.

3. Directly Served Industries Firm Load with
Peak Restriction Rights (DS12Q) - The two
quartiles (one half) of the mainly aluminum
smelter load served as a nonfirm capacity
but a firm energy load.

4. Directly Served Industries Top Quartile
Load (DSINFM) - The one quartile of the
mainly aluminum smelter load served as
both a nonfirm capacity and a nonfirm
energy load.

Other BPA loads modeled as contracts in-
clude sales to the generating public utilities and
private utilities in the PNW and extraregional
sales and obligations to parties in British
Columbia and Califoria.

2.7.2. Expected Annual Load

Native loads are specified to the model as a
forecasted series of annual energy load by type
of load for each year in the model horizon. This
forecast of annual energy load should represent
the expected value of the forecast for each future

year, as this expected value is used as a base for

adjusting the load for uncertainty.

2.7.3. Load Shapes

PMDAM requires modeling of load with
hourly detail. The long-term forecast of loads is
in terms of average annual loads. Load shape
tables based on historical data are used to
compute hourly loads from the annual average
loads.In the model, all loads are measured in
average megawatts of energy over a given period
of a year, month, day, or hour. A monthly load
shape table specifies the average monthly load
for each month of the year as a multiplier on the
average annual load. These monthly multipliers
may be less or greater than 1.0 but must, by
definition, average 1.0 over the year.

Figure 2.5 illustrates the application of load
shapes to calculate each type of native hourly
load. At the left in the figure, the annual load is
provided. This annual load is multiplied by the
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monthly load shape multiplier for each month of
the year to give the average monthly load. This
process is repeated at the daily and the hourly
level to compute average daily and hourly loads.
The end result of this process is a load in every
hour of the year.

The historical multipliers are different for
each native load. The daily multipliers vary by
month and day of week. The hourly muitipliers
vary by month, day of week and hour. At least
five years of hourly historical data were
available for most loads. In some cases where
dawa were not available, load shapes for similar
loads were used as an approximation.

In modeling resource and contract acquisition
it is necessary to know the expected highest
hourly or peak load for each month of the year.
The peak monthly load is computed from the
average monthly load using a monthly peak
multiplier. This monthly peak load is used in
calculating the loss of load probability for the
party. This peak multiplier could be computed
using the largest product of the daily and hourly
multipliers for the month. But, if the historical
data is inadequate or assumptions as to the
definition of the peak vary, it is useful to provide
the peak multiplier as a separate input.

The current load shapes in PMDAM do not
vary by year. So changes in load shapes over
time will not be modeled except to the extent that
overall system load shapes will change as the
annual loads grow at different rates. The load
shape logic can be modified to permit changes in
load shapes over years.



2.7.4. Load Uncertainty

Three types of native load uncertainty are
modeled.

2.7.4.1. Load Growth and Annual
Load Uncertainty

(to be completed)

2.7.4.2. Daily Load Uncertainty
(to be completed)

2.7.5. Load Price Elasticity

Presently, native loads in PMDAM are
insensitive to price except as indicated in the
discussion of unserved and nonfirm loads which
follows. Native load price elasticity can be
added t0o PMDAM because of the economic
equilibrium methodology employed by the
model.

The difficult aspect of modeling load price
elasticity is accurately modeling the costs and
ratemaking process which yield retail power
rates. [t is these rates that affect native loads
rather than opportunity prices. PMDAM
provides a preliminary capability to model the
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rale making process. As this capability and the
underlying cost data are improved, it will be a
straightforward matter to incorporate price
elasticity on native loads.

2.7.6. Unserved and NonFirm Load

As result of uncertainty in loads, generating
unit availability, hydro flows, fuel prices and
other potential constraints, it may not be possible
or desirable to serve all native loads.

For each native load an outage price is
specified in mills per kWh. If the hourly energy
opportunity price Ae in a given hour and for the
node (party in a region) associated with the load
is greater than the outage price, then the load
may be partially or fully cuntailed.

For nonfirm loads, the outage price can be set
at the rate for the load, or at a higher value as
policy considerations may require. Firm loads
are generally assigned a relatively high outage
price. The priority assigned to each firn and
nonfirm load is conwulled by assignment of the
outage prices.

If the hourly energy opportunity price Ae
exceeds the outage price for a load then the

Monthly Peak
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Annual Load

Monthl
Peak Nﬂ’:ltipller
Monthi :
Shape y X Monthly Load
Daily
Shape Daily Load
Hourl
sﬁg";g Hourly Load

Y

Figure 2.5 - Application of Native Load Shapes
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fraction of the load curtailed is modeled as a
function of the amount by which the A exceeds

the outage price. Thus,
[2.28] load fraction curtailed =

( Ae - outage price ) x outage slope
for
outage price < Ae < upper outage price
where
outage price is the price above which load
curtailment begins
A is the hourly node opportunity price,
outage slope =
1.0
upper outage price - outage price’
upper outage price is the price above which
load curtailment is 100%.

In hours when the resource supply is low and
loads are high, the opportunity price, Ae, will be
adjusted until a balance is achieved. As
necessary, nonfirm loads with the lowest outage
price will be curtailed first. If power can be
purchased from other parties at less than the
outage price, this lower purchase price will be
reflected in the equilibrium opportunity price and
curtailment will be avoided.

Firm loads with higher outage prices will be
curtailed last and only after all economic
purchase opportunities have been exhausted at
the equilibrium opportunity price for the hour.

2.8. Generation

Generating resource economics play a crucial
role, even in applications of PMDAM focused
on marketing. Modeling of resource acquisition
and operating economics is therefore an
important task for this model. The emphasis
here is on those aspects of generating resources
that affect the overall market for resources and
contracts and not on other aspects of generating
resources that may have little effect on the
overall market.

All important categories of generating
resources are represented in PMDAM. The
modeling of generating resources emphasizes
resource acquisition and operating economics
and limits.

Four categories of resources are represented:

1. Thermal resources that consume a fuel and
are dispatch under utility control.

2. Storage resources that are recharged by
electricity and have limited storage capacity.

3. Hydro resources that consume no fuel but
have limited and uncertain energy capability,
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limited storage capacity, and various restric-
tions on operation.

4. Nondispatchable resources such as co-
generation, conservation, wind, and solar
resources whose dispatch is not utility
controlled.

The representation of the operation of each of
these four categories of resource differs. The
representation of the acquisition of each resource
category is the same.

2.8.1. Resource Operation

The operation of resources is determined on
an hourly basis in the model. Because each hour
is modeled in sequence, the model can be called
a chronological dispatch model. This is in
contrast to load duration curve dispatch models
that simplify the modeling of resource operation
by reordering the hours and loads into the form
of a load duration curve.

Figure 2.5asummarizes the calculation of the
generation by a resource in a given hour. The
resource hourly generation by each resource is
computed as the product of several factors as
follows:

[2.28a] Resource Hourly Generation =
Resource Nameplate Capacity x
Monthly Capacity Fraction x
(1 - Monthly Maintenance Fraction) x
Weekly Commitment Fraction x

(1 - Daily Forced Outage Fraction) x
Generadon Operation Fracton

where :

Resource Hourly Generation is the hourly
generation in megawatts of a given
generating resource at a node (party in a
region),

Resource Nameplate Capacity is the total rated
generating capacity of a given generating
resource at a node. ,

Monthly Capacity Ratio is the ratio of
resource nameplate capacity in a month. to
resource nameplate capacity,

Monthly Maintenance Fraction is the fraction
of monthly capacity dedicated to scheduled
maintenance for the month,

Weekly Commitment Fraction is the fraction
of monthly available capacity committed to
at least the minimum operating level for the
week,

Daily Forced Outage Fraction is the fraction of
.weekly available capacity not available
because of forced outage,
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Generation Operation Fraction is the fraction rate.
of daily available capacity operated in a Currenty generating units are aggregated into
given hour. the following twelve types: hydro, nuclear, coal,
In describing how resource operation is biomass, geothermal, boiler, combined cycle
modeled, four aspects of generating resource turbine, single cycle turbine, cogeneration,
operation ar¢ common to all categories of wind/solar, pumped storage and conservation,
resources: The list of resource types used in the model is
1. Unit Aggregation easily changed.
2. Maintenance Each party, may own each type of generating
3. Forced Outage resource in any region, although most own
4. Net Operating Benefits resources in only one region.
2.8.1.1. Aggregation of Units For some applications of the model, less
. aggregation may be desirable. For example, in
To reduce the compuier requirements for modeling environmentai effects, it would be
PMDAM it is useful to aggregate or group useful 1o aggregate resources by air basin.
together generating units with common I . ]
characteristics. In the PMDAM input data set ‘The capability to run the model with certain
each individual generating unit owned by each units dispatched individually would be useful in
party in the model is identified. Then, the some studies. Individual unit dispaich would
capacity and other parameters describing the beuter represent the impacts of operating limits
units are merged into an equivalent set of and other cperating factors on the sysiem. The
generating units with the total capability of the development of individual unit dispatch
individual units and average operating capability is planned for PMDAM. The
paramewrs such as hca‘ rate and fomed ou‘age Capabll“y o aggl'egale units for Olhef Smdles
Nameplate Capacity

» Monthly Capacity

Monthly Cépacity Fraction

1 - Monthly Maintenance Fraction = Monthly AvailableCapacity

Weekly Commitment Fraction - ——-] Weekly Available Capacity

1 - Daily Forced Outage Fraction

Daily Available Capacity

Generation Operation Fraction

Hourly
Resource Generation

Figure 2.5a: Calculation of Resource Hourly Generation
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will be retained.

2.8.1.2. Maintenance

Scheduling of maintenance is important in
PMDAM because changes in contracts between
regions may shift the need for capacity and the
economics of operation in one or more regions.
For example, an increase in summer capacity
sales from the PNW to California, may change
the PNW from a winter 10 a summer peaking
system. Scheduling of PNW maintenance away
from the summer peak may become desirable.
An increase in winter firm energy sales from
California to the PNW may change the
economics of winter versus spring maintenance
in California. A model with a fixed maintenance
schedule could not easily represent the effect of
maintenance scheduling on system economics
and reliability.

An annual maintenance requirement for each
unit or group of units is specified in the model
input data set. On a monthly basis PMDAM
schedules the fraction of the capacity of each
group of generating units that is down for
maintenance. This monthly maintenance fraction
appears as a factor in Equation [2.28a].

Maintenance can be scheduled in one of two
ways: fixed scheduling and economic
scheduling, With fixed maintenance scheduling,
the annual maintenance requirement is allocated
to each month based on monthly fractions given
in the input data set.

With economic scheduling, the fraction of
maintenance in each month decreases in
proportion to the net benefit of maintenance in
each month. The net benefit of maintenance
includes operating cost and reliability impacts of
maintenance. The allowing equation expresses
the maintenance fraction as a function of the net
maintenance benefit and the maintenance slope:

[2.28b] Monthly Maintenance Fraction =

Maintenance Slope x
Net Maintenance Benefit

The maintenance slope in the above equation
determines how sensitive the monthly
maintenance fraction is to net maintenance
benefit. If the slope is high then a small
difference in net maintenance benefit in each
month of the year will result in large differences
in the amount of maintenance allocated to each
month. With a very high slope, all of the annual
maintenance requirement will be allocated to the
month with the highest net maintenance benefit
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With a very low slope, maintenance will be
allocated uniformly throughout the year.

Net maintenance benefit is determined by the
following equation:

[2.28¢] Net Maintenance Benefit =
lM -Ar -
Monthly Net Operating Benefit

In the above equation, AM, is the resource
maintenance opportunity price. and A is the
resource firm capacity opportunity price. All of
the above terms are computed in S/kKW-yr units.

The maintenance opportunity price, AM, is
adjusted by the PMDAM iterative algorithm until
the il annual maintenance requirement is
satisfied. This annual requirement is expressed
by the following equation, which is the same as
Equation [2.6]:

[2.28¢]
monthly maintenance fraction (AM)
number of months
months

= annual maintenance fraction

The annual maintenance fraction is the
fraction of the year the resource must be
allocated to planned maintenance.

The monthly net operating benefit used in
Equation [2.28¢] is the sum of the hourly net
operating benefit of all hours of the month
weighted by the fraction of the resource that is
not on forced outage and is committed for
operation for the week. Mathematically, the
monthly net operating benefit is computed as
follows:

[2.28d]
Monthly Net Operating Benefit =

Z Net Operating Benefit(thour) x
hours of month
(1 - Daily Forced Outage Fraction) x
Weekly Commitment Fraction x
8760 hours per year / 1000 mills per $

The constants in Equation [2.28d] convert
operating benefit from from mills per kWh to
$/AW-yr,

The calculation of the hourly net operating
benefit is considered in Sectiqn 2.8.14.

Economic scheduling of maintenance will
attempt to perform as much maintenance on a
resourge as possible in the lowest cost month for



that resource. Too much maintenance in a single
month will increase the resource’s net operating
benefit and capacity opportunity price in that
month, so the resulting schedule will tend to be
spread over several months to balance the
maintenance benefits and cosis. The
maintenance slope inpui to the maintenance
scheduling routine controls the sensitivity of the
maintenance schedule to economics.

Firm energy considerations do not affect
PMDAM maintenance scheduling because the
scheduling (timing) of maintenance usually does
not have a significant impact on the annual firm
energy capability of a resource. Except for
hydro resources, the annual firm energy
capability of each resource is deraied in the
model by the annual maintenance requirement.
For hydro resources maintenance scheduling is
assumed to have no effect on annual firm energy
capability because the annual stream flow is the
principal limit on annual firm energy load

carrying capability.
2.8.1.3. Forced Outage

Forced outages of generating units are
important in determining the ability of the
system to meet peak loads. In modeling resource
operation PMDAM randomly determines
whether a unit is available on a given day based
on the unit forced outage rate or probability.
Alternatively, PMDAM will simply derate the
capacity of each unit by the forced outage rate.
Either way, the daily forced owtage fraction
appears as a term in the calculation of resource
operating fraction in Equation [2.28a] A
different probabilistic calculation is used to
model system reliability for resource acquisition
(see Section 2.12.2).

In representing random forced outages for
resource operation, unit size in relation to the
total capacity of a given group is considered.
The total capacity of the group is divided by the
average unit size to give the number of
equivalent units. Each day, each equivalent unit
is determined to be unavailable with probability
equal to the forced outage rate. A random
number generator is used (o determine the state
of each equivalent unit and the total number of
units available for each day is computed. When
the number of equivalent units in a group is large
an approximation is used to save computer time.
Additional special techniques are used to ensure
that the random number sequence for all games
does not change as additional units.are acquired.

The calculations of unit availability are
carried owt for every calendar day of every year
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in the model horizon. The results are then
converted as averages to the the time structure of
the model.

The forced outage model assumes day to day
outages are independent. For some model
applications independence is not a good
assumption because once a unit is forced out,
repair may day more than one day. It is planned
10 represent repair time in the forced outage
model.

2.8.1.4. Net Operating Benefits

The net operating benefit of a generating
resource is the opportunity price of the power
produced by a generating resource less the
operating marginal cost of the unit.

[2.29] Net Operating Benefit =
Ae - Operating Marginal Cost
where
e is the hourly energy opportunity price.

The net operating benefit is computed in mills
per kWh and converted to $ per MW of available
capacity. The net operating benefit is computed
regardless of whether the resource is available so
than the net operating benefits can be used to set
commitment, maintenance and acquisition
decisions. Net operating benefits are computed
on a hourly basis and translated to daily, weekly,
monthly and annual values.

2.8.2. Thermal Resource Operation

Thermal resources provide power while
consuming a fuel. In this model, both fossil fuel
and nuclear resources are modeled as thermal
resources.

2.8.2.1. Operating Limits

Each thermal generating resource in PMDAM
is assigned a range of operation from a minimum
t0 a maximum rate. The maximum operating
limit is the daily available capacity computed as
shown in Figure [2.5a].

The minimum operating limit is is a fixed
fraction of the daily available capacity. In some
cases the minimum operating fraction will be
zero.

A unit once committed to operation during a
week must not operate below the minimum
operating level. Unit commiument in PMDAM is
discussed in Section 2.8.2.4.

PMDAM does not restrict hour to hour
changes in operation of thermal units except to
the extent unit commitment and the minimum



operation restrict hour to hour changes. If
necessary, PMDAM can be modified to treat
such restrictions or the costs of changing the
power output level of a thermal resource.

2.8.2.2. Operating Marginal Cost

The hourly operating marginal cost of a
thermal generating unit in millskWh is given by
[2.30] Operating Marginal Cost =

Fuel Marginal Cost +
Variable O&M Cost.

where
Fuel Marginal Cost is the incremental cost of
the fuel used in mills per kWh of electricity
ed, and
Variable O&M Cost is the incremental cost of
variable nonfuel operating and maintenance
COosts.

Marginal costs exclude fixed fuel and fixed
operating and maintenance costs. Distinguishing
between fixed and variable fuel costs is often
difficult and important. For example, the
delivered price of natural gas includes the fixed
and variable cost of natural gas transmission.
Because of the complexity of natural gas price
regulation and contracts it is often difficult to
identify the fixed and variable components of
natural gas costs.

Fuel marginal cost expressed in mills/kWh
depends on the fuel price and the generating unit
heat rate as follows:

[2.31] Fuel Marginal Cost =
Heat Rate x Variable Fuel Price
1000

where

Heat Rate is the quantity of fuel used per unit
of power generated and expressed in
Bm/kWh-

Variable Fuel Price is the variable portion of
the fuel price expressed in S/mmBuw, and

where the number 1000 is a conversion factor
1o adjust the units of measurement.

A typical heat rate for a thermal unit is about
10,000 Btu per kWh. Higher heat rates indicate
less efficient units. For most units the heat rate
changes with the output of the unit. PMDAM
uses a fixed heat rate which should be a
reasonable approximation given that individual
units are aggregated into groups before operation
is simulated.

Emissions marginal costs are also added 1o
operating marginal costs as described in Section
2.13.
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2.8.2.3. Dispatch

In each hour for each node (party in a given
region) each generating resource is dispatched
based on the hourly net operating benefit. The
net operating benefit -was defined as the
difference between the hourly energy
opportunity price and the variable operating cost.
Figure 2.6. shows for each hour and node how
the operating fraction for a group of generating
resources increases as a function of the net
operating benefit

goneration : max
aperation
iraction
mn-— mare " partest”
dnoisien meking
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net operRting benel

Figure 2.6 - Generation Operation
Fraction

When the net operating benefit is zero or
negative, the operating fraction is the minimum
operating fraction. When the net operating
benefit is very large the operating fraction is 1.0
In between a simple linear function is assumed.
The slope of this function is given by the net
operating benefit in mills per kWh required to
just obtain full operation.

[2.32] Dispatch Slope =
(1 - Minimum Operating Fraction)
Full Operation Net Benefit
The dispatch function is written as

[2.33] Generation Operation Fraction =
Minimum Operating Fraction +

Dispatch Slope x Net Operating Benefit

where
Minimum Operating Fraction <
Generation Operation Fraction < 1.0

The generation operation fraction is permited to
range from the. minimum operating fraction to
1.0. If the result of [2.33] is less than zero (net
operating benefit is less than zero, then the
generation operating fraction is set to the
minimum operating fraction. If the result of
(2.33] is greater than 1.0 (net operating benefit is
greater than full operation net benefit, then the
generation operation fraction is set 10 1.0. A
theoretical basis for this dispatch function is
developed in Section 3 (see Equation {3.21] ).




The dispatch function used here can be
interpreted in several ways. First, the dispatch
function reflects the reality that in hours with
high load and therefore high operating benefit,
greater generalion will be provided by the
resource than in other hours with low load and
low operating benefit,

Second, node resources with low variable
operating cost will be operaied more heavily in a
given hour since the hourly energy opportunity
price is the same for all resources at the node.

Third, resources with similar variable
operating cost will be operated at similar levels.
A resource group with a slightly lower variable
operating cost will not be operated fully while
the slightly higher cost resource group is
operated at minimum levels. This result reflects
the fact that variable operating cost for the group
is not the only factor affecting dispatch.
Variadons in costs within a group of generating
units means that the actual cost of dispatch tends
to increase as the less expensive units or portions
of units are dispatched first.

Fourth, other local reliability and
transmission factors not represented explicidy in
the model mean that resources are not operated
in strict economic order as indicated by variable
operating cost. The slope of the dispaich
function can be adjusted so that some higher cost
resources will be operated before lower costs
groups of resources are fully dispatched. For
example, it is often true that high cost gas wrbine
resources are operaied more frequently than a
purely cost orienied optimization of operation
would indicate.

Fifth, complete information on operating

costs, and hourly system marginal cost is not

always available or fully used by operators, so
that the slope of the dispatch function can be
adjusted based on historical observations to
better describe the actual behavior of the
operators and utility operating system. A high
dispaich slope indicates more perfect cost-
minimizing decision making, whereas a lower
slope makes the operating decisions much less
sensitive (O net operating benefit. A discussion
of the behavioral or descriptive view of PMDAM
versus the optimization view of PMDAM is
covered in Section 3.

Figure 2.7 shows the equilibrium between the
dispatch function and the derived demand for
generation of this resource. The generation
operation demand curve is the operation of the
resource the rest of the model would use as a
function of the net operating benefit of the
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resource. A high net operating benefit requires a
high hourly energy opportunity price. A high
hourly energy opportunity price means other
generation and contract resources can substitute
for generation by this resource. ‘As a result the
operation of this resource declines with the net
operating benefit. The point where the demand
curve and the dispatch function cross is the
equilibrium operation fraciion and net operation
benefit for the resource.
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Figure 2.7 - Generation Oparailon
Fraction Equillbrium

Figure 2.8 shows two dispaich functions with
different slopes. A higher dispaich slope
requires only a small net benefit for a large
operation fraction. If the demand curve is
relatively flat in comparison to the dispaich
functon, as shown in Figure 2.8, then the change
in slope will have litde effect on the operation
fraction. Usually, many other generating and
contract aliernatives are available, the demand
curve is flat, and the situation depicted in Figure
2.8 is typical.
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Figure 2.8 - Etfect of Dispatch Slope on
Generatlon Equitibrium

2.8.2.4. Commitment

Large thermal resources such as gas boilers,
combined cycle and nuclear resources have
limited operating flexibility. A large thermal
resource, once commited to operation, must not
operaies below its minimum operating fraction,

The decision to commit a resource to
operation for a period of ime can be made on the
basis of the net operating benefit of the resource
over the commitment period. In PMDAM the



commitment period is one week. In practice, the
commitment period can vary. The simplifying
restriction to0 a one week commitment period

reduces the complexity of the model logic and

appears 0 be a reasonable assumption for many
studies. This assumption can be modified if
necessary.

The hourly net operating benefit for a
resource will vary over the hours of the week. In
hours with high loads the net operating benefit
will be high; in low load hours the net operating
benefit will be low. If the weekly net operating
benefit is greater than zero then it is
advantageous t0 commit a resource to operation
for the week.

2.8.3. Storage Resource Operation
(to be completed)

2.8.3.1. Storage Capacity
2.8.3.2. Storage Dispatch
2.8.3.3. Stored Energy Prices

2.8.4. Hydro Resource Operation

Hydroelectric generation in the Pacific
Northwest and British Columbia is the dominant
source of electric power generation. BPA and
other PNW agencies have ‘many very
sophisticated models of the hydroelectric system
that are used for many different purposes. The
hydroelectric component of the PMDAM model
uses an economic representation of the hydro
system that is quite different from that employed
in other BPA hydro models.

The original purpose of PMDAM was to
analyze long-term contract decisions between
BPA and California parties. For this purpose a
hydro model with sufficient detail to represent
the energy, capacity and operating flexibility of
the system as a whole was necessary. It was not
necessary to represent the mainly individual
storage reservoirs and generating projects on the
PNW river systems. '

A major consideration in designing the hydro
model for PMDAM was the need to represent the
economics of hydro system operation. Hydra
models designed primarily for planning system
operation under critical water conditions would
. not be adequate for this application. Models
designed primarily to determine each party’s
rights and obligations in the PNW hydro system
typically are not designed to simulate how the
system would be operated under the different
economic ‘environments that PMDAM must
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investigate in the analysis of long-term power
contracts and resource acquisitions.

2.8.4.1. Aggregation of Hydro
Projects

In PMDAM, each utility party is assumed to
control a hydro resource with total generating
capacity, reservoir capacity and inflow equal to
total ownership or shares of ownership in
individual generating projects. Thus, for the
PNW, each of the five parties in the model
control a single aggregate hydro resource.
Linkages among these five PNW hydro resources
result from dependence on the same inflow
patterns and from coordinated operation of the
hydro resources through the operating decisions
made by the model subject to various physical
and policy constraints.

2.8.4.2. Hydro Inflows

Hydro inflows are not represented in
PMDAM in physical units of water. Instead,
hydro inflows are measured in equivalent units
of electric energy the water flow would generate
if run through the generating projects on the river
system. Rates of -inflow in PMDAM are
distinguished on a monthly basis. Thus the
measure of hydro inflow in PMDAM is average
megawatts by month.

The hydro inflow in each month is a random
variable in PMDAM. For each region the
deviation in the monthly hydro inflow from
average inflow for each party is assumed to be
the same for each party in the region. This
assumption reflects physical- linkages and the
high correlaton between inflows to systems
within a geographic region as a result of similar
weather pauerns.

Regional flows also are correlated with flows
in other regions. For example, when British
Columbia has higher than average flow
conditions it is likely that the PNW also will
have higher than average inflow conditions. A
historical database on natural river flows at
various key river locations is used to develop a
multi-variate, log normal probability model that
is used by PMDAM to generate correlated
regional inflows for all five regions in the model.

The monthly inflows also are correlated with
the previous months inflows. Typically, High
May inflows are correlated with high June flows
because both result from the same snow deposit.
But, different weather patterns can affect the rate
of melting of the snowpack so the relationship in

" month to month flows is not deterministic.
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Based on the historical inflow data, The month
to month correlation is built into the PMDAM
hydro inflow model.

2.8.4.3. Hydro Storage Limits

Storage of water or its equivalent in hydro
energy in reservoirs is limited by the physical
capacity of the system and by operating policies.
Operating policies may reflect power, flood
control, fisheries, recreation, irrigation,
navigation and other river system uses.

The PMDAM hydro model uses both upper
and lower monthly limits on the energy content
of each party's hydro system. These upper and
lower storage content limits are expressed as a
fraction of total physical energy storage capacity.

The physical energy storage capacity of the
hydro systems in the five regions of the PMDAM
model vary widely. In the Pacific Northwest, the
reservoirs can store only about one-third of the
average annual inflow. In the Pacific
Southwest, the reservoirs can store about two
years of average annual iniflow.

The upper storage content limit is used in
PMDAM to model flood control constraints.
During the spring, storage capacity must be
reserved to protect against extremely high
inflows. The upper storage content limit is a
function of the forecasted inflows.

The lower storage content limit is used in
PMDAM to model operating restrictions for
nonpower requirements. In the Pacific
Northwest, lower energy content curves or limits
are also used to maximize the regional firm load
that can be carried by the hydro systems over a
historical series of low water years. These and
other curves help-to determine the firm power
rights and obligadoas of the owners of the hydro
sysiem.” A party may draw on another party's
storage in order to meet its firm loads.

In the Pacific Northwest, the hydro system
may not be drafted by any party below the lower
energy content curve except to meet total
regional firm energy loads. Any drift from
storage below. the lower energy content limit
must be proportional among the parties.

Lower energy storage content limits in
PMDAM are hard limits that cannot be violated
even to meet firm loads. Allocation of rights and
obligations to firm power in PMDAM is
modeled by assigning to each party its owned
share of the firm power capability of the system.
Operation of the combined hydro and thermal
system to assure firm loads are met at least cost
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is modeled by the economic hydro dispaich
decision rules described in Section 2.8.4.12.

2.8.4.4. Hydro Minimum Discharge
Limit

Both a minimum instantaneous hydro
discharge and a monthly minimum average
hydro discharge are represented in the PMDAM
model. Minimum flow requirements may be
dictated by both power and non power needs. In
the Pacific Northwest, minimum flow
requirements needed to enhance fish transport
and survival during the spring and early summer
months is an imporiant constraint on the efficient
economic operation of the hydro system for
power,

As with inflow and storage content, discharge
in PMDAM is measured in units ot' equivalent
electric energy.

2.8.4.5. Hydro Fish Bypass
Requirement

Another means of supporting fish survival is
to bypass or spill a portion of the flow that would
normally pass through the turbines. The fraction
of turbine generation discharge that bypasses the
turbines is specified as in input to the model.
The bypass fraction varies by hour of the day and
month of the year, and is presently highest in the
PNW during the night hours of the spring
months,

2.8.4.6. Spill

Spill is hydro discharge above generation and
fish bypass discharge Spill may be required for
three reasons: t0 meet upper storage limits
usually for flood. conrrol, to meet minimum
discharge limits, and to meet hydro variability
limits

During periods of very high inflow generation
and bypass discharge may be insufficient to
maintain the reservoir level below the upper
storage limit. Spill is then used to increase the
total discharge until the limit is met in the least
cOst way.

Minimum discharge spill is required when the

_ generation and bypass discharge is less than the
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minimum discharge flow limit. High minimum
flow requirements to support fish passage may
force minimum discharge flow even when the
off-peak market for generadon is limited.



2.8.4.7. Total Discharge

The hourly total discharge is the sum of three
operating decision variables given by
[2.34] Hydro Hourly Total Discharge =
Hydro Hourly Generation +
Hydro Hourly Bypass +
Hydro Hourly Spill
All four variables in the above equation are

measured in average megawatts of equivalent
water flow.

The calculation of hourly generation and spill
are described in Sections 2.8.4.12 and 2.8.4.13,

respectively. Bypass is a function of hourly
generation.

2.8.4.8. Storage Content
End of month storage content is given by the
following equation:
[2.35] Hydro Storage Content =
Hydro Storage Content ( month-1) +
Hours per Month x
Hydro Net Monthly Inflow
The hydro net monthly inflow is given by
[2.36] Hydro Net Monthly
Inflow = Hydro Monthly Inflow -
Hydro Monthly Total Discharge]

In [2.35] end of month hydro storage content

for the previous month measured in hours, is
increased by the hours per month times the net
monthly inflow to give end of month hydro
storage content for the current month.

In [2.36] net monthly inflow is the the
average monthly inflow less the hydro monthly
total discharge. All three variables in (2.36] are
measured in average megawatts of equivalent
electric generation.

2.8.4.9. Hydro Instantaneous
Peaking Capacity

The maximum instantaneous generating
capacity of a hydro system is the maximum rate
at which the entire hydro system can generate
power for a very short period, usually defined to
be one hour. Instantaneous peaking capacity
must be distinguished from sustained peaking
capacity which is described in Section 2.8.4.10.

Instantaneous peaking capacity is principally
a function of current storage content. High
storage contents result in greater head at hydro
projects. In modeling the operation of the hydro
systems in PMDAM, instantaneous capacity
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versus content curves like that shown in Figure
2.9 are used.

Figure 2.9 - Hydro Instantaneous
Capacity vs. Stored Energy Content

For planning purposes in calculating loss of
load probability in PMDAM, the instantaneous
capacity of the hydro system under storage levels
consistent with a low or critucal inflow condition
is used as the dependable capacity of the hydro
system. The instantaneous peaking capacity of
the hydro system is an important term in the
calculation of loss of load probability for both
party and pool as described in Section 2.12.2.

2.8.4.10. Hydro Sustained Peaking
Capacity

A hydroelectric generating system in contrast
10 a thermal generating system can respond very
quickly to changes in output, but the hydro
system is limited in its ability to vary its output
widely over a period of a day or more on a
sustained basis, day after day.

In the PNW, the hydro system is composed of
a series of dams on a few river systems. Many of
the dams are run-of-river projects with very little
storage. These plants rely on releases from .
upstream reservoirs. Discharges from the
upstream projects must be controlled so that
flows arrive the downstrearn projects at a time
when the generation at these downstream
projects is most useful.

If the overall generation of the system varies
widely over a period of a day in comparison to
the average generation, then it may not be
possible to control the flows between the dams
sufficiently to meet the widely varying load. In
addition the hydro system flexibility is
constrained by flow restrictions at various points
in the system.

For BPA, studies have been performed using

" detailed hydro models to determine the

maximum sustained generation of the hydro
system over given durations assuming various
levels of average generation on the system. In



planning the sale of pdwer, BPA establishes a
sustained peaking capacity for its system by

reducing the instantaneous peaking capacity by

an amount known as the sustained peaking
reduction. In low flow months this reduction can
exceed one-third of the instantaneous capability
of the sysiem.

Presently, for planning reliability purposes,
the sustained peaking capacity reduction for BPA
is taken as a deduction from the instantaneous
peaking capacity of the BPA hydro system. The
reduced peaking capacity of the BPA system
then is used in calculating the BPA and PNW
loss of load probabilities (see Section 2.12.2).

For operation under conditions different from
planning, PMDAM uses a hydro variability limit
10 represent sustained peaking capability and
limited hydro system flexibility in a more
fundamental way.

2.8.4.11. Hydro Variability Limit
Hydro variability measures hydro system
variability over the period of a day. It is
computed as the ratio of the the standard
deviation of hourly flow or discharge for the day
to the average hourly flow for the day as follows.
[2.36a] daily variability =
daily standard deviation
daily average

where -

daily standard deviation is the standard
deviation of hourly discharge over the day,
and

daily average is the average of hourly
discharge over the day. '

This ratio is not allowed to exceed a specified
maximum value in simulating the operation of
the hydro system.

2.8.4.12. Hydro Dispatch

The hourly dispaich of hydro generation
in PMDAM uses the same general approach as
for thermal units (see Equation 2.29) with one
significant exception. The variable fuel cost of
thermal generation is replaced by the opportunity
costs associated with storage capacity, minimum
discharge, and maximum variability constraints
on the hydro system. Thus the operating
marginal cost of a hydro resource for an hour is
given by

[2.37] Operating Marginal Cost =
Variable O&M Cost +

AH - AD+ Ayh

28

BPA Power Market Decision Analysis Model

where

AH is the hydro energy opportunity price,

Ap is the hydro minimum discharge
opportunity price, and

Ayh i$ the hydro variability hourly opportunity
price.

Based the above equation and equations
[2.29], [2.32] and [2.33] i: is clear that hydro
generation will be high when the hourly
opportunity price of energy is high and the
operating marginal cost in [2.37] is low.

The variable O&M cost for a hydro system is
typically small and is provided as input data.
The impact of the hydro opportunity prices on
hydro generation dispatch is discussed in the
remainder of Section 2.8 4.

2.8.4.13. Spill Operation

The hourly decision to spill hydro energy to
meet upper storage or minimum discharge limits
is determined by the net spill benefit given by
[2.38]

Net Spill Benefit= AD - AH - Avh

where

AY is the hydro energy opportunity price,

AD is the hydro minimum discharge
opportunity price, and

Avh is the hydro variability hourly opportunity
price.

Figure 2.10. shows for each hour and node
how the -hourly spill for a hydro resource in

PMDAM increases as a function of the net spill
benefit.

Figure 2.10 - Hourly Spill Operation

When the net spill benefit is more negative
than the minimum spill benefit, the spill is zero
When the net operating benefit is above the
minimum, the hourly spill increases in
proportion (0 the spill slope which is an input to
PMDAM. The equation for hourly spill is
[2.39] Hourly Spill =

Spill Slope x Net Spill Benefit




when
Net Spill Benefit 2 Minimum Spill Benefit

2.8.4.14. Hydro Energy
Opportunity Prices

The hydro energy opportunity price, AH,
reflects the lost opportunity to use hydro energy
in a future hour if it is consumed in the current
hour. AH tends to be low when the overall
supply of hydro energy is high and storage
reservoirs are full. Full reservoirs imply that any
energy not used cannot be stored until a time
when hydro energy is more valuable. A low
hydro energy opportunity price in [2.37]
encourages hydro generation in that hour.

The hydro energy opportunity price in
PMDAM varies by the month of the year. The
hydro energy opportunity price is derived from
the opportunity price on hydro storage capacity
and a forecast of the next month’s hydro
opportunity cost as follows:

[240] AH =
AH(month + 1) - Agy + Ag]

where .

Ay is the hydro energy opportunity price for
the current month,

Ag(month + 1) is the forecast hydro energy

_opportunity price for the next month,

Agy is the upper hydro stored energy
opportunity price at the end of the current
month,

Ag] is the lower hydro stored energy
opportunity price at the end of the current
month.

The forecast of next month’s hydro energy
opportunity price is just next month’s hydro
opportunity price, if cerainty in inflows and
other variables is assumed. Under uncertainty,
the forecast of next month's hydro energy
opportunity price is different. Forecasting of
hydro opportunity prices is considered in Section
2.84.20.

2.8.4.15. Hydro Stored Energy
Opportunity Prices
Both upper and lower hydro stored energy
opportunity prices are defined in the model.

Upper Stored Energy Opportunity Price

The upper stored energy opportunity price,
Asu, is associated with the constraint that the
ending storage contents not exceed the upper
storage content limit as described in Section
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2.8.4.3. On a given iteration of the model, if the
storage contents at the end of the current month
exceed the upper limit, then the upper stored
energy opportunity price will be increased by the
PMDAM algorithm until the end contents equal
the upper limit.

The upper stored energy opportunity price,
Agu, is is a negative term in equation [2.40]
which determines, AY, the hydro energy
opportunity price. For example, if the upper
stored energy opportunity price, Asy, at the end
of this month is 3 mills per kWh, and if next
month’s hydro energy opportunity price is 20
mills per kWh, then this month’s hydro energy
opportunity price will be 17 mills,

Continuing with the above example, if, at 17
mills per kWh enough hydro energy is

‘dispatched so that the month end siored energy is

less than the upper limit, then the PMDAM
algorithm on successive iterations will adjust the
upper stored energy opportunity price, Agy,
downward from 3 mills per kWh. The
downward adjustment in Agy will increase Ay
causing less hydro generation during the month.
The downward adjustment in Agy (upward
adjustment in AH) will continue undl the the
upper stored energy limit is just reached or the
upper stored energy opportunity price, Agy, is
zero and the stored energy is less than the upper
limit at the end of the month.

In high flow situations it is possible that the
upper stored energy opportunity price, Agy, may
have to be increased to the point where Ay, the
hydro energy opportunity price for the current
month becomes a negative number. In this case
the net spill benefit as computed in Equation
[2.38] will likely be positive. A positive net spill
benefit will result in spill, thus increasing the
flow and decreasing the stored energy at the end
of the month.

Lower Stored Energy Opportunity Price

The lower stored energy opportunity price,
Agl, is associated with the constraint that the
ending storage contents not be less than the
lower storage content limit as described in
Section 2.8.4.3. On a given iteration of the
model, if the storage contents at the end of the
current month are less than the lower limit, then
the lower stored energy opportunity price will be
increased by the PMDAM algorithm until the
end contents equal the lower limit.

The lower stored energy opportunity price,
Agl, is is a positive term in equation [2.40] which



determines, A, the hydro energy opportunity
price. For example, if the lower stored energy
opportunity price, Agj, at the end of this month is
$ mills per kWh, and if next month’s hydro
energy opportunity price is 30 mills per kWh,
then this month’s hydro energy opportunity price
will be 35 mills,.

Continuing with the above example, if, at 3§
mills per kWh enough hydro energy is
dispatched so that the month end stored energy is
greater than the lower limit, then the PMDAM
algorithm on successive iterations will adjust the
lower stored energy opportunity price, Ag),
downward from 5 mills per kWh. The
downward adjustment in Ag] will decrease A4
causing more hydro generation during the month.
The downward adjustment in Ag| and Ay will
continue until the the lower stored energy limit
is just reached or the lower stored energy
opportunity price, Agy. is zero and the stored
energy is greater than the lower limit at the end
of the month.

2.8.4.16. Hydro Minimum
Discharge Opportunity Prices

The hydro minimum discharge opportunity
price, Ap, is associated with the constraint on
minimum monthly discharge flow as described in
Section 2.8.4.4. AD is a negative term in
Equation [2.37]. A high Ap encourages dispaich
of hydro generation and higher flow. A high Ap
also increases net spill benefit and will
encourage spill to increase flows, if necessary.

If on a given iteration of the model, the
monthly average flow is below the minimum
discharge constraint, then the PMDAM
algorithm increases the minimum discharge
opportunity price, Ap. Increasing Ap will
decrease the operating marginal cost of a hydro
resource in Equation [2.37] thereby increasing
the net operating benefit and increasing the
discharge from the hydro system in most hours.
AD is increased until the minimum discharge
constraint is met. If the final solution discharge
exceeds the minimum discharge then Ap will be
zeto.

In low flow situations it is possible that the
minimum discharge opportunity price, Ap, may
have to be increased to the point the net spill
benefit as computed in Equation [2.38] is
positive. A positive net spill benefit will result in
spill, thus increasing the flow in the direction of
meeting the minimum discharge limic.
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2.8.4.17. Hydro Hourly Variability
Opportunity Prices

In Equation [2.37] the hydro hourly
variability opportunity price, Ayh, reflects the
limited flexibility of the hydro system to vary its
output over the hours of the the day. When the
hydro system is being swressed, in high load
hours Ayp will be a positive number adding to
AH in Equation [2.37]. In low load hours Ayvh
will be a negative number.

Avh is derived from the hydro daily
variability opportunity based on the following
equation:

(2.41] Ayh =

d daily variablity
Avd -
9 hydro hourly discharge j

where
Avd is the hydro daily variability opportunity

price, and

. ... _ daily standard deviation
daily variability = daily average

daily standard deviation is the standard
deviation of hourly discharge over the day.

daily average is the average of hourly
discharge over the day.

The partial derivative ierm in Equation [2.41]
is positive in peak hours and negative in off-peak
hours. Thus Avh is negative in off-peak hours
when Av( is non-zero.

In off-peak hours Ayp as a negative number
will tend to encourage off-peak spill and
discourage on-peak spill, thus reducing hydro
daily variability.

2.8.4.18. Hydro Daily Variability
Opportunity Prices

The hydro daily variability opportunity price,
Avd, is associated with the daily variability limit
described in Section 2.8.4.9. If this limit is
exceeded the PMDAM algorithm will increase
Avd until the limit is met. If the daily variability
at the solution is less than the limit then Ay
must be zero at the solution.

Increasing Ayd, increases Ayp in on-peak
hours and decreases Ayp, in off-peak hours. These
changes in opportunity prices will discourage on-
peak hydro generation and encourage off-peak
generation or spill thus reducing the vanability
of the flows. '



2.8.4.19. Equilibrium Hydro
Operation

The operation of the PMDAM hydro model
cannot be fully understood in isolation from the
rest of the power system. Hydro energy
competes with thermal energy to satisfy native
and contract loads. The hourly hydro energy
opportunity price, AH, in Equation [2.40] will
reach a balance or equilibrium with the thermal
operating costs through Equation (2.33]. In
achieving this equilibrium, the PMDAM
algorithm will have employed the available
hydro inflows in the most economic way subject
to the storage, minimum discharge and daily
variability constraints.

Economic operation of the hydro system
entails the dispatch of the combined hydro
thermal system and contracting among parties to
minimize costs to customers. The PMDAM
algorithm accomplishes this economic dispatch.
coordinating all dispatches via the hourly energy
opportunity prices Ae for all nodes and for alil
hours.

2.8.4.20. Forecasting Hydro Energy
Opportunity Prices

Equation [2.40] requires a forecast of next
month’s hydro energy opportunity price AH.
Under certainty, next month’s A{ can be
computed by estimating the AyH for the last
month in the model horizon, and then calculating
AH for each previous month in reverse order of
time. The structure of the PMDAM algorithm
easily permits this order of calculation.

* Under uncertainty, the forecast of next
month’s A may be different from the actual AR
for the next month. Mathematically, the forecast
of next month’s A should be the conditional
expected value of next month’s AH given the

outcomes of all uncertain variables for the.

current month. This conditional expected value
can only be approximated in PMDAM. An exact
calculation of all of the conditional expected
values is impossible for a problem the size of
that solved in PMDAM.

Two methods of computing conditional
expectations of next month’s Ay are provided in
PMDAM: an end-of-year expectation function
method and a monthly expectation adjustment
method. :

End-of-Year Expectation Function Method

The end-of-year conditional expectation
method assumes certain knowledge of next
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month’s Ay within the calendar year, but no
knowledge of next month’s AY at the end of the
calendar year. In the PNW, a preliminary
estimate of the snowpack and future inflows for
the next calendar year is made in early January.
If this forecast were completely accurate (it is not
) then only an estimate of the Al forecast at the
end of the calendar year would be necessary. AH
for all earlier moaths in the calendar year could
be computed in reverse order of time assuming
certainty within the calendar year.

One way to estimate the end-of-year Ay
expectation is to assume it is zero, and use the
lower energy limit described in Section 2.8.4.3.
10 assure sufficient stored energy is carried over
to the next year. By this method, the equilibrium
value of the lower stored energy opportunity
price, Agl, would adjust until the end-of-year
stored energy equals the end-of-year lower
energy limit.

The problem with the above end-of-year
method is that in high flow years hydro energy

. may displace very low cost thermal resources in

order to reduce the end-of-year stored energy
contents to the lower energy limit. This is
because the method has assumed additional
energy above the lower limit has zero value.

The end-of year expectation method can be
improved by using a function to assign a value to
end-of-year stored energy above the lower
energy limit. Figure 2.11 illustrates the type of
function used to determine this end-of-year
forecast.

Figure 2.11

If, at the end of the year, the reservoir is at the
upper storage limit, then additional hydro energy
will have little value because it may be spilled in
the following month. If, at the end of the year,
the reservoir is at the lower storage limit, then
additional hydro energy will have high value
because it is likely to displace high variable cost
gas turbine generation in the following year.

Depending on the inflow and other uncertain
variables for the current year, the model will find
an end-of-year storage content between the upper



and lower limit. The upper and lower limits can
be adjusted in the model until the end-of-
calendar-year expected hydro energy opportunity
price, AH, equals the beginning-of-year average

AH across all games with similar values of other

uncertain variables. A run with certainty on all
variables except hydro flows can be used for this
adjustment in the end-of-year expectation
function parameters.

Monthly Expectation Adjustment Method

The monthly expectation adjustment method
is more sophisticated than the end-of-year
method. The monthly expectation adjustment
method adjusts next month's actual AH based on
sensitivity information and the differences
between the conditional expectations of next
month’s uncertain variables and the actual
outcomes of these variables. The adjustment
equation is as follows:

[2.42] EV[AHI=AH .
+ inflow sens x (EV[inflow] - inflow)

+ load sens x (EV[load] - load) -

where

EV([] indicates the one month conditional
expectation of a variable. -

inflow sens is the estimated change in Af{ per
unit change in monthly inflow. and

load sens is the estimated change in Ay per

unit change in monthly native load.

Any number of uncertain variables can be
included in Equation [2.42]. Also variables from
other parties can be included. For example,BC
Hydro’s inflow may have a significans effect on
PNW hydro opportunity prices.

The expected value of next month’s hydro
inflow for the PNW, for example, is a n output of
the hydro inflow uncertainty model as described
in Section 2.7?. The actual hydro inflow for next
month is available within PMDAM.

The inflow sensitivity can be estimated from
the output of previous PMDAM model runs, by
ploting Al versus inflow for various months and
parties. Eventually, it should be possible to
compute and update the sensitivity estimates

required by {2.42] as the PMDAM iterations’

proceed,

The monthly expectation adjustment model
has been implemented within PMDAM but has
not yet been fully tested.
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2.8.4.21. Summary of Hydro Model
Interactions

Figure 2.12 summarizes the major
interactions among the opporwunity prices and
quantities in the PMDAM hydro model. The
bold ellipses highlight the four opportunity price
variables in the hydro model. The hydro hourly
generation is a function of all four opportunity
prices. as defined by Equations [2.35], (2.29] and
[2.33]. High hourly system or minimum flow A
increase hourly generation while high hydro
energy A decreases hourly generation. High
daily variability A increases peak hourly
variability A and decreases peak hourly
generation. High daily variability A decreases
off-peak hourly variability A and increases off-
peak hourly generation.

The upper and lower hydro energy storage
capacity opportunity prices, Agy and Ag|, are not
shown but are used in the calculation of the
hydro energy opportunity price AH as defined by
Equation [2.40]. The daily variability
opportunity price, Avd also is not shown but is
used in the calculation of the hourly variability
opportunity price, Ayh as defined by Equation
[2.37

In Figure 2.12 hourly generation feeds into
hourly total discharge at the right. Hourly
generation and the bypass fraction, a model
input, determine bypass flow. Bypass flow is
added also addcd into hourly total discharge.

Spill is a function of three of the opportunity
prices as defined by Equations [2.36] and [2.37].
Spill is added into hourly total discharge.

The hourly .discharge is averaged over the
month and compared to the monthly minimum
discharge requirement to determine the monthly
minimum discharge opportunity price, AD.

Hourly total discharge over a day determines
daily variability of discharge. Daily discharge is
compared [0 the daily variability limit to adjust
the daily and hourly variability opportunity price
(see Equation [2.37]) The daily variability
opportunity price is not shown in the figure.

The end of month stored energy content is
determined by the hourly total discharges for the
month and by the monthly inflow as represented
in Equation [2.35] and [2.36].

Finally the hydro energy opportunity price
AH is determined by the stored energy content of
the system. the storage capacity of the system,
and the upper and lower storage limits as
fractions of the storage capacity. Not shown the
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in figure are the upper and lower storage capacity

opportunity prices, Asy and A used to compute 2.8.5.1. Conservation

AH. For nondispatchable conservation resources

.. L — the equivalent generation operation fraction (

A major influence not indicated in Figurc actually a reduction in native load) is specified as

2.12 is the influence of hourly hydro generation a fraction of the resource capacity. This fraction

on hourly energy opportunity price, Ae. varies by month and hour of the day. No fuel is
Increases in hydro hourly generation cause consumed by this resource.

decreases in the hourly energy opportunity price

because of the displacement of less costly other Dispatchable conservation such as load

is h management program is not currently modeled
;e;oumemeinsn?nd contracts by the additional hydro but can be easily implemented in PMDAM.
2.8.5. Nondispatchable Resource 2.8.5.2. Wind/Solar
Operation For nondispaichable wind and solar resources

the generation operation fraction is specified as a
fraction of the resource capacity. This fraction
varies by month and hour of the day. No fuel is
consumed by this resource.

Nondispatchable resources represent
conservation, wind/solar and co-generation
resources in the PMDAM model. For these
resources, the generation operation fraction, as
computed in [2.33] for dispatchable resources, is :
specified as a model input 2.8.5.3. Co-Generation

For nondispatchable co-generation resources

Min Generation w ,

ydre Energy
A

Storage Capacity

Upper Storage

Hourly Generation

Hourly
Total
Discharge

Bypass Fraction
A

Umit
' Stored Energy

Figure 2.12 - PMDAM Hydro Model Influence Diagram

Clremrmon >
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the generation operation fraction is set to 1.0 in
all hours, except when the unit is on maintenance
or forced outage. Fuel is consumed by this
resource. A low heat rate is used to account for
the fuel that is displaced by the steam produced
by the co-generation resource.

2.8.6. Acquisition of Resources

Generating and conservation resources may
be acquired by each party in the PMDAM model.
Resource acquisitions may be specified as a
model input or the least-cost acquisitions may be
determined by the iterative algorithm of the
model.

2.8.6.1. Resource Supply Curves

The capital cost and supply of each new
generating resource is specified by a resource
supply curve. Figure 2.13 shows a hypothetical
resource supply curve.

The vertical axis in Figure 2.13 is the
overnight per unit capital cost of the resource,
expressed in $/kW of nameplate capacity.
Nameplate capacity is assumed to be the
maximum generating capacity of the resource
under standard operating conditions, assuming
no reductions in capacity for forced outage and
maintenance. Ovemight capital cost excludes
interest and escalation during the construction
period and is expressed in currency units for a
common base year assumed for the model.

__Figure 2.13 - Resource Supply Curve

The horizontal axis in Figure 2.13 is the
cumulative nameplate capacity of the resource
added beyond that already installed or committed
at the beginning of the mode! time horizon.

As Figure 2.13 indicates, the per unit capital
cost or price of the resource increases with the
cumulative resource commitments. This increase
usually represents increased costs as the most
attractive plant sites and fuel sources are
committed first.
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Figure 2.14 shows in a common graph, four
resource supply curves used in the model. The
capital costs are expressed in 1989 dollars.

The PNW combined cycle generating
resource curve in Figure 2.14 is flat, indicating
that the capital price or per unit cost of this
resource is assumed not to increase with
cumulative commitments.

The PNW nuclear resource supply curve in
Figure 2.14 shows about 2500 megawatts of
nameplate generating capacity available at about
$1200 per kW or less. This resource consists of
two partially completed nuclear plants,
WNP1&3, now in preservation status. One of
the two plants is estimated to cost slightly less
than the other, as indicated by the small increase
in capital price at about 1250 megawatts of
cumulative capacity. No nuclear. resource
additions beyond 2500 megawatts will be
considered by the model, because the PNW
nuclear supply curve in Figure 2.14 assigns a
very high capital price to any cumulative
additions above 2500 megawats.

The PNW conservation supply curve in
Figure 2.14 shows about 2500 megawatts of
nameplate generating. capacity available at about
$6000 per kW or less. About 2000 megawatts is
availabie at less than $2000 pex kW. The energy
associated with this conservation (a model input)
is about S5 per cent of the capacity, so 2000
megawatis of conservation capacity provides
1100 average megawatts of energy conservation.
The conservation resource consists of a series of
conservation measures of increasing cost.

The hydro electric supply curve for British
Columbia is also shown in Figure 2.14 The
figure shows about 3700 megawatts of nameplate
generating capacity available at about $2500 per
kW or less. The cost gradually increases from
about 1000 megawaits o 3700 megawatts. The
data in this curve come from very preliminary
estimates based on published BC Hydro data that
is somewhat out of date. Better estimates are in
development.

Each of the resource supply curves in the
model is specified on a regional basis. Parties
within the region are assumed to compete 0
develop the resources available at any given
price.



2.8.6.2. Resource Cost Escalation
For each resource type by region, a real

escalation rate is defined as input data. The

escalation rate may vary over time. Real
escalation is combined with a general inflation
rate to determine the capital price of the resource
in nominal currency. Real escalation and
inflation are multiplied by any increase in
resource capital price as a result of cumulative
commitments as applied to the resource supply
curve.

Resource cost escalation during the
consguction period of the resource is compuied
assuming all of the construction expenses are
incurred uniformly over the construction period.

2.8.6.3. Resource Construction
Interest

Interest on construction capital costs during
the construction period of a resource is computed
as a multiplier on the escalated capital price of a
resource. Construction expenses are assumed to
be incurred uniformly over the construction

period.-
2.8.6.4. Resource Economic Rent

The cumulative demand or acquisition of a
generating resource must not exceed the supply
of the resource as determined by the supply

BPA Power Market Decision Analysis Model

curve for the resource. To enforce this constraint
while determining the least-cost acquisition of
resources requires the definition of the resource
capital opportunity price.

The constraint on resource acquisition supply
and demand is given by

[2.43]
Cumulative Resource Additions y<

Resource Supply (Aqy )

where
Aqy is the opportunity price on the resource
supply demand constraint in year y for a
given resource
(to be completed)

2.8.6.5. Maximum Acquisition Rate

The maximum acquisition rate-for a resource
specifies the upper limit on the nameplate
megawatts that a party can acquire in a given
year. This limit is normally used to limit the
acquisition of conservation resources to reflect
limitations on the ability to develop programs
and staff to carry out conservation programs and
because of the time it takes to obtain customer
participation in a conservation program. These
limits are applied directly to the acquisition
decision and do not result in the specification of
an additional opportunity price associated with
this constraint.

BC Hydro
6000 -
|' PNW Conservation -
4 e
5000 4 \ s’ I
[ ]
4000 + ] ’
Overnight ,' '
Capital '
et 00 : |
3 I kw L L] — — - —
- - — ."- -
100 F o _ _ _ _PNWCombinedCycle
VR, + t - + + t {
0 500 1000 1500 2000 2500 3000 3500 4000

Nameplate Capacity - MegaWatts

Figure 2.14 - Example Resource Supply Curves
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2.8.6.6. Net Acquisition Benefit
Resources are acquired in PMDAM whent ch
levelized net acquisition benefit is greater than
zero. The annual net acquisition benefit of a
resource is givea by
[2.46a] Net Acquisition Benefit =
Firm Capacity Benefit +
Energy Firmness Benefit +
Operating Benefit -
Variable Operating Cost -
Fixed Operating Cost -
Capital Cost -
Environmental Cost
Thelevelized net acquisition benefit is
compuied from the annual net acquisition

benefits in each year the resource will be
available.

Thelevelized net acquisition benefit can aslo
be computed froim the levleized valuse of each
term in [2.46a] as follows:

[2.46b] L(Net Acquisition Benefit) =
L(Firm Capacity Benefit) +
L(Energy Firmness Benefit) +

BPA Power Market Decision Analysis Model

L(Environmental Cost)
(to be completed

Firm Capacity Benefit
Energy Firmness Benefit
Operating Benefit
Variable Operating Cost
Fixed Operating Cost
Capital Cost
Environmental Cost

(to be completed)

2.8.6.7. Acquisition Decision
(to be completed)

2.8.6.8. Lead Time and Uncertainty
(to be completed)

2.8.6.9. Conditional Forecasts

Conditional forecasts of the uncertain
opportunity price variables that feed into the

L(Opqrating Bcnctjlt) ) acquisition decision making process are
L(Variable Operating Cost) - necessary to reflect the current information
L(Fixed Operating Cost) - available at the time each acquisition decision is
L(Capital Cost) - : made. The opportunity prices are uncertain (vary
by game) because the load, fuel price, hydro
30000
25000
20000
15000
10000
5000
N - % PNW
0 = - s p P TTIIIIYY Y BC IIIIII////I///I/I////////////////////////
1981 1992 1993 1984 1998 1996 1987 1998 1998 2000 2001 2002 2003 2004 2008

- (Nameplate Capacity - MegaWatts)

Figure 2.15 - West Coast Resource Additions by Regions
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inflows and plant availability variables that affect (to be completed)
the opportunity prices are uncertain. Since
acquisition decisions in the model are made over 2.9, Transmission

time, the conditional forecasts of opportunity

Th 1l i
prices | for these decisions should change e overall economics and energy losses

associated with power transmission between the

over ume. major points of delivery on the West Coast are
Acquisition decisions are based on the modeled in PMDAM. Opportunity. prices on

conditional expected value of the opportunity transmission operation and firm transmission

price variables that feed into the acquisition capacity are used to allocate the use of

decisions. This conditional expected value is in transmission in contract operation and

a sense a conditional forecast. Each year this acquisition.

conditional expected value is computed for each . .

game using a technique that employs conditional 2.9.1. Transmission Network

weights on the opportunity prices for many The overall transmission network currendy

games: The calculation of conditional expected modeled in PMDAM was described in Figure

opportunity prices for acquisition decision 2.2. A portion of the transmission network, the

making is discussed in Section 3.6. altemating current (AC) transmission system
Operating decisions are usually made in fron:n tlpe. Pacific‘ Ngnhwest to Northern

PMDAM assuming certainty in the opportunity California is shown in Figure 2.16. In this figure

price variables that affect the decisions. For :fc ggl;:?t;p aitelasr:: wt;f d{fn erC W:Z:stzrr; :rt\afrlélsl

example, each hourly system opportunity price - Shown. !

is asspumed known lh!n maki‘:x‘;ocach yhgurly change at the California Oregon border (COB).

operating decision for a game. A conditional . . .

f(l;eecasting technique for hydro storage operating 2.9.2. Transmission Links

decisions in the face of hydro inflow uncenainty Each transmission system element in Figure

is under development. 2.16 is called an owner’s transmission link in
PMDAM. An owner's transmission link
describes a single owner’s share of a

(Pre- 3rd AC/ COTP PNW to NC AC system)
! ! I
PP&L PGE BPA
320 ' 745 2340

' v R
>

] |
PG&E ONC SCE SDG&E LADWP
1150 900 889 161 100

vy .

Figure 2.16 - Example Ownership of Transmission
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transmission link. A transmission link is the
combined capability of all owner's transmission
links between two points of delivery.

For modeling purposes 2 transmission link is
given direction in PMDAM. Each transmission
link has a forward and a reverse direction.

For each direction a from point and a to point
is defined. Also a forward and a reverse
direction is defined for each transmission link.
Because of line loss it is necessary to
characterize the capacity of the link in each
direction at a specific point.

PMDAM uses the convention of defining link
capacity at the from point on the link in each
direction. The capacity at the to point can be
computed by multiplying the from point capacity
by the loss fraction at full load. Figure 2.17
_illustrates the transmission link direction and end
point definitions as used in PMDAM.

The capacity of a transmission link in the
forward direction need not equal the capacity of
the line in the reverse direction. Differences in
the forward and the reverse capacity of a
transmission link may result from differences in
reliability criteria applied in setting the
maximum transmission capability. Also use of
transmission to satisfy local needs may restrict
the use of a transmission link as modeled in
PMDAM.

Figure 2.17 - Transmission Link
Conventions

2.9.3. Transmission Losses

Transmission losses are important because of
the great distances power must travel between
points of delivery within the Western region
modeled by PMDAM. Transmission losses are a
nonlinear function of the load placed on the line:
that is the transmission efficiency or loss per unit
of energy wansmitted is much higher at full load
on the transmission link than at low load.
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Transmission loss is computed from the
transmission efficiency of a transmission link.
Transmission efficiency as a function of
transmission load at the from point on the link is
given by:

[2.60] Transmission Loss Fracton =
Zero Load Transmission Loss Fraction+
Transmission Load x

Transmission Loss Slope

[2.61] Transmission Loss Slope =

(Max Load Transmission Loss Fraction -

Zero Load Transmission Loss Fraction) /
Max Transmission Load

[2.62] Transmission Loss =

Transmission Load x
Transmission Loss Fraction

[2.63] Marginal Transmission Loss =

Transmission Load x
Marginal Transmission Loss Fraction

[2.64]
Marginal Transmission Loss Fraction =
Zero Load Transmission Loss Fracuon+

Transmission Load x 2.0 x
Transmission Loss Slope



Typical values
for minimum and
maximum load
ransmission
efficiency for
transmission links
from British
Columbia to
Southern California
are shown in
columns 1 and 2 of
Table 2.32 Also
shown in column 3
of the table is the
marginal
transmission
efficiency at full
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1.00

Figure 2.18 - Transmission Loss vs. Load

between points of
delivery on
transmission lines
are determined by
the acquisition and
operating decision
rules for the
contracts among the
parties. These

for 100 mw Line

contracts include
both firm and non-
firm coniracts. The
operating decision

rules for the
contracts take into
account

load. At the bottom of the table the cumulative
efficiency are shown for transmission from

British Columbia to
Southem
California.
cumulative
efficiencies clearly
demonstrate the
importance of
maodeling
transmission loss as
a functiion of load.

2.94
Transmissi
on
Operation

The decisions to

allocate electric

These

transmission losses

as described in the previous section 2.9.2. and
limits on the total amount and ownership of

transmission
capacity.

1200
Q.1000

Q.0800

- Frectien

0.0000

Figure 2.17 - Transmission Loss Fraction

(to be

completed)

2.9.5.
Transmissi
on
Acquisition

Acquisition of

™ ™

--- T T rTT—
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Loas F

vs. Load Fraction

transmission

facilities in
PMDAM currently
is modeled only by
an input schedule of
new transmission

facilities. PMDAM

energy for does not currently
ransmission acquire transmission facilities based on least-cost
Point of Delivery Average Energy | Average Energy | Marginal Energy
Loss Fraction Loss Fraction Loss Fraction
From To At Zero Load At Max Load At Max Load
BC PNW 0.0045 0.0546 0.1047
PNW coBs 0.0095 0.0638 0.1181
coB NC 0.0149 0.0644 0.1139
NC SC 0.0046 0.0556 0.1068
BC SC 0.0331 0.2180 0.3749
Table 2.3a Exampie- Transmission Loss Fractions
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€conomics.

The PMDAM opportunity prices for
transmission capacity and operation provide
information on the benefits of additional
transmission facilities. These estimates can be
compared with the costs of additional
ransmission to judge whether the input schedule
of transmission facility additions is economic.

Transmission supply curves and the equations
to allow PMDAM (o acquire transmission can be
added 0o PMDAM using the same general
approach as for generating resource acquisition
when the need arises.

(to be completed)

2.9.6. Transmission Paths
(to be completed)

2.9.6.1. Path Definitions
(to be completed) ‘

2.9.6.2. Metapath Definitions

A metapath in PMDAM is the set of all
transmission paths that a contract may use in
transmitting power between two utilities.

2.10. Contracts

The original purpose of PMDAM was to
evaluate power contracts between BPA and other
major West Coast utilities. As a result of this
original focus, the model has considerable detail
in the area of contracts among utilities.

Both existing and potential new contracts
among parties are represented in the model.
Existing Contracts are described in Section
2.10.1. To simplify the choices in acquiring new
contracts within the model a series of generic
contracts is used. Generic contracts are
described in Section 2.10.2,

All contracts in the model are implemented
using one or more basic contract links as
described in Section 2.10.3. These basic contract
links are essentially simplified contracts. By
combining these basic contract links, very
complex contracts can be represented in
PMDAM.

Contract operation is described in Section
2.10.4. Contract operation is similar to resource
operation, except for the need to carefully
identify which party controls the operation of
each of the basic contract links that form a
contract. Economy energy contract links are
jointly controlled by both parties to the contract.

BPA Power Market Decision Analysis Model

Contract acquisition is described in Section
2.10.5. Contract acquisition is similar to
resource acquisition except that two parties must
agree on the quantity and price of the acquisition.

2.10.1. Existing Contracts

About 150 existing contracts between West
Coast utilities are modeled. Tables 2.? and 2.?
illustrate the input data for two of these existing
contracts.

It is impontant to include existing contracts in
the model because the existing contracis reflect
commitments among the parties that may be
quite different from the contract commitments
that would result if the parties negotiated new
contracts based on current economics.

2.10.2. Generic Contracts-

Generic contracis in PMDAM represent the
spectrum of alternative future contracts among
parties in the same way that generic resources
represent the alternative future resource
acquisitions by parties.

The following five types of generic contracts
are currently used in PMDAM:
100 % Load Factor Firm Power
50 % Load Factor Firm Power
24 Hour Capacity Retumn
Option Firm Energy without Capacity
Economy Energy

The first two firm power contracts in the
above list provide both firm capacity and firm
energy buyer rights and seller obligations.

2.10.3. Basic Contract Links

Each of the existing and generic contracts in
the model is implemented using one or more
basic contract links. The basic contract links
currently defined in the model are as follows:

Economy Energy Link

Firm Power Link

Demand Power Link
Exchange Firm Energy Link
Option Firm Energy Link
Capacity Delivery Link
Capacity Return Link

Table 2.A shows the basic contract links used
for each generic contract and for two of the
existing contracts.

The basic contract links are described in
Sections 2.10.3.1 to 2.10.3.7 which follow. For
each conwact link, the important issue is which

~ party or parties control the contract decisions.
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2.10.3.4. Exchange Firm Energy

2.103.1. Economy Energy Link Link
(to be completed) (to be completed)
2.10.3.2. Firm Power Link 2.10.3.5. Option Firm Energy Link
(to be completed) (to be completed)
2.10.3.3. Demand Power Link 2.10.3.6. Capacity Delivery Link
(to be completed) (to be completed)
To gmm Joint 2.10.3.7. Capacity Return Link
Party aty
Economy v (to be completed)
Energy Link
Fim Power | ¢/ Fom | Fam | Takeor
[_Link Energy |Capacity| Pay
Demand Powerl V Ener
Link - Economy S
Exchange F}nn ./ Energy Link
J__g;Eper Link Firm Power V V V
Option Firm v Link
Enefgy_Lmk Demand Power V V
Capacity v Link
Delivery Exchange Fim| o/ v
ng Energy Link
Capacity . V Option Firm V
__Return Link Energy Link
Capacity
Delivery V
Link
Capacity
Return Link V
Economy |Firm Power] Demand | Exchange Capacity | Capacity
Energy Link |PowerLink| Firm Firm | Delivery Retumn Link]
* Link Energy Energy Link
Link . Link
100 % Load
Factor Firm ./
Power
50 % Load Factor V
Firm Power
24 Hour Capacity
Return l/ v
Option Firm V
Energy without
Capacity
Economy Energy V
BPA 1o SCE
Capacity Energy V V V V V
Exchange
ISW 10 SCE
Purchase V
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2.10.4. Contract Operation
(1o be completed)

2.10.5. Contract Acquisition
(to be completed)

2.10.5.1. Net Acquisition Benefit
2.10.5.2. Acquisition Decision
2.10.5.3. Contract Acquisition Price
Firm Capacity Benefit

Energy Firmness Benefit

Operating Benefit
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SCE Contract Benefit
@sc

(levelized 1993 $/kw-month over 13 years)

Figure 2.17 - Capacity Contract Benefits to
: Buyer (SCE)

BPA Profit

s s i B8R ERS
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(levelized 1993 $/kw-month over 13 years)

Figure 2.18 - Capacity Contract Opportunity
Costs to Seller (BPA)

2.11. Financial
(to be compicted)

2.11.1. Financial Conventions
(to be compieted)

2.11.1.1. Timing of Financial Flows
(1o be completed)




2.11.1.2. Nominal and Real
Currency

(to be completed)

2.11.2. Financial Costs
(10 be completed)

2.11.3. Rates
(to be completed)

2.12. Reliability
(to be completed)

2.12.1. Firm Energy
(to be completed)

2.12.1.1. Party Firm Load/Resource
Balance

‘(to be completed)

2.12.1.2. Energy Firmness
Opportunity Price

(to be completed)

2.12.2. Firm Capacity
(to be compieted)

2.12.2.1. Party Loss of Load
Probability

(to be completed)

2.12.2.2. Pool Loss of Load
Probability

(to be compieted)

2.12.2.3. Firm Capacity
Opportunity Price

2.13. Environmental
Air Emission currently modeled are
Carbon ( carbon dioxide)
Nitrogen Oxides
Suifur Oxides
Suspended Particulates

2.13.1. Emissions Quantities

Emission quantities are based on the quantity
of fuel used by each generating resource and an
emissions rate factor.

[2.??] Emission Quantity =
Generation x

BPA Power Market Decision Analysis Model

Resource Heat Rate x
Fuel Heat Content x
Resource Emissions Ratej

where
Resource Emission Rate;j is the quantity of the

ith type of emissions ( i.e. tons of Carbon )
per unit of fuel consumed by a given
generating resource.

2.13.2. Emissions Taxes

Emissions taxes are charges paid by utilities
to government agencies based on the emissions
of a generating facility. Emissions taxes for

[2.??] Resource Emissions Tax Rate =
MAXEMS

Z [ Emission Tax Ratej x
i=1
Emission Ratej x Resource Heat Rate ]

2.13.3. Emissions Opportunity
Prices

(to be completed) _

2.13.4. Emissions Constraints

(to be completed)
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3. Solution of the Model

3.1. Alternative Views of the Model

The Power Market Decision Analysis Model
is described in this section from four different
views. The first, economic equilibrium view
provides the best description of PMDAM. The
other three views enhance understanding of the
model. The four views of the model are as
follows:

1. Economic Equilibrium View
an economic theory description of the model
as one that determines prices at which
supply and demand are balanced.

2. System of Simultaneous Equations View
a mathematical description of the model as a
large system of behavioral and physical
equations. '

3. Optimization View
a mathematical description of the model
wherein the decision making objective is to
minimize costs.

4. Simulation View
a description of the model as one that tries o
mimic actual power markets, utility
investment, and operating decisions.

The economic equilibrium view best
describes the methodology of the PMDAM
model. Taking this view, the model is described
as a set of parties each representing one or more
electric utilities. Each utility is assumed w0 have
the objective of minimizing the cost of serving
its native load customers. Each party operates
and acquires those generating and contract
resources, and serves those contract loads that
achieve this least-cost objective. Contracts
among parties are negotiated so that both parties
receive benefit at a mutually agreed price and
quantity.

The economic equilibrium view of the model
also can be expressed as a system of
simultaneous equations. It is these equations that
are actually coded in the computer
implementation of the model. Inspection of
these equations provides some useful insights
into the model.

The economic equilibrium view can be seen
as an optimization problem for each party that is
interconnected to the optirnization problems of
the other parties. No overall objective function
is assumed. However, in studying market
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efficiency or developing coordinated resource
plans, it is useful to consider how the solution of
the model would differ when an overall objective
function and optimal solution for the systems of
all parties is assumed., This perspective is
provided by the optimization view.

The economic equilibrium view, properly
applied, attempts to describe actual market
decisions rather than optimal decisions. In a
sense the model is a simulation of the actual
market. Viewing the model as a simulation of
the market allows us t0 better compare actual
versus model decision making.

3.2. Economic Equilibrium View

The description of PMDAM as an economic
equilibrium model begins by describing the
network of parties that characterize the
participants in the market.

For each party an optimization problem is
defined. This optimizauon problem is specified
by an objective function, a set of decision
variables, and a set of constraints.

The optimization problem for each party is
connected to the optimization problems of the
other parties. The quantities of power
commodities such as energy and capacity
received by the buying party must equal the
quantities delivered to the selling party at a
common point of delivery. The contracting
parties must also agree on the prices of the power
commodities. .

The solution to each party’s optimization
problem is formulated using the Lagrange
multiplier method. This solution method
provides a rigorous and intuitive way to describe
the solution of the problem. The solution
method also leads to the computational algorithm
used by PMDAM.

Contract decisions in the model are of two
types: unilateral and bilateral. Unilateral
decisions such as the operating level of a firm
power contract are made by one of the parties
(the buyer in this case) and accepted by the other.
Bilateral contract decisions such as the quantity
of hourly economy energy transferred between
two parties or acquisition of long-term firm
power contracts are made joindy by the buying
and selling parties. Both parties must agree on
the price and quantity of bilateral contract



transactions within the framework of the solution
to each party's oplimization problem.

The solution of PMDAM is an economic
equilibrium solution among the parties. Each
party buys from or sells power to other parties at
a price that balances supply and demand. This
equilibrium solution is described by economic
supply and demand curves. Examination of this
equilibrium condition also gives insight into

using the model to represent cases where market

power is exercised and the transactions may not
be leasi-cost from an over societal perspective.

3.2.1. Network of Parties

A network of parties, each party representing
one or more electric utilities, describes the
participants in the market modeled by PMDAM.
Figure 3.1 illustrates this network for the case of
three parties. Each party is assumed (0 serve the
loads of its native customers using a set of
generating resource alternatives and contracts
with other parties. In Figure 3.1, the symbol { is
used to denote native load, the symbol x denotes
generation decision variables, and the symbol q
denotes contract decision variables. The symbol
x denotes the prices at which contract
transactions are carried out between parties.

Decisions 1o operate and acquire generating
and coniract resources and to serve native and
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contract loads are made by each party to
minimize the cost of serving its own native load.

To simplify the theoretical development of
the methodology in this section, a party is
assumed to operate and own resources and serve
native loads in only one region. A party may
contract with other parties in the same or other
regions.

3.2.2. Party Optimization Problem

An optimization problem in this context is a
decision problem wherein an objective function
is stated and the decision variables are set to
valyes that maximize or minimize the objective
function subject to a set of constraints.
Therefore, the model is described here in terms
of an objective function, a set of decision
variables and a set of constraints.

3.2.2.1. Objective Function

The objective funciion for each party is to
minimize the present value of net costs of
operation and expansion of its system to serve
the native loads of its customers at least-cost.

Costs are defined here to be costs to the
native customers of the utilities in the market.
The profits of the utility are assumed to be
determined by regulation and are included in this
cost o native customers. Revenues from sales to

Native Load
!

Contract

Native Load
I

Generation
X

qr

Natlvo’ Load

Generation

Geaneration

' Figure 3.1 - Network of Parties




other utilities are considered as deductions from
net costs. Revenues from native load customers
are not considered in calculation of net costs
since these revenues will recover the net costs.

The model does not currently compute the
customer benefits of electricity consumption.

Costs are defined here to include all financial
and environmental costs. As described in
Section 2.13 environmental impacts may be
translated into equivalent financial costs for
purposes of analysis.

Costs over time are accumulated and
discounted at a discount rate that represents time
preference on costs of power paid by customers.
The model assumes costs within the year are
accumulated without interest or discounting.

The discount rate used to compute the present
value of costs over each year of the model
horizon can vary by party, This discount rate can
also be different from the interest rate used to
finance capital expenditures. The discount rate is
used t0 compule a party discount factor, that
transiates a cost in a given year into a present
value of cost in a base or reference year. The
base year is usually the first year of the mode! or
the actual year in which the analysis is carried
out.

The role of uncenainty in the development of
the methodology is considered in Section 3.6.
The development of the methodology in the next
several sections assumes certainty.

Mathematically, the objective function for
each party is written as
[3.1] Minimize Cp(x.q,!,zt)
OVCX"aHXEXP,QEQp, | ELp

where
CpO is the present value of net cost to the
native load customers of party p,

x is a vector of resource decision variables for

all parties

q is a vector of contract decision variables for
all parties,

1 (small L)is a vector of native load decision
variables for all parties,

7t is a vector of contract price variables for all
parties,

Xp is the set of all possible values of the
resource decision variables for party p, and
Qp is the set of ail possible values of the
contract decision variablcs for party p, and
Ly is the set of all possible values of the native

load decision variables for party p.
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The minimization in [3.1] is performed only
on the decision variables that apply to party p.
The decision vectors x, q and 1 contain decision
variables for resources and contracts for all
parties, but the sets Xp. Qp and Lp restrict the
minimization to those variables controlled by
party p. This rather general notation permits
decision variables controlled by one party lo
affect the costs of another party. Typically, there
will be many elements of x, q and 1 that will
have no direct influence on Cp).

Xp. Qp and Ly are subsets of the set of all
decision variables in the model which are
denoted by

X is the set of all possible values of the
resource decision variabies for all parties
Q is the set of all possible values of the
contract decision variables for all parties
L is the native load decision variables for all
parties
Theterms x, g and | are vectors of variables
subscripted by resource, contract, or native load
and time. There are usually several decision
variables for each resource, contract or native
load. These decision variables relate w various
aspects of acquisition and operation as described
in Section 3.2.2.2.

The native load decision variable 1 controls
the fraction of native load served. In the case of
firm native loads, such loads would only be
curtailed in outage situations where energy is
unavailable at a price less than the outage price
for the resource.

The present value of net cost is written as

[3.2] Cp(x.g,1,m) =

Y
2. cpy(x.,1,m)
EPY Bpy

where

y is the year index,

Y is the number of years in the model horizon,

cpy(x.q,l,n)) is the annual net cost of power
to native load customers of party p in year y,
and

pr is the panty discount factor from year y to
the base year

The annual net cost is written as the sum of
several components as follows:



[3.3] cpy(x.q,l,n) = épy(x) + cpy(l)
+ cpy(q,m) + cpy

where

cpy(x) is the cost of party resource operation
and acquisition in year y, '

cpy(l) is the outage cost of party native load
operation in yeary,

cpy(q,rt) is the net cost of party contract
operation and acquisition in year y (revenues
from contracts are considered negative costs
in this item), and

py is other net costs such as sunk cost, and
overhead costs not affected by resource and
contract decision variables (fixed revenues
from sources other than power contracts and
native loads are negative costs in this item)

3.2.2.2. Decision Variables

The resource related decision variables, x, for
the model are the following:

1. the hourly operating fraction for each group
of generating units,

2 the hourly spill for each group of hydro
generating units,

3. the weekly commitment fraction for each
group of generating units,

4. the monthly maintenance fraction for each
group of generating units, and

S. the nameplate capacity of each group of
gernerating units acquired in each year,

The conrtract related decision variables, q, for
the model are the following:

1. the quantity of power transferred in each
model hour for each contract and along a
particular ransmission path between a pair
of parties , and

2 the quantity of each long term contract
between a pair of parties.

The contract decision variables may be set
joindy with both parties having to agree on the
decision, or unilateraily by one party with the
other party accepting the decision. An example
of the joint decision is the decision by two
parties to contract for non-firm, economy energy
in a singie hour. An example of the unilateral
decision is the operating decision for a firm
power contract where the buyer alone decides
when (o take delivery of energy.

The only native load related decision variable,
in the model is the following:

the fraction of each native load served in each
model hour.

BPA Power Market Decision Analysis Model

The native load decision variable is used to
determine the fraction of firm energy loads
served in outage situations and the fraction of
native non-firm loads that should be served
based on the utility party's obligation to its
customer's.

3.2.2.3. Constraints

Constraints specify the physical relationships
among variables in the model. For example, in
each hour the supply of energy must equal the
demand for energy. It is also possible to use
constraints to represent policy considerations
such as a limit on emissions.

The basic physical constraints for the model
are the following:

Hourly Load/Resource Balance
Hourly Transmission Capacity
Annual Maintenance Requirement
Daily Pumped Energy Storage
‘Monthly Hydro Energy Storage
Monthly Hydro Minimum Discharge
Daily Hydro Discharge Variability
Annual, Monthly, Weekly and Daily
Contract Energy Limits
9. Monthly Capacity/Peak Demand Balance
(LOLP)
10. Annual Firm Energy/Firm Load Balance
11. Monthly Firm Transmission Capacity.

The set of all constraints ii the model can be
wriiten as
[3.4] R(x.q,1) <0
where

R(x.q,!) is a set of equations specifying the
relationships among the decision variables,

PNALRD LN

The symbol R is used to represent the set of
constraints because each constraint can be
interpreted as defining a balance of a scarce
resource such as energy, capacity. or
maintenance (a scarce resource is not to be
confused with a generating resource that may
supply a scarce resource such as energy).

Both linear and nonlinear constraints are
permitted in R. [t will sometime be necessary to
distinguish between the equality and inequality
constraints in [3.4]. In such cases the constraints
R will be written as

[3.51 Re(x.q,1)=0
Ri x,q,1)<0

where
Re denotes the equality constraints, and



Rj denotes the inequality constraints.

3.2.3. Lagrangian Formulation of
the Solution

For each party, an optimization probiem has
been defined. The optimization problem for each
party is interconnected by common elements of
the contract decision vector q, and the contract
prices x. The solution of the overall,
interconnected problem is developed in two
steps. First, in Section 3.2.2 the form of the
solution to the party optimization problem is
developed assuming contract prices, % , for both
the buyer and seller are given. Then in section
3.2.4 the contact prices are computed so that the
contract decision vectors q, imply that the
quantity of power purchased by the buyer equal
the quantity sold by the seiler and the price paid
by the buyer equals the price received by the
seller..

The solution to the party optimization
problem requires the definition of opportunity
prices (also called Lagrange multipliers.) The
solution is then formulated as a set of equations
in the decision variables and opportunity prices.
These equations can be given the interpretation
of supply and demand equations in a economic
equilibrium framework.

The optimization problem for each pany is
restated as follows:

[3.6] Minimize Cp(x,q,l )

overallx€Xp,qeQp, | €
Lp
subject to R(x,q,1) < 0

It should be noted that the contract decision
variables for a party may be set freely in the
above problem without regard to the other
party’s contract decisions. Also the contract
price, %, is not a decision vaniable in the above
optimization problem. The additional
requirements that buyers and seller agree on
contract decision variables and prices will be
imposed later in this development.

The solution to a general optimization
problem with nonlinear objective function and
nonlinear constraints is given by the Lagrange

Multiplier Method 12,
The Lagrange Muitiplier Method begins by

defining a new function called the Lagrangian

function as
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[3.7] Lp(x’quKvl’p) =
Cp(x,q,l,zt) = l’p R(X,q,]))

where
A'p is vector of Lagrange multipliers for party

P
Lagrange multipliers are also called
opportunity prices in this document.

The prime symbol for the Lagrange multiplier
A’p indicates its units are present value dollars
per unit of the constraint. Another Lagrange
multiplier used in this document is written
without the prime symbol and is given by

xl
[3.8] Ap = 2
Ppy

The price vector Ap is in dollar units of year
y. Typically PMDAM uses Lagrange multipliers
or opportunity prices measured in doilar units for
each year. However, in developing the theory of
PMDAM and in using opportunily prices for
acquisition decisions, the present value measure
of opportunity price is essential.

The Lagrangian function is formed by
defining a vector of Lagrange multipliers, one for
each constraint equation in R and then
subtracting the inner product of A’p and

R(X,q,| )from C(x.q,1,%x). This inner product
is given by N

(391 Mp R(xa ) = 0, Npn rp(6a] )
n=1

where )

n is the index over the constraints in R,

N is the number of constraints in R, .

A’pn is the party Lagrange multiplier, also
called the opportunity price for constraint n,
and

™ is the nth constraint.

The theory of the Lagrange Multiplier
Method defines the necessary conditions for an
optimal solution to (3.6] as two sets of equations.
The first set of optimality equations is derived
from the partial derivative of the Lagrangian
function with respect to the decision variables.
The second set of optimality equations is derived
from the partial derivative of the Lagrangian
function with respect to the Lagrange multipliers

Ipn.

The partial derivative of the Lagrangian with

respect to the party decision variables provides



the first set of optimality equations for a party.
The party decision variables, a subset of all the
decision variables in the model, are indicated by
xps 4p and | p in the equations below.

Optimality equations are produced from the

partials with respect to each of the decision
variables as follows:

[3.10] acg(xqu ’n) . l’p aR(x'q9]) =

ox ox

0 P p

pan) pEGln . REG)
aqp aqP

0

[3.12] aCp(x.q,1,m) Np IR(x.0,1) _
alp 3lp

0

The second set of equations is- directly related
to the constraint equations. This set of equations
is the partial derivative of the Lagrangian
function with respect to the Lagrange multipliers.
For the equality constraint equations, the solution
simply requires the constraint equations be
satsfied as follows:

[3.13] R.(x,q,1)=0

For inequality constraint equations, the
Lagrange Multiplier Method restricts the sign of
the Lagrange multiplier to the nonnegative range
if the constraint Rc(x.q,l) is less than or equal to

zero. The sign of the Lagrange multiplier is
restricted to the nonpositive range if the
constraint R,(x.q,1) is greater than or equal to
zero.

By convention in PMDAM, all of the
inequality constraints are written as less than or
equal constrainis so that the corresponding
Lagrange multipliers will be nonnegative. A
greater than or equal to zero constraint is
converted to a less than or equal constraint by
reversing the sign of every term in the equation.

If an inequality constraint is satisfied as a
strict inequality then the Lagrange multiplier
must be zero. These equations can be written as
follows:

[3.14] '/\.’p R j(x,q,1) =0 and l’p 20

Clearly, many constraints and Lagrange
multipliers will not be relevant to a single party’s
solution. Many derivatives in [3.10] through
[3.12] will be zero. It would have been possible
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to have not defined constraints and Lagrange
multipliers for such cases, but this more general
approach will simplify the description of other
aspects of the methodology.

3.2.4. Iterative Solution Algorithm

Equations [3.10] through [3.14] specify the
solution to the party optimization problem [3.6]
as a system of equations. Since the solutions to
the party problems will interact through common
decision variables, the solution to the overall
market problem is given by a large system of
equations, composed of all of the party
equations.

This system of a equations can be solved by
an iterative algorithm. There are several possible
variations on this basic algorithm, but the basic
algorithm is as follows:

Basic Iterative Algornthm

1. Estimate the vector A’ p for all parties,

2.Compute tentative contract prices x and
tentative quantities for all x, q and 1 from
Equatons [3.10], [3-11] and [3.12]

3.Compute the error in satisfying the consuaint
equations using

3. 1f e = 0 then STOP,

4, Otherwise, setA’=A"~a e forall A" ( for A
associated with inequality constraints ,keep
A’ 2 0) and retumn to Step 2.

Each of the four steps in this basic algorithm
is discussed next.

3.2.4.1. Estimating Opportunity
Prices .

The initial estimate of the opportunity prices
affects the number of iterations to reach a
solution. Because there are so many individual
opportunity prices to estimate, it is necessary to
compute the estimate based on a rough idea of
the critical factors that will determine the final
values of the opportunity prices.

3.2.4.2. Computing Tentative
Decisions

At first inspection it may seem difficult to
solve Equations [3.10] through [3.12] for the
decision variables. However, when PMDAM’s
specific functional forms for C() and R() are used
and when the derivatives are taken the result in
PMDAM is usually a snmple linear equation that
is easily solved.

The development of all equations for
computing the decision variables in this step of



the algorithm is beyond the scope of this
document. A resource operating example is
presented here o illustrate the development. In
Section 3.2.5 the equations for computing
bilateral economy energy contract operation and
price are developed.

Solving for the Decision Variable

The example concems the operation of a
thermal generating resource in hour h. The
decision variable xhk is the hourly operating
fraction for a resource k owned by party p. The
hourly operating fraction is restricted to the
range Xmink to 1.0 where xmink is the minimum
operating fraction. This restriction on the range
of the decision variable is one of the limits
imposed by the set X.

The only term in C() that depends directly on
xhk is the hourly operating cost chk(xhk)-
Applying the calculus chain rule of
differentiation to Equations (3.2] and (3.3], the
first term of Equation [3.10] is

[3.15] \F@Cp(x.q,,x ).0xhk) = Bpy
9Chk(xhk)

9Xhk

where
pr is the party discount factor from year y to

the base year as defined in Equation (3.2].

In PMDAM, the function chi(xpk) for a
thermal resource is the operating marginal cost
multiplied by the level of operation of the
resource. The operating marginal cost is
assumed to increase linearly as a function of the
operating fraction. This means the resource
operating cost is quadratic in the operating
fraction, xpi, as given by

[3.16] Chk(xhlf) = Vhk Xmink Cwk +
(Vhk+ 35 (Xhk - Xmink))

(xhk - Xmink) cwk

where ' -

vhk is the variable operating price of a thermal
resource k in mills/kWh (see Equation
(2.16]),

Xhk is the hourly operating fraction of resource
K,

Xmink i the minimum hourly operating
fraction of resource k,

Cwk is the capacity of resource k in mW
commiuted for the week to operation and not
on maintenance or forced outage,
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;1' is the linear rate of increase in the variable

operating price of resource k as a function of
the hourly operating fraction.

Replacing [3.16] in [3.15] gives the following
partial derivative as the first term of [3.10].

0Cp(x,q,1,% )
[3.17] —2 ™ =

Bpy cwk (Vvhk + % (xhk - Xmink) )

The second term of Equation [3.10] involves
the constraint R(x.q,1). The decision variable
xhk is involved only in the hourly load resource
balance constraint and any emissions constraints.
Ignoring the emissions constraints for now, the
hourly load resource balance constraint is

[3.18] Z Xhk Ccwk -salcs(q,n:)+
k
purchases(q,®) - native loads(1) =0

where the summation in [3.18] is over all
resources employed by the party in meeting
loads. Thus,

oR(x.q]) _ .

Xhk

[3.19]

The Lagrange multiplier price associated with
the hourly energy load resource balance
constraint is A’ehp. This muitiplier is called the
hourly energy opportunity price.

Equation [3.10] for the case of the partial
derivative with respect to Xxpi can now be written
as

(3.20] Bpy Cwk ( Vhi + = (xhi - Xminkd)

-l'ehp cwk =0
Solving [3.20] for xhk, gives

ll
[3.21] Xhk = Xmink + S ('th - Vhk)
Bpy
which is valid for xphi over the range xmink t0
1.0. 1If (3.21] produces an xpk greater than 1.0
then xpk is set to 1.0. [f [3.21] produces an xhk
less than xmink then xhk is set to xmink.

Equation [3.21] is the generating operating
fraction shown in Figure 2.6 and defined by
Equation [2.19]. The dispatch slope of the
function is given by the parameters. The term in



the parentheses is the hourly net operating
benefit as defined in Equation [2.15].

The hourly energy opportunity price
expressed in current year y cash flow units is

_:Jm This ratio is the

Lagrange multiplier price for the constraint
divided by the party discount factor. The
discount factor converts the opportunity price
from units of present value to units of annual
cost in the year y as was defined in Equation
[3.8]. Generally, in the implementation of
PMDAM opportunity prices are expressed in
annual cost units and when necessary converted
10 present value units by multiplying by the party
discount factor.

given by the ratio

Quantity Relaxation

The calculation of the decision variable
illustrated by Equation [3.21] provides a new
estimate of the decision variable on each
iteration. In some cases a beiier estimate is given
by reducing or relaxing the change in the
decision variable from the estimate on the
previous iteration. In addition it is often useful
to limit the absolute change in the decision
variable on each iteration.

The relaxed change in the dec.ision vaniable is
given by

[3.22] chgx =rx (x- x(n-l))

where

n is the index for the current iteration,

ry is the relaxation coefficient or fraction of
computed change on an iteration (Usually rx
is less than 1.0),

x is the estimate of the dccnsxon variable
computed as in {3.21],

x(n-1) is the estimate of the decision variable
on the previous iteration n-1,

chgyx is the relaxed change in the decision
variable on iteration n.

The limited change in the decision variable
requires that the absolute value of the relaxed
change chgx not exceed a maximum step size.
That is,

[3.23] abs(chgx) S Maximum Step Sizex

Therefore the new limited and relaxed'

estimate of the decision variable on iteration n is
given by
[3.24] x(n) =x(n-1) + chgx

The relaxation and maximum step techniques

described here are used to improve convergence
and to reduce any tendency of the algorithm to
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oscillate wildly. The values of the relaxation
coefficient and the maximum step size are set by
experimentation. Low values tend to provide
slow convergence to a solution. High values
may result in oscillation and inability to achieve
convergence to a solution.

The relaxation described here is called
quantity relaxation to make a distinction from the
relaxation on opportunity prices in Step 4. of the
basic iterative algorithm,

Order of Solution

Equations [3.10] to [3.12] form a very large
system of equations to be solved for the q, 1 and
x decision variables. Many of the equations can
be solved as simply as in [3.21] where no other
elements of x, | or q appear in the solution. In
this case the order of solution does not matter
and other computational efficiency issues will
dictate the order of solution.

In other cases, Equations [3.10] to (3.12] will
involve common partial derivative terms so that
the amount of computaiion can be reduced by
ordering the calculations so that the partial
derivative terms are easily stored and recovered.
Generally this case occurs for constraints
involving decision variables related to
acquisition where such variables accumulate
over years. The best order of solutions in these
cases is usually backwards over years.

Iterative Solution for Decision Variables

In some cases the set of equations [3.10] to
[3.12] contain nonlinear equations that are not
easily solved in closed form as was the linear
equation in [3.21]. One approach is 1o solve
such equations with a iteration scheme within the
overall iterative algorithm. But [3.10] o [3.12]
need to be solved accurately only when the
overall solution is obtained after several
iterations of the overall algorithm. Therefore, an
improved estimate of the solutions to {3.10] o
{3.12] is sufficient on each iteration of the
overall algorithm. This improved estimate can
usually be found by taking only one step of an
algorithm that would solve the nonlinear
equation from the equation set, [3.10] o (3.12].

An example of this this nonlinear case
involves equations with transmission losses
where line efficiency is a nonlinear function of
line load. The partial derivative of such
equations also involve transmission efficiency.
These equations can be solved by using the
rransmission efficiency from the previous
iteration to estimate the solution to the equation.
Transmission efficiency is then updated on each



overall iteration using the estimated decision
variables affecting line loading

3.2.4.3. Computing Constraint
Error

The constraint errors are easily computed
from the equations

{3.25] e=R(x,q)

The order ‘of calculations is usually
determined by computational efficiency
considerations. Many equations in R involved
accumulation of terms over years so the best
order of calculation is typically forward in time.

The ermror terms of e are accumulated o
provide overall measures of the rate of
convergence of the algorithm,

3.2.4.4. Updating Opportunity
Prices

At each iteration, the opportunity prices must
be adjusted in a way that leads to efficient
solution of the overall problem. A very powerful
but expeasive method of updating the the
opportunity prices is Newton's method.
However, Newton's method cannot be applied in
full to the PMDAM solution, and other more
practical techniques are used.

Newton's Method

Newton's method for updating the opportunity
prices is developed from a Taylor series
approximation to the constraint error e,
expressed as a function of the opportunity price
estimates A. The constraint error is
approximated as

[3.26] e(A)=R(A(n)) +
oR (A(n))

y -
Y (A ~A(n))

where

A (n) is the opportunity price vector on the ntht
iteration.

A is the proposed new opportunity price vector.

R(A(n)) is the constraint error vector on the nth
iteration.

dR (An))

Y is the matrix of first partial

derivatives of the constraint error with
respect to the opportunity prices evaluated at
the current value of A (n).

Solving [3.26] for A gives
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3271 A = A(n) +

1
[a_ls%n_)_)] (e(X)-RAM))

Partial Derivatives lor Newton's Method
The partial derivative of R( A ) with respect o
A is written as

dR (M) =8R(l) ax (1)

[3.28]
A ox aA
. dR (A) dq(A)
aq a
N dR(A) al(L)
al oA

The partial derivatives of the decision
variables with respect © the opportunity prices,
a‘g) . Qg') . and J—“a; are easily
computed. Typically, one or very few of the
potential terms in these derivatives are non zero.
For example, the partial derivative of resource
operating fraction- with respect to the hourly
energy opportunity price in Equation [3.21] is

[3.29] dxhk (Aehp) _
. By = ﬂpy
Aehp
when xmink S Xhk S 1.0,
and zero otherwise

The partial derivative of contract operating
decision with respect to hourly energy
opportunity price is similarly,

(3307 2hiCshi) _ o
al-shj .
when 0.0 thj < 1.0,
and zero, otherwise.

where
G is a parameter of the contract cost function
(see Equation [3.34]).

The partial derivatives of the constraint error

with respect to the decision variables, aia(xll

and Q%(ql)- are also easily computed. For

example, the partial derivative of the hourly load
resource balance with respect to the hourly
operating fraction in Equation {3.18} was seen to



be cwk for the hour h and zero for all other
hours.

The partial derivative of the hourly load
resource balance with respect to the hourly
contract quantity is developed in Section 3.3.5.
The partial derivative is simply 1.0 for the buyer
and -1.0 for the seller for the hour h and zero for
all other hours.

These partial derivative terms can be
combined as in [3.28] to compute a___u_nalx s
which is and N by N matrix where N is the
number of constraints in the model. The
resource terms will contribute only to the
diagonal terms in this matrix. The contract terms
will contribute to both diagonal and off diagonal
terms. There will be many zero terms in the
maix.

Despite the special structure of the __(_)_BRaXX
matrix, it is not feasible to calculate new
opportunity prices using the method implied by
Equation [3.27). There are about 100,000
constraints and associated opportunity prices in
an average size version of PMDAM. Storing and
inverting an N by N matrix where N is on the
order of 100,000 is impossible.

Ignoring ON-Diagonal Partial Derivatives
One approach used in PMDAM is 10 ignore the

off-diagonal terms in the matrix a&-(a%)-

-1
The inverted matrix, [al%@l] is then

given by the reciprocal of the off-diagonal terms
in the original matrix.

The result is the simple form of updating the
opportunity prices presented in Step 4. of the
basic iterative algorithm where

[331] A=A-ae

for all A. In [3.31] &t is a relaxation coefficient
-1

given by the diagonal term in [al%;im}-]

associated with the opportunity price A. For A
associated with inequality constraints the value
of A in Equadon [3.31] must be restricted 10 the
non-negative range to satisfy the optimality
conditdon given by Equation [3.13].
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Using Small Partial Derivative Matrices

Another approach used in PMDAM is to
compute and invert small submatricies of the
overall partial derivative matrix. In particular,
the matrix associated with all of the
load/resource balance constraints plus
transmission operating capacity constraints for
each single hour is computed and inverted in
PMDAM. This matrix is typically a 2§ by 25
matrix. Computing and inverting this matrix is
very difficult and costly. Experimentation is
continuing to see if the cost of computing and
inverting this matrix on each iteraton is justified
by the reduction in. total number of iterations
required to obwin a satisfactory solution.

Estimating Relaxation Coefficients

A very simple form of the opportunity price
updating algorithm is simply to estimate the
values of the relaxation coefficient a. This form
is used in some portions of PMDAM because
even the diagonal terms of the matrix a%a%-)-m
very difficult to calculate. Estimated relaxation
coefficients are used particularly where partial
derivatives of the acquisition constraints and
decision variables involve derivatives terms over
time and are vary difficult and expensive to0
compute and invert.

Selecting the Proper Direction

The most important aspect of updating the
opportunity prices within the algorithm is to
move the opportunity prices in the right
direction, an increase or a decrease. Too large a
change causes oscillations and divergence of the
algorithms. Too small a change cause slow

" convergence. Generally it is obvious from the

economics of the problem, which direction to
move the opportunity prices. The diagonal terms
of the Newton's method provide a check on the
economic reasoning and a potential estimate of
the size of the relaxation coefficient.

Over Relaxation and Maximum Step Size

Because Newton's method cannot be applied
to the entire set of opportunity prices and
constraints, in most cases it is necessary to limit
the step size and to scale down or further relax
the results of any Newton's method calculations
of the new opportunity prices. These maximum
step and relaxation methods are similar to those
applied to the decision variables as was
described in Equations [3.22] through [3.24].



3.2.5. Bilateral Contract Decisions

Contract decision variables are of two types:
unilateral and bilateral. Unilateral decision
variables are determined by
minimization for a single party and the cost
functions for the contract. Bilateral contract
decision variables are determined jointly by two
parties so it is not obvious how such decisions
are made in the party cost minimization
framework described above. Because of the
importance of bilateral contracts to the
formulation of the economic equilibrium view of
the model, further description of how bilateral
contract decisions are modelied in PMDAM is
provided here.

3.2.5.1. Bilateral Contract Cost
Functions

The cost function in PMDAM for the buyer of
economy energy is given by

[3.29} Cbhj(thj,ﬂbm')é1
Thhi + Ab + —— Qhhi ) Qhhi
(Ttbhj + &b z%qu Qbhj

where

b indicates the buyer,

h indicates the hour,

j indicates the contract,

CbhjO is the buyer hourly cost of economy
energy,

Qbhj is the quantity of economy energy
purchased in hour h under contract j,

Rph;j is an element of the vector x and is a
contract price of energy paid by the buyer in
hour h,

Ap is the required buyer markup or profit on
the purchase,

208 =— is the slope of buyer effective purchase

price function.

The buyer economy energy cost function
[3.29] is the product.of two main factors. The
factor in parentheses is the effective purchase
price of the quantity qppj. The second factor is
the purchase quantity Qphj-

The effective purchase price is the consensus’

contract price plus a minimum buyer markup or
profit Ap, plus a further buyer markup that
increases with the quantity purchased. The
consensus contract price is the price of the
transaction agreed to by the buyer and the seller.

The markup terms added to the consensus
contract price may or may not reflect actual

the cost
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monetary costs (o the buyer. The buyer markup
may reflect actual transaction costs not included
in the price. The buyer markup also may reflect
a buyer policy to consider some purchases as
having a higher price than the consensus price.
The buyer markup also may reflect observed
behavior that indicates that buyers act as if the
purchase has a higher price. The markup
variables Ay and oy, are inputs data to PMDAM.

The cost function for the seller of economy
energy is similar to the buyer cost function
except the contract price appears as a negative
cost. Typically, the effective seller cost will be
negative implying net revenues (o the seller. The
seller contract cost function is given by

[3.30] cshj(ashj,Fshj) =
1

- ehi + A o —— . .

(- mshj +4s 2 o5 Qshj ) Qshj

where
s indicates the selier,
Cshjo is the seller hourly cost of economy

energy,

Qshj is the quantity of economy energy sold in
hour h under contract j,

Tshi is an element of the vector = and is a
contract price of energy received by the
seller in hour h,

Ag is the required seller markup or profit on
the sale,

2—;; is the slope of seller effective sales price
function.

Further motivation for the buyer and seiler
contract cost functions is given in the discussion
of pricing in the presence of market power in
Section 3.2.6.2.

3.2.5.2. Bilateral Contract Decision
Functions

The contract decision function specifies the
values of the contract decision variables as a
function of the opportunity prices. A contract
decision function is derived from the optimality
conditions for each of the two parties to a
contract

Both parties to a contract must agree on the
values of the contract decision variables and the
contract prices. This restriction is treated in the
formulation as a constraint that is directly
enforced in the development of the contract
decision functions. An associated Lagrange
multiplier for this constraint is not defined.



Enforcing the requirement that both parties
must agree any bilateral decision variables for a
contract, and must agree on the contract price,
provides the necessary additional assumptions t0
solve for the consensus contract price, ftpj, and
quantity, qpj-

The contract decision function for each party
to a bilateral contract is deveioped from the
buyer and seller cost functions {3.29] and (3.30]
using the optimality equation [3.11]. For the
buyer, the partial derivative of the first term in
[3.11]is

aC(x.q.l.m) _
dqbhj 1

Bby (Tbhj+Ab + — Qqbhj)
y j op [bhj

[3.31]

and, the partial derivative of the second term
in[3.11]is '

JdR(x.q)
0 Gphj

which may be seen from the hourly load
resource balance constraint [3.18] where qpp; is

a term in the element “purchases” for the buyer.

Combining [3.31] and [3.32] according to
Equation [3.11] gives

1
[3.33] Bpy (®phj + Ab Yon Qbh;j )

[3.32]

=1

-Aebh =0
Solving for the buyer contract quantity and

A
substituting Aeph = —Bim according to Equation
Yy

[3.8] gives

[3-34] qphj = b (Aebh - Rbhj - Ab)
Equation [3.34] states that the buyer quantity
increases linearly with the difference between the
buyer opportunity price, Aebh, and the contract
price, xp,. The buyer contract quantity is
restricted to nonnegative amounts. [f Equation
[3.34] resuits in a negative amount the resuit is
set to zero. Thus

[335] qbhj =

max (0, b (Aeph - Tbhj - Ab))

Similarly the seller contract quantity is given
by

[3.36] qshj =
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max (0, s (Thj - Aesh-4s))

Note that in deriving [3.36] the partial
derivative

dR(x,q) _

0 Qghj
has a negative sign because the contract quantity
is a load to the seller and appears as “sales” by
the seller in Equation {3.1]8.

Both parties must agree on the contract
quantity and price. The prices in [3.35] and
[3.36] can be set 10 the same value, &ty;. Setting
the buyer and seller quantities equal, Equations
(3.35] and {3.36] give

[3.38] ob ( Acph- hj -4b)

=05 ( Whj- Aesh - 4s)
Of course, {3.38] is only valid when the
comtact quantity is nonzero.

Solving [3.38] for the contract price, Thjp
gives
[3.39] mp =
Ob (Aebh - Ab ) + Os ( Aesh + As )

COb + Os
Again, [3.39] is only valid when the contract
quantity is nonzero.

For the special case where the buyer and
seller contract dispatch slopes are equal and the
buyer and seller contract deadbands are equal
Equation [3.39] can be simplified as follows: ‘

if oh=0g and Ap = Ag
Aebh + Aesh
2

(3371 -1

[3.40] Thj =

In the simplified case of [3.40] the contract
price is simply the average of the buyer and
seller opportunity price.

Substituting the contract price from [3.39]
back into [3.36] gives the seller contract decision
function.

[3.41] gshj = Os [
Ob ( Aebh - Ab ) + Os ( Aegh + As )
Cb + Os

- xesh‘AS]




Simplifying [3.41] gives
[3.42] qshj=0s [
Ob ( Aebh - Ab ) + Os ( Aesh + As)
Cb + Os
Ob (Aesh + As ) +Os (Aesh +4s) ]

Cb + Cs
Simplifying [3.42] gives

[343] qshj=0s [
Ob (Aebh - Ab) - Ob ( Aesh + As) 1
Ob + O
Simplifying (3.43] gives
[3.44] qshj= dbhj =dhj =

Js Cb
—_— -Ap)-(Aesh +A
P [ (Aebh - Ab) - (Aesp + As)]
As indicated, Equation [3.44] is valid for both
the seller and buyer quantity as is clear from the
requirement that the buyer and seller contract
quantities be equal. Again [3.44] is valid only
for nonnegative contract quantities. If Equation
[3.44] results in a negative quantity then the
quantity should be set to zero.

For the special case where the buyer and
seller contract dispaich slopes are equal and the
buyer and seller contract minimum markup or
profit are equal Equation [3.44] can be simplified
as follows:

If oh=05=0 and Ap=As=A then
[3.45]1 qshj = 9bhj= qnj =

- A
0‘[ )w:bhz esh -a]

This simplified conwact decision function -

states that the contract quantity increases linearly
with the net opportunity benefit of the contract,
Acbh * Aesh-

In summary, for bilateral contract decisions,
the contract quantity will be nonzero when there
is a net total benefit to the (wo parties. Large
total net benefit will lead to or be required to
induce larger contract quantities. The contract
price will be set between the buyer and seller
opportunity cost plus contract deadband.
Therefore both parities will benefit if a contract
transaction is beneficial. The sharing of the
benefits of the transaction is determined by the
relative dispatch slope and deadband parameters
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for the buyer and seller. In the special case
where the buyer and seller dispatch slopes are
equal and the buyer and seller deadbands are
equal the contract price will be set so that both
parties will receive equal shares of the touwal
benefits of the contract wransaction.

3.2.6. Supply, Demand and Market
Equilibrium

PMDAM is an economic equilibrium model
of a market. Each party acts in its own interest
while making economic transactions with others.
It is therefore useful to examine the PMDAM
model using some of the traditional tools of
economic analysis such as supply and demand
curves,

3.2.6.1. Supply and Demand Curves

Figure 3.2 shows idealized supply and
demand curves for a transaction between two
parties. The figure could also represent a
transaction between two groups of parties.

- "pdﬂ"

seller A

buyer A

q quantity

Figure 3.2 - Market Equillbrium

The horizontal axis represents the quantity of
economy or non-firm energy transferred from a
buyer to a seller in a given hour. The vertical
axis represents the price in mills per kWh. The
price scale will be used to represent opportunity
prices as well as other cost and transaction
prices.

The seller supply curve in Figure 3.2 shows
the seller’s hourly energy opportunity price as a
function of the quantity q sold by the seller to the
buyer. The seller opportunity price increases as
a function of the sale because the seller will
either use more expensive generating and
contract resources to serve the sale load or
reduce other higher price sales. There is no
reason to expect the supply curve 10 be linear in
PMDAM; the linear supply curve in Figure 3.2 is




used to simply the graphics in this and later more
complicated figures.

The buyer demand curve in Figure 3.2 shows
the buyer’s hourly energy opportunity price as a
function of the quantity q purchased by the buyer
from the seller. The buyer opportunity price
decreases as a function of the sale because the
buyer will either displace less expensive
generating and contract resources with the
purchased energy or serve other lower price
sales. Similarly, the demand curve is shown as a
straight line only to simplify the graphic
presentation. :

The quantity q* indicates the sale of energy
that would minimize the total cost to the buyer
and seller. At this quantity q*, it is not possible
to decrease the total cost because any change
would cost one party more than it benefiis the
other. The opporiunity price associated with q*
is p*. p* and q* can be called the least total cost
price and quantity. In a fully competitive market
the least total cost price and quantity is also the
equilibrium market price and quantity.

The transaction q* is not necessarily the
transaction that would occur in a market that is
not fully competitive. Such market conditions
are explored next.

3.2.6.2. Market Power

One important fact about wholesale power
markets is that there are typically very few
buyers and sellers in a given market. At one
extreme a seller may have monopoly power in
that it is the only seller 1o many buyers. Or, a
buyer may have monopsony power in that it is
the only buyer in a market with many sellers.
These two cases are shown in Figures 3.3 and
34.

Monopoly with One Price

In the case of a seller with monopoly power
and a policy that allows the use of this power,
the seller will decide how much energy to sell.
The buyers will then compete 10 purchase the
energy. The buyer demand curve in Figure 3.3
indicates on the vertical axis the price p the
buyers would pay for any given quantity q on the
horizontal axis.
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@ eniier sate price

@ no seller price diecrimination
~price”
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buyer A
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rovenue
N
manopoly 4° quantity

Figure 3.3 - Monopoly Equlilibrium

If the monopoly seller charges the same price
for all sales, then the revenue to the selier is
simply the price multiplied by the quantity. In
Figure 3.3, the revenue is indicated by the area in
the box bounded by the axes and the price and
quantity lines. Mathematically the revenue as a
function of the quantity sold is given by

[3.46] rev(q) =pb(@) q
where
rev(q) is the revenue from the sale of a
quantity q of energy in a given hour.
pb(q) is the buyer energy opportunity price for
the hour, (ailso called the buyer demand
curve)

The partial derivative of seller revenue with
respect to quantity is the seller marginal revenue
curve shown in Figure 3.3 and stated
mathematically as

d ph(q)

3q

Since the partial derivative of the buyer
opportunity price with respect to quantity is
negative in Figure 3.3, the seller marginal
revenue curve lies below the buyer opportunity
price demand curve.

d rev(q) -

[3.47] Pb(@) +q

At the point where the seller marginal
revenue equals the seller opportunity price, the
revenue minus cost or net profit to the seller will
be the highest possible. This point is indicated
on Figure 3.3 at q* and is stated mathematically
as

drev(q*) _
oq
(add figure to show optimal profit)

[3.48] ps(@*)



Therefore a monopolist can maximize profit (
minimize net cost to native customers ) by
selling less than the least total cost amount in
Figure 3.2. The price of this monopoly sale
would be higher than the least total cost price.

Monopoly with Price Discrimination

If, however, the seller has an ability to price
discriminate, then the seller can maximize profit
by selling the least total cost quantity at higher
prices. Price discrimination by the seller means
the seller will sell a small quantity at a price
equal to the highest buyer opportunity price and
additional increments at successively lower
prices. The last increment would be sold at at
the price where the buyer and seller opportunity
price curves intersect.

Under monopoly price discrimination, the
quantity sold will be the same as in the least cost
case. Since the sale is the same, the total cost to
the two parties will be the same as in the least
cost case. But, under monopoly price
discrimination all of the savings from the sale
will benefit the seller’'s native load customers.
Thus the disribution of benefits and the total
revenue to the seller and total cost to the buyer
will be very different. ’

Monopsony with One Price

In the case of a buyer with monopsony power
and a policy that allows the use of this power,
the buyer will decide how much energy to
purchase. The sellers will then compete to serve
the buyer requested energy load. The seller
supply curve in Figure 3.4 indicates on the
vertical axis the price p the sellers would charge
for any given quantity q on the horizontal axis.

W Suyer sets priee
W ne buyes prise dissrimination
“pries” uyer
ool
sellsrd
menspesny p* A
buyer
menspaeny §° quantity

Figure 3.4 - Monopsony Equilibrium

If the monopsony buyer pays the same price
for all purchases, then the cost to the buyer is
simply the price multiplied by the quantity. In
Figure 3.4 the cost is indicated by the area in the
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box bounded by the axes and the price and
quantity lines. Mathematically the cost as a
function of the quantity purchased is given by

[3.49] cost(q) =ps(q) q
where
cost(q) is the cost of the purchase of a quantity
q of energy in a given hour.
ps(Q) is the seller energy opportunity price for
the hour, (also called the seller supply curve)

The partial derivative of buyer cost with
respect o quantity is the buyer marginal cost
curve shown in Figure 3.4 and stated
mathematically as

3
s 22D 5 (g 4 q 2D

d9q dq

Since the partial derivative of the seller
opportunity price with respect to quantity is
positive in Figure 3.4, the buyer marginal cost
curve lies above the seller opportunity price
supply curve.

At the point where the buyer marginal cost
equals the buyer opportunity price, the cost to the
buyer will be the lowest possible. This point is
indicated on Figure 3.4 at q* and is stated
mathematically as

]
[3.51] acost(q*) -

aq

Therefore a monopsonist can minimize the
cost of a purchase by purchasing less than the
least total cost amount in Figure 3.2, The price
of this monopsony purchase would be lower than
the least towal cost price.

pb(q*)

Monaopsony with Price Discrimination

If, however, the buyer has an ability to price
discriminate then the buyer can minimize cost by
purchasing the least total cost quantity at lower
prices. Price discrimination by the buyer means
the buyer will purchase a small quantity at a
price equal to0 the lowest seller opportunity price
and additional increments at successively higher
prices. The last increment would be purchased at
at the price where the buyer and seller
opportunity price curves intersect.

Under monopsony price discrimination the
the total cost to the two parties will be the same
as in the least cost case. But, under monopsony
price discrimination, all of the savings from the
purchase will benefit the buyer's native load
customers.




Imperfect Market Equilibrium

Actual electric power wholesale markets are
much more complex than the idealized perfect
competition, pure monopoly, or pure monopsony
theories.

Parties with some market power may or may
not exercise that power depending on legal,
political and other economic factors. Even when
a party decides to exercise market power, other
parties may join together to counter the power, or
apply political pressure. Economic theories of
oligopolistic markets offer insight but little
quantitative help.

Actual economic markets operate with lack of
complete, certain knowledge about the variables
describing other party economics and one’s own
economics. Decision making in actual markets is
not cost free. Often utilities will require at least
some minimum profit on a transaction in order to
recover real and perceived decision making
costs.

In PMDAM, market imperfections are
modelled by the minimum markup A and
dispatch slope parameter & of the seller contract
cost function defined in Equation [3.29] and the
buyer contract cost function defined in Equation
[3.30]. These parameters also appear in the
seller and buyer marginal contract cost equations
as shown in Equations [3.34]. and [3.35].

Solving equations [3.34] and [3.35] for the
buyer and seller contract price gives for the
buyer,

[3.52] mphj = Aebh - Ab - bhj
b

and for for the seller,,
[353] Tghj = hesh +Ap + —Si
Os

These equations and the underlying seller and
buyer opportunity prices are shown in Figure 3.5.
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A= dead band

A o = market siope eoller A

+A+3Q

sellar A

buyer A

buyer A
-A-0q

T Quendty

Figure 3.5 - Imperfect Market Equilibrium
(replace oq by gin above )

The seller marginal contract cost function in
Figure 3.5 is higher than the seller energy

opportunity price by an amount A +% . The A

term represents the minimum required seller
q
G
increases with q and and represents increases in
marginal costs to the seller not included in the
opportunity price A. One potential source of
such increased marginal cost is decreases in
marginal sales revenue under monopoly pricing
as was described in the discussion of monopoly
pricing.

Similarly, the buyer marginal contract cost
function in Figure 3.5 is lower than the buyer

energy opportunity price by an amount A + %.

profit over its opportunity price. The term,

The A term represents the minimum required
buyer profit over its oppormnity price. The term
9
c
in marginal costs to the buyer not included in the
opportunity price A. One potential source of
such increased marginal cost is increases in
marginal purchase cost under monopsony pricing
as was described in the discussion of monopsony
pricing.

The equilibrium price and quantity for the
case of imperfect competition is given by p* and
q* in Figure 3.5. Generally, the contract quantity
under imperfect competition will be less than the
least total cost or perfect market quantity given
by the intersection of the seller and buyer energy
opportunity price A curves. The imperfect
competition price p* may be higher or lower than
the perfect competition price.

increases with q and and represents increases



The market parameters A and ¢ can be
determined on the basis of economic theory and
estimates of the partial derivatives of the seller
and buyer opportunity price curves. Or, the
market parameters A and & can be determined on
the basis of empirical observation of actual
market prices and quantities.

The empirical approach is recommended for
PMDAM because of the problem of identifying
whether parties have market power and the
necessary will and information to apply the
market power.

In the application of PMDAM to date, rough
estimates of the market parameters A and @ have
been made on the basis of observations of actual
market conditions. No formal use of market
transaction daia has been applied because the
necessary data is not typically available except to
parties participating in the transactions and in
some case regulatory authorities or special study
teams. Sensitivity analysis 10 the market
parameters in PMDAM has been performed to
estimate the effect of these parameters on the
model results and to suggest possible
improvements in market efficiency. The results
of this sensitivity analysis are reported in Section
5.

3.2.6.3. Transmission Pricing
(to be completed) '

3.2.6.4. Cost of Service Pricing
(to be completed)

3.3. System of Equations View

In the description of PMDAM from the
economic equilibrium view, the solution to the
model is characterized by a system of
simultaneous equations. This system of
equations may be divided into the following two
very different types: physical equations and
behavioral equations. '

The physical equations describe the physical
relationships that the quantities and prices of the
inierconnected power system must satisfy. The
physical equations are the constraint equations in
the party optimization problem.

The behavioral equations describe how
quantity and price decisions are made by each
party in the power market. The behavioral
equations may describe decision rules or cost
minimizing or profit maximizing behavior. In
the economic equilibrium view the equations
derived from the Lagrangian are the behavioral
equations.

BPA Powser Market Decision Analysis Mode!

3.3.1. Physical Equations
(to be completed)

3.3.2. Behavioral Equations

The behavioral equations may describe
decision rules or cost minimizing or profit
maximizing behavior. The behavioral equations
can be designed to use only information
normally available to the decision maker at the
time of the decision.

3.4. Optimization View

It is possibie to run PMDAM in a mode that
determines the least-cost solution for the west
coast rather than the least cost solution for each
party with contracts among the parties
determined on a Win-Win basis. The differences
between the overall west coast optimization and
the party optimization within the equilibrium
west coast solution provide useful insight into
the formulation of PMDAM.

3.4.1. Optimization Problem

The formulation of PMDAM as an overall
optimization problem is similar to the
formulation of the individual party optimization
problems described in the discussion of the
equilibrium view of the model.

3.4.1.1. Objective Function

(to be completed)

3.4.1.2. Decision Variables
(to be completed)

3.4.2. Lagrangian Formulation of
the Solution

(to be completed)

3.4.3. Interpretation
(to be completed)

3.5. Simulation View

A simulation model is defined here as a
model that atzempts to simulate the decisions and
outcomes that would occur in the actual market
given the model inputs.

3.6. Uncertainty
(to be completed)

3.6.1. Monte Carlo Approach
(to be completed) '




3.6.2. Conditional Uncertainty and
Forecasts

(to be completed) ’

3.6.3. Conditional Opportunity
Prices

(10 be completed)
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4, Implementation of the Model

4.1. Overview of the Software

The PMDAM model is implemented in a set
of FORTRAN programs. Figure 4.1 shows the
important components of the software and the
overall flow of input daia and output reports.

At the top left of Figure 4.1, the model
definition files specify the model dimensions and
variables used in the PMDAM programs and
input and output files. The definition files feed
into the common block build program (BUILDC)
that creates a series of FORTRAN common
block files. These common block files define the
model dimensions and variables in a form that
can be used directly in the FORTRAN programs.

A set of FORTRAN subroutines defining the
model control logic and equations is indicated at
the middle left of Figure 4.1. These FORTRAN
subroutines are compiled with the common block
files o form the PMDAM executable program

shown at the center of the figure.

Input data files describing the economic,
physical and other input parameters of the model
are indicated at the bottom left of the figure.
These input files are feed into the PMDAM
executable program to specify a given run of
PMDAM. As PMDAM runs, it creates a set of
binary files that contain detailed output from the
model. These same binary files can be used to
restart a run of PMDAM to carry out additional
iterations. This two way flow of information
between the binary files and the PMDAM
executable program is indicated by double
arrows in the figure. Since PMDAM uses an
iterative scheme, this ability to restart a run is

~ very imporant. In addition, the binary files are

used as temporary data memory as the iterations
proceed.

PMDAM can also create a series of
debugging and log files used to study the
operation of PMDAM and to aid in tuning the

Model Common Block
Definltion Flles F__> Bulld Program |
BUILDC

Common Block
Flles

PMDAM PMDAM Output Report
FORTRAN Executable FORTRAN
Subroutines Program Subroutines
input
Data Files : Binary Output
input / Output Report
Files Programs
Debugging +
Output
Flles Ompm
Report
Flles

Figure 4.1- PMDAM Major Files and Programs




control parameters of the PMDAM algorithm,
These control parameters are also part of the
PMDAM input data files.

The binary files created by the PMDAM
executable program also can be read by output
report programs. The output report programs are
created from FORTRAN subroutines and the
common block files using a compilation process
similar to the process used to create the PMDAM
executable program. The resulting output report
files are indicated at the bottom right of the

figure.

4.2, Data Structures

The potential large size and complexity of the
data associated with PMDAM requires a well-
organized structure for managing.this data. This
structure must efficiently store the data, allow
fast input and output from computer disks to the
computer processor, allow PMDAM runs to be
restaried to carry out additional iterations, and
allow output reports with great detail.

The PMDAM data structure determines how
variables are named, stored, and accessed both
by FORTRAN subroutines and output programs.
Figure 4.2 provides an overview of the PMDAM
data structures.

Figure 4.2 - PMDAM Data Structures

4.2.1.Variable Names

Most variable names in PMDAM are defined
using up to five characters. The use of five
characters is restrictive in that it often leads to
rather cryptic variable names. But, the use of
only five characters simplifies the software for
handling input and output data and facilitates the
future conversion of the model software to
FORTRAN compilers where variable names are
required to be six characters or less.

Variables are defined in the file, DATA.DEF
using the five character variable name. A longer
name, up to 32 characters, is also provided in this
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file to document the variable names and to be
used in output reports.

Appendix B includes an alphabetically sorted
listing of the DATA.DEF file. This listing shows
each variable’s short name, long name, units,
FORTRAN common block number, and the
dimensions over which the variable is indexed.
The common block number is used to group the
variables, For example, all variables in the input
data files are defined in common block 0.

Within the PMDAM FORTRAN code, a
dollar sign is appended to the five character
variable name. For example, the variable
RESCP, standing for resource nameplate
capacity is denoted by RESCPS in the
FORTRAN code. The dollar sign symbol
distinguishes from other FORTRAN local
variables those input/output variables defined in
DATA.DEF and managed by the special
PMDAM data management software,

4.2.2.Dimensions

The key organizing concept for the daia,
computer code, and output reports is the concept
of dimensions. All data in PMDAM are
organized in multi-dimensional variables, or
arrays. Variables with only one dimension are
vectors and variables with zero dimensions are
scalars. As mentioned above, variables in the
model are defined using dimensions in the file
DATA.DEF.

Typical dimension names are PARTY,
RESRC, (resource), and YEAR. Dimensions
are defined in the file DIMENSION.DEF. A
listing of the dimensions in PMDAM is shown in
Appendix A. This listing shows the dimension’s
short name, long name, lower bound and upper
bound. Dimension short names may have up to
six characters and any name may be used to
index the dimensions of the variables within the
FORTRAN code.

Each dimension has both an upper and lower
bound. The PARTY dimension ranges from 1 to
MAXPTY. The value of the upper bound,
MAXPTY, is defined in the file SIZE.DEF. It
should be noted that PMDAM also computes an
actual upper limit, i.e. LSTPT (last party), that
indicates the actual range of the dimension used
in a given model run. The value of LSTPT must
not exceed the value of MAXPTY.

4.2.3. Output Dimensions

Some variables in PMDAM are have many
dimensions and therefore require considerable
disk storage. However it is not always



necessary the have all elements of the variable
stored in the processor’s active memory. For
cxample, many variables vary by game, and are
computed by game. Such variables can be
written out for each game and not stored by
game within active memory. In PMDAM, those
dimensions of a variable used only on the disk
file are called output dimensions.

The DATA.DEF listing shown in Appendix A
indicates the output dimensions for each
variable. Output dimensions are the left of the
exclamation symbol, for those variables with
output dimensions. Only the GAME dimensions,
and the time dimensions, YEAR, MONTH,
WEEK. DAY and HOUR may be used as output
dimensions,

4.2.4. Pointer Variables

Some variables in PMDAM require a very
large amount of space if stored by the natural
dimensions. For example, parties may own
resources in more than one region. Therefore it
is natural to define the variable, RESCPS,
(Resource Nameplate Capacity) by RESRC,
REGION, PARTY, MONTH, YEAR, and
GAME.

Instead an indirect addressing scheme is used,
wherein another dimension GRESRC, (global
resource) is used instead of the dimensions
RESRC, REGION and PARTY. For each
resource owned by a party in a given region, a
single index into the GRESRC dimension is
defined. Then pointer variables, PTYGR and
REGGR are used to specify the party and region
associated with each value of GRESRC. Also
another pointer variable (an array), GRSPR is
also used 1o point from a given party and
resource (o the associated value of GRESRC.

The advantage of this indirect addressing
scheme is that a party typically owns resources in
only one or two regions. Also not all parties own
all resource types in each region. In the the
current PMDAM model the size of the GRESRC
dimension used to store the pointer variables is
about 140. The size of the arrays that would be
required to store resource dawa by party and
regions is given by the the product of the
dimensions region(§), party(13), and
resource(13). This product is 855. The ratio of
these two numbers indicates the substantial
savings by using this addressing scheme, which
is a variation of a standard programming
technique.
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4.2.5. Building Common Blocks

The common block build program, BUILDC,
takes a series of definition files and constructs a
series of FORTRAN common blocks and other
declarations that are used by the input, solution
and output programs in the model to store and
pass data among subroutines and programs.

The BUILDC program must be rerun when
any information in the definition files is changed.
This creates a new set of common blocks and
other declarations. Then the FORTRAN
PMDAM code and output report code must be
compiled again (o reflect the changes. Typically,
this process is used only during development or
lo create a new version of the model capable of
modeling a substantially different number of
games, years, months ,weeks, days, hours,
regions, or resources

4.3. Computational Flow

PMDAM solves a set of simultaneous
equations using an iterative algorithm. In this
section we will describe the order in which the
calculations within PMDAM are carried out and
the major subroutines and control variables used
to achieve a solution.

4.3.1. Overall Flow of Control

The PMDAM code is writzen in FORTRAN
and the overall order of calculations is deter-
mined by a series of nested loops. The structure
of these loops and the major actions performed
within each loop are oudined in Figure 4.2. The
figure illustrates only the general concepts in the
flow of control in the model. In the actual im-
plementation of the model, the order of some
computations is different in minor ways from
that shown in Figure 4.2. This difference in flow
of control has no effect on the model resulis and
is implemented for programming convenience
and computational efficiency.

IS



Read Data Files
Translate Data
Compute Random Variables
Iteration Loop Begin
Game Loop Begin
Year Loop Begin
Acquire Resources
Month Loop Begin
Acquire Contracts
Schedule Maintenance
Week Loop Begin
Commit Resources
Day Loop Begin
Hour Loop Begin
Operate Resources
Operate Contracts
Operate Transmission
Serve Native Loads
Hour Loop End
Day Loop End
Week Loop End
Month Loop End
Year Loop End
Game Loop End
Iteraton Loop End

Figure 4.2 Flow of Control

First, at the top of Figure 4.2, the flow of
control begins by reading the data files. Second
this data is translaied into the form required by
the model. Pointer variables are defined, time
dependent variables are converted from input
time dimensions to model time dimensions, and
calculations that need only be carried out only
once are performed. Third, the random
variables, hydro inflows, loads, fuel price and
resource availability are computed. These
random variables are computed for all games and
appropriate ime periods. Computing and storing
the random variables before the iteration loop
assures that the same values of the random
variables are used on each iteration.

4.3.1.1. Main Iteration Loop

Next the main iteration loop begins. The
iterations are repeated for a fixed number of
iterations or until certain convergence criteria are
obtained. All remaining calculations and loops
occur within the iteration loop.

For all loops represented in Figure 4.1, both
the beginning and the end of the loop are
indicated in the figure because important
calculations are carried out at these points.
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At the beginning of each loop selected
variables are initialized or read from binary files.
Also the loop counter is set to iterate over the
appropriate range of each loop’s index variable.

At the end of each loop

1 quantity variables are accumulated over time
(i.e. daily quantities are computed from
hourly quantities),

2 constraint balances are determined,

3 new opportunity price A's are computed, and

4 selected variables are written to binary
output files.

Variables are written to binary files at the end
of an iteration for two reasons.

5 on each iteration to reuse available computer
memory for the next year or game.
6 on the last iteration 0 save the model results

for interpretation by the output programs.

4.3.1.2. Acquire Generation
Resources

Within the iteration loop is a series of nested
loops over games, years, months, weeks, days
and hours. For each game and year, generating
resource acquisition decisions for all parties are
made. A resource once acquired continues to be
available in future years. Resources are assumed
to be available for operation after a fixed
construction and planning time and become
available on the first day of the calendar year.

In determining the amount and type of
resources to acquire in each year, the resource
acquisition logic makes use of A's associated
with both the acquisition and operating
constrains. On each iteration, the A’s computed
on the previous iteration, or estimated on the first
iteration, are available. Thus, in a given year, the
A's for all future year’s and all games are
available for use by the model’s decision making
logic.

Based on the opportunity price A's, the party
marginal levelized benefit of each resource is
compared to the levelized cost of the resource.
Resources with greater net benefit will tend to be
acquired on successive iterations until the
marginal net benefit declines to the point where
no additional resources are acquired. The
marginal net benefit of the resource is computed
as an estimate of the conditional expected net
benefit by using probability weighted opportu-
nity price information from all games of the
previous iteration.



4.3.1.3. Acquire Contracts

For each game, year and month, contract
decisions are made. In contrast 1o generating
resource acquisitions, contracts may be acquired
in different amounts for each single month.
Long-term contracts once acquired for a given
month are in force for the same month in each
year of the life of the contract. The model
assumes contracts are acquired with a one year
lead time between the acquisition decision and
first use. Typically, the model is allowed to
acquire twenty year contracts and one year
contracts for each month.

The levelized net benefit of contract
acquisition for each party to the contract and for
each game, year and month is computed from the
opportunity price A's, in the same way that
generating levelized benefits are computed. Of
course the contract levelized net benefit also
must account for transmission A’s.

The contract levelized net benefits to both
parties are totaled and the contract acquisition
decision is based on the total. A transaction
price is determined that splits the total net
benefits to the two parties according to the
contract slope and deadband inputs provided to
the model. On successive iterations the quantity
of contracts acquired is adjusted until the total
levelized net benefits for each game, year, and
month is in balance with the quantity of contracts
acquired in that game, year, and month.

4.3.1.4. Schedule Maintenance

Mainienance of generating units is scheduled
monthly to meet an annual maintenance
requirement. Based on the operating, capacily
and annual maintenance A’s from the previous
iteration a new determination of maintenance in
a month is made. The maintenance is adjusted
on successive iterations until the operating,
acquisition and maintenance constraints are
satisfied. The result is a maintenance schedule
for the month that reflects annual maintenance
needs as well as monthly planning reliability
needs and economic conditions.

4.3.1.5. Commit Resources

Resources are committed to operation on a
weekly basis. A resource once committed must
operate at or above its minimum load operating
level for the entire week.

The resource commitment decision is based
on hourly energy opportunity prices from the
previous iteration. When the hourly operating
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energy price is greater than the variable operating
cost the commitment of a resource has a positive
value. Otherwise, the commitment has a
negative value. The net benefit is the touwl
benefit over all hours of the week. On
successive iterations the commitment of
resources is adjusted until the commitment net
benefits justify no further change in the
commitment of generating resources to the week.

4.3.1.6. Operate Resources

Thermal resources are operated in each hour
based on a comparison of the hourly variable
operating cost with the hourly operating energy
opportunity price for the node associated with 2
given party and region. At the end of each hour
loop the hourly load resource balance is
determined for each node. This balance will take
into account generation, native load; contract
purchases and contract sales load.

Some generating resources such as wind
energy and conservation resources have fixed
operating schedules which are taken into account
in the hourly load resource balance.

Pumped storage resources have a constraint
requiring the stored energy in the system to not
violate storage capacity limits. For pumped
storage resources the storage opportunity price
associated with the pumped storage energy
constraint is updated each day on each iteration
and is compared to the hourly energy opportunity
price for the node. When the hourly energy
opportunity price exceeds the daily pumped
storage energy opportunity price the storage unit
is discharged. When the hourly energy
opportunity price is less than the daily pumped
storage energy opportunity price the storage unit
is discharged.

Hydro resources have a constraint requiring
the stored energy in the system to not violate
hydro storage capacity limits. Inflow to hydro
storage is specified by game, year and month.
For hydro resources the opportunity price A
associated with the hydro storage energy
constraint is updated each month on each
iteration and is compared to the hourly energy
opportunity price for the node. When the hourly
energy opportunity price exceeds the monthly
hydro opportunity price the storage unit is
discharged. When the hourly energy opporwunity
price is less than the monthly hydro opportunity
price the hydro resource is operated at minimum
flow requirements. Other minimum flow A’s and
hydro flow variability A's are considering in



dispatching the hydro resource. These were
described in more detail in Section 2.0.

For all resources the acquisition,maintenance
and commitment decisions and the random unit
availability for the hour limit the generation from
the unit. Also limiting the operation of each unit
is its minimum generation fraction.

4.3.1.7. Operate Contracts
4.3.1.8. Operate Transmission
4.3.1.9. Serve Native Load

4.3.1.10. Hour Loop End
Calculations

4.3.1.11. Day Loop End
Calculations

4.3.1.12.Week Loop End
Calculations

4.3.1.13. Month Loop End
Calcuiations

4.3.1.14. Year Loop End
Calculations

4.3.1.15. Game Loop End
Calculations

4.3.1.16. Iteration Loop End
Calculations

4.3.2. Major Subroutines

PMDAM

PMPREP

REDDAT

NETWRK

GAMVAR

OPGMS

AQUIRE

OPGMS

OPYRS

OP MON

OPDAYS

OPHRS

OPCONTR

OPLOAD

OPRESRC
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OPTRANS
HPRICE
HYMON
ACCYR
ACCPY

4.3.3. Model Controls
(to be completed)

4.4. Input Data
(to be completed)

4.4.1. Input Data Files

The input data sets for PMDAM are provided
in a series of input files, each of which can be
modified by standard text editing software or
produced as output from other data preparation
software. Table 4.1 lists the PMDAM input data
sets, their functions and the variables contained
in each data file.

4.4.2. Reading Input Data

Input data is read into PMDAM by a standard
input subroutine, REDDAT. This subroutine
follows a number of conventions that must be
followed in preparing the data.

'4.4.3. Preparing Input Data

(to be completed)

4.5. Output Reports
(to be completed)

4.6. Hardware Requirements
(to be completed)

4.7. Running PMDAM
(to be completed)
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5. Applications of the Model

§.1. NMlustrative Applications
(to be completed)

5.1.1. West Coast Market Overview
(to be completed)

5.1.1.1. Year 2000 Monthly Peak
Demand

(to be compieted)

5.1.1.2. August Peak Load vs. Firm
Capacity
(to be completed)

§.1.1.2. Annual Energy Load vs.
Firm Generation

(to be completed)

5.1.1.3. August Nameplate
Generating Capacity by Type
(to be completed)

5.1.1.4. Annual Firm Energy
Generation by Type

(to be completed)

5.1.1.5. Actual Annual Energy
Generation by Type

(to be completed)

5.1.2. Regional Market Overview
(to be completed)

§.1.2.1. Year 2000 Monthly Peak
Demand by Region

(to be completed)

5.1.2.2. August Peak Demand by
Region
(to be completed)

5.1.2.3. January Peak Demand by
Region
(t0 be completed)

5.1.2.4. Annual Firm Energy Load
by Region
(to be completed)

5.1.2.5. Nameplate Capacity by
Type and Region

(in peak month)
(to be completed)

5.1.2.6. Peak Demand vs.
Nameplate Capacity by Region

(in peak month) )

(to be completed)

5.1.2.7. Annual Energy Load vs.
Firm Generation by Region

(to be completed)

5.1.2.8. Net Annual Exports by
Region
(to be completed)

5.1.2.9. Net Monthly Firm Exports
by Region
(to be completed)

§.1.2.10. Net Monthly Capacity
Exports by Region
(to be completed)

5.1.3. Transmission Use
(to be compieted)

5.1.4. Opportunity Prices
(to be completed)

5.2. Possibie Applications
(to be completed)
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APPENDIX A - VARIABLES CROSS REFERENCE

Operating Opportunity Prices

Documentation Variable Name Documen- Code Code
tation Short Long
Symbol Name Name

node hourly energy opportunity price Ae NODMVS$ NODE MARGINAL VALUE

Acquisition Opportunity Prices
Documentation Variable Name Documen- Code Code
tation Short Long
Symbol  Name Name
party annual firm energy opportunity price  Af AQEMBS  acquisition energy marg. benef
party monthly firm capacity opportunity price Ac AQCMBS acquisition cap marg. benef

n
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APPENDIX B - CONSTRAINTS AND OPPORTUNITY PRICES

This appendix lists all of the constraints and associated opportunity prices in PMDAM. For each
constraint the applicable dimensions are listed. Also included is a reference to the equation number used in
the main body of this document where further discussion of the constraint may be found.

To simplify the presentation in this appendix, English names without subscripts are used for variables.
There will be one scalar equation and one scalar opportunity price in the model for each possibie
combination of dimension variables. Not all variables in a constraint necessarily will vary by the indicated
equations. Careful interpretation of the variables is also necessary. For example, generation in Equation
[B-1] refers to total generation at a node as is indicated by the dimensions associated with the equation and
not generation by resource as is used elsewhere in this document,

Operating Constraints and Opportunity Prices
| Constraint Opportunity Price

[B-1] Hourly Energy Load Resource Balance
Dimensions: node, hour, day, month, year, game

generation - native load - sales + purchases = 0 Ae [2.4]

[B-2] Pumped Storage Energy Limits
Dimensions: pumped storage, hour, day, month, year, game

stored pumped energy 2 0 As1  [2.4}
stored pumped energy < upper pumped energy limit Asu [2.4]

Storage Energy Opportunity Price
( computed from [B-2] )
Dimensions: pumped storage, hour, day, month, year, game

AS =AS (hour +1) - ASu+ AS| v AS [2.4]

[B-3] Hydro Storage Capacity
Dimensions: hydro, month, year, game

stored hydro energy 2 lower hydro energy limit Ast [24]
stored hydro energy < upper hydro energy limit Asu [2.4]

Hydro Energy Opportunity Price
( computed from [B-3])
Dimensions: hydro, month, year, game

AH = AH (month + 1) - Agy + As] AH [2.4]
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[B-4] Hydro Minimum Discharge
Dimensions: hydro, month, year, game

hydro monthly discharge 2 minimum monthly hydro discharge AD [2.4]

[B-5] Hydro Energy Daily Variability
Dimensions: hydro, day, month, year, game
daily variability (hydro hourly discharge)
< max hydro daily variability Avd [24]
where
daily variability (hydro hourly discharge) =
daily standard deviation (hydro hourly discharge)
daily average (hydro hourly discharge)

Hydro Energy Hourly Variability opportunity price
( computed from [B-5] )
Dimensions: hydro, hour, day, month, year, game

d daily variability 4
d hydro hourly discharge b

Avh = Avd Avh [24]

[B-6] Resource Maintenance
Dimensions: resource, year, game
MAXMON

2 maintenance fraction ;p = annual maintenance fraction M [24]

m=l

[B-7] Contract Link Annual Energy Limit
Dimensions: annual energy limit link, month, year, game

annual link energy 'S annual link energy limit Ala [24]

[B-8] Contract Link Monthly Energy Limit
Dimensions: monthly energy limit link, week, month, year, game

monthly link energy < monthly link energy limit Am [2.4]

[B-9] Contract Link Weekly Energy Limit
Dimensions: weekly energy limit link, week, month, year, game

weekly link energy < weekly link energy limit AMw  [2.4]
[B-10] Contract Link Daily Energy Limit

Dimensions: daily energy limit link, day, month, year, game
daily link energy < daily link energy limit Ald  [24]
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[B-11] Contract Link Capacity Return Energy Limit
Dimensions: 24hr capacity link, day, month, year, game

daily return link energy = daily link energy Alr [24)]
[B-12] Party Transmission Capacity Limit

Dimensions: gtrans, hour, day, month, year, game
party transmission load € party available ransmission capacity At [2.4]
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Acquisition Constraints and Opportunity Prices
| Constraint Opportunity Price

[B-13] Annual Energy Firmness
Dimensions: party, month, year, game
generating firm energy + contract firm energy
. - native firm load - contract firm load =0 Af [2.4]

[B-14] Annual Pool LOLP
Dimensions: pool, year, game

annual pool LOLP < annual pool LOLP requirement AA  [2.4]
[B-15] Monthly Party LOLP
Dimensions: month, year, game

monthly party LOLP = monthly average party LOLP Ak [2.4]

Opportunity Prices Computed from [B-14] and [B-15]
Monthly Resource Capacity
Dimensions: gresrc, month, year, game

Ar Y A d annual pool LOLP f AL o monthly party L.OLP
d resource capacity 3 resource capacity

A [24]

Monthly Contract Link Capacity
Dimensions: link, month, year, game

0 annual pool LOLP d monthly party LOLP
k = )sa ; + )sl - -
d link capacity d link capacity

Ac [24]

[B-16] Committed Party Transmission
Dimensions: gtrans,month, year, game
committed party transmission S

party available ransmission capacity AT [2.4]
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APPENDIX C - COST FUNCTIONS

This appendix lists the important cost functions in PMDAM. The cost functions determine the cost o
each party of system operation and acquisition of resources and contracts. The cost function are also used
to derive the behavioral decision functions listed in Appendix E using the methodology described in
Section 3.

Operating Cost Functions
Dimensions : hour day month year game

[C-1]
generation cost = variable operating cost x minimum operating fraction
x weekly commitment fraction
+ ( variable operating cost + additional variable operating cost )
x ( resource operating fraction - minimum operating fraction )
x weekly commitment fraction

additional variable operating cost = resource cost slope
x ( resource operating fraction - minimum operating fraction )

1

2 x resource dispatch slope
Documentation Equation : [3.16]

1
Chk(xhk) = Vhk Xmink €wk + (Vhk+ 55 (Xhk - Xmink)) (Xhk - Xmink) Cwk.

resource cost slope =

Acquisition Cost Functions
Dimensions : hour day month year game
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APPENDIX D - SCARCE RESOURCE EQUATIONS

This appendix lists the scarce resource equations in PMDAM. The scarce resource equations express
the relations between the decision variabies and the terms in the constraing equations listed in Appendix B.

Operating Scarce Resource Equations
Dimensions : gresrc hour day month year game

[F-1]
generation = resource operating fraction x daily availability fraction x
weekly commitment fraction x monthly not on maintenance fraction x
monthly capacity fraction x installed capacity

Acquisition Scarce Resource Equations
Dimensions : gresrc hour day month year game
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APPENDIX E - BEHAVIORAL DECISION EQUATIONS

This appendix lists the imporant behavioral decision equations in the model. The behavioral decision
equations express the decision variables as a function of the opportunity prices and other input variables.
The opportunity prices in each decision equations are shown in italic type in this appendix. Bold type is
used to denote vector quantities where at least one dimension of the variable is not subscripted.

Operating Behavioral Decision Equations
Dimensions Used: gresrc, node. hour, day, month, year, game. (r.n, h,d.m,y.g)

Pointers Used : node given gresre n(r)

Pumped storage resource given gresrc P(r)

Hydro resource given gresrc H(r)

Allowable range of result : minimum resource operating fraction(r) to 1.0
Resource operating fraction

[E-1] resource operating fraction rhdmyg =
minimum resource operating fraction , +
resource dispatch slope ; x resource net operating benefit rhdmyg
.+ inflation y

(E-1a] For thermal resource

resource net operating benefit shgmyg =

energy opportunity price n(r)hdmyg
resource variable operating cost pmyg

[E-1b] For pumped storage resource

resource net operating benefit thgmyg =
energy opportunity price n(r)hdmyg =

pumped storage energy opportunity price P(r\dmyg -~
resource variable operaring cost rmyg

[E-1c] For hydro resource

resource net operating benefit thqmyg =
~..enprgy opportunity price H(r)hdmyg ~

hydro energy opportunity price H(rymyg ~
kydro minimum discharge opportunity price H(r)myg —
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hydro variability opportunity price H(r)hdmyg
resource variable operating cost rmyg

Contract Link Operating Fraction
[E-1] For economy link
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Acquisition Behavioral Decision Equations
Resource Nameplate Additions

resource additions ryg = resource acquisition slope  x
( levelized net resource benefits ryg — resource acquisition deadband )
+ inflation
levelized net resource benefits ryg = levelized capacity benefits ryg +
levelized energy firmness benefits ryg +
levelized net operating benefits ryg —

levelized fixed operating costs ryg -
levelized capital costs ryg

levelized capacity benefits ryg =
lev (annual resource capacity benefits rg, y, endyr, p)

levelized energy firmness benefits mmyg =
lev (annual resource energy ﬁrmness benefits rg Yo endyr, p)

levelized net operating benefits ryg =

lev (annual resource net operating benefit g ¥» endyr, p)
levelized fixed operating costs ry g =

lev (annual resource fixed operating cost ¢ y, endyr, p)

levelized capital costs ryg =
lev (annual resource capital cost rg, y, endyr, p)
where
present value (x, y1,y2,p)
present value (inflation, yl,y2,p)
. y2
present value (xy, yl,y2,p) = 2 Xy X discount factor py
< y=yl
y2
present value (inflation, yl,y2,p) = 2 inflation y x discount factor py
y=yl
annual resource capacity benefits ryg =
MAXMON
zresource capacity opportunity price rmyg % maintenance fraction myg
m=l
annual resource energy firmness benefits ryg=

energy firmness opportunity price ryg X
resource annual firm energy fraction ryg

lev(x, yl,y2,p)=

annual resource net operating benefit ryg (see (E-1]1)
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APPENDIX F - PMDAM DIMENSIONS

* NANS LOWG NuR RANGE CASE  AUN OF MODEL 1 :MAXCAS
-------- DECISN DECISION ALTERNATIVE 1 : mAXDEC

* .. TINE DINENSIONS FOR INTERNAL/OUTPUT SENSIT SENSITIVITY CASE 1 : MAXSEN
YEAR  CALENDAR YEZAR MINYR: MAXYR OBFILE DEBUG FILE NUMBER 1 : MAXDBE
MONTH CALENOAR MONTH 1 : HAXMOM ONCASE OEBUG FLAG CASE L:THRER
WEER WEEK OF MONTH 1 :MAXWER

DAY DAY OF WONTH 1 : MAXDAY
WKDAY OAY OF WEEK 1 :MAXWD

NOUR  HOUR BLOCK OF DAY L : MAXHR

.. TINE OIMENSIONS FOR INPUT DATA

DYEAR OATA CALENDAR YEAR MINDYR : HMAXDYR
DMONTN OATA CALENDAR MONTH 1 : MAXDMN
DWEER OATA WREK OF MONTH 1 :HAXDWR

DOAY OATA DAY OF MONTM 1:MAXDDY
OWKDAY OATA DAY OF WEEK 1 : MAXDWD
DMOUR OATA HOUR BLOCK OF DAY 1: MAXDNR

* .. SYSTEM DIMRNSIONS

PARTY PAATY 1:MAXPTY
DPAATY OATA PAATY L:MAXDPT
FPARTY 'FRQM° PAATY 1:MAXPTY
TPAATY "TO° PARTY 1: MAXPTY
AEGCION GROGRAPMIC REGION 1 : MAXRGW
FAECOM 'FROM® REGION 1 : MAXRGN
TREGOH ‘TO‘ REGION L : MAXRGN
SPAEGH SNONPACK REGION L : MAXSPR
FCREGN HYDRO FORECAST REGION L MAXHFR

. SET MAXMFR = MAXAGN + MAXSPR

0 POINT OF DELIVERY L : MAXPQD
TRANS TRANSMISSION LINK L:MAXTAN
GTRANS GLOBAL TRANSMISSION LINK 1:MAXGTR
TOWNER TRANSMISSION LINK OWNER 1 : MAXQWN
AESRC GENERATING RESOURCE 1 MAXRES

PRGJ  GENERATING PROJECT L MAXPRI
LOAD 1: MAXLOD
HYDRO HYDRO RESOURCE 1 : MAXHYD
PSTORG PUMPED ITORAGE RESOURCE 1 : MAXPS?
NPSTOR NODE PUMPED STORAGL AESOUACE L:MAXNPS
PRATEL POWER AATE INDEX 1 :MAXPAT
CONTR  CONTRACT AMONG PARTIES 1 MAXCON
FUEL  TYPE OF FUEL 1 MAXPUL
RTYPE TYPEL OF RESOURCE 1 : MAXRATP
LEVEL RESQUACE SUPPLY CURVE LEVEL 0:MAXLYL
NATER HYDRO INFLOW LEVEL 1 : MAXWAT
STRLVL HYDRO STORAGE LEVEL 0 :MAXHSL
CONADS COMTRACT ADJUSTMENT INDEX 0: MAXADS

PATM  PATH INDEX L: MAXPTH
MPATH METAPATH INDEX L : MAXNPT
LPAT PATH FOR METAPATM L :MAXPAL
PTHLNK PATH LINK 1 : MAXPLK
TPATR TRANS PATH L :MAXTPA
STRANS SPECIFIC TRANS LINK FOR PATH L :MAXSTL
ADDNO CAPACITY ADDTION LINE NUMBER 1 : MAXADN
Q0L Q0L OF PARTIES 1 : MAXPQL
PLPTY PARTY INDRX FOR POOL L MAXPPT
EMISON ENVIRONMENTAL £MISSION 1 : MAXEMS
BASIN ENVIROMMENTAL BASIN 1: MAXBAS
® .. MOOLL QOPERATION DIMENSIONS .

GAME  GAWE INDRX 1 /MAXGAN

¢ .. INTERMAL MODEL DIMENSIONS
NODR NOOE OF SYSTEM NETWORK
GRES GIOBAL RESOURCE

NRESRC ARELSOURCE AT NODE

GLOAD GLOBAL LOAD

NILOAD LOAD AT NODE

NEWRES NEW GENERATING RESOURCE
AEGNR REGIONAL NEW RESQURCE
NEWCON NEW CONTRACT RESOURCE
LIng LINK BETWERN NODES
LXTYPE LINK TYPR

CONMLK COWTRACTY SPERCIFIC LINK
LINKTO LINK TO NODE OR PARTY
LINKFR LINK FRQM NODE OR PARTY
LINKFT LINK FRON NOO&/PTY TO NOOE/PTY
YALNT YEAR ENRRGY LINIT
MLNT MONTH SNRAQY LINIT
WEKLNT WEEK REGAGY LINIT
OYLNT OAY SWEBGOY LINIT
MMNLMT MONTH NIN EWNRRGY LINIT
LWRLIN LINK SNRMGY LINIT (YR, NN, MM, wK,O0Y)
MNCLNT MONTHLY CAPACITY LINIT

e e e e o e e e e e e 0 e e
2]

HRCIMT MOURLY CAPACITY LIMIT :MAXHCL
.

CONTTO CONTRACT TO PARTY 1:MAXCTO
CONTFR CONTRACT FRQM PARTY 1 i MAXCFR
CONTFT CONTRACT FRQOM/TO PARTY 1:MAXCFT
CONFTR CONTRACT FROM/TO REGION 1 :MAXFTR
L)

ALIAS ALIAS INDEX 1 :MAXALS
oume LIST OF QUTPUT VARIABLES 1 : MAXDMP
TIME NUMBER OF AYTES (N TIME VARIABLE l:TwO
BOUND NUMBER OF BOUNDS (UPPER ¢ LOWER) 1:Two
WORD NUMBER OF WORDS IN WORD STRING 1 : MAXWRD
DIMEN DIMENSION NAMES 1:MAXDIN
*MOORL MANAGEMENT DIMENSIONS

STUDY MOOKL APPLICAITON 1 :MAXSTY
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APPENDIX G - PMDAM VARIABLES

{only about half of the vanables are included in this draft)

NC1ME NEW CONTRACT (1YR) M ADDITIONS I b ] NEWCOM MONTH YEAR ' GAME
NCCON PTR: NEW CONTRACT GIVEN CONTR xnou I 1 CONTR

NCERR NEW CONTRACT ABS EZRROR L] I 3 NEWCON MONTH YEAR | GAME
NCPB NEM CONTRACT FAPTY TOT BINEFIT 3/Ku-YR R b ) NEWCON MONTH YEAR ! GAME
NCTCB NEW CONTRACT FRAPTY CAP BENEFIT 3/Ku=-YR R b ] NEWCON MONTH YEAR ! GAME
NCPER NEW CONTRACT FRPTY ENR SENEFIT 3/Ku=YR R 3 NEWCON MONTH YEAR ! GAME
WCTOB NES CONTRACT FAPTY OPR BENEFIT 3/Ku-YR r 3 NEWCON MONTH YEAR ! GAMR
NCYTB NEW CONT FRPTY TRANS SENET $/Ku-YR » 3 NEWCON MONTH YEAR ! GAMR
NCGER NEW CONTRACT GAME TOTAL ABS ERR mN | ] 3 GAME

NCHN NES CONTRACT MW ADDITIONS L I b ] NENCON MONTH YEAR ! GAME
NCHAN NEW CONTRACT NAME NAME A Q NEWCON

NCNFR PTR: NENCON GIVEN FROM PARTY InDEX I 1 CONTPR  PARTY

NCNFTT PTR: NEWCOM GIVEN FROM/TO PTY INDEX I 1 CONTFT FPAATY TPAATY

NCIOW NEW CONTRACT CUMULATIVE mw L] I 3 NEWCON MONTN YEAR ! GAME
NCNTO PTR: NENCON GIVEN TO PAATY INDEX I i CONTTO PARTY

NCRPT PTR: NENCON GIVEN FROM/TO REG INDEX I 1 CONFTR TREGON TREGOMN

NCTB NEW CONTRACT TOPTY TOT BENEFIT $/Ku=-YR R 3 NEWCON MOWTH YEAR ! GAME
NCTCB NEW CONTRACT TOPTY CAP BENEFIT 3/KW-YR R 3 NEWCON MOWTHN YZAR ' GAME
NCTED NEW CONTRACT TOPTY ENR BENEFIT $/Ku-YR R 3 NEWCON MONTH YZAR ! GAMEK
NCTOR NEW CONTRACT TOPTY OPR BENEFIT $/Kw-YR n 3 NENCON MOWTH YZAR ! GAME
NCTTS NEW CONT TOPTY TRANS BENEF 3/Kw-YR R 3 NEWCON MONTH YZAR ! GAMR
NCYER NEW CONTRACT YEAR TOTAL ABS EAR  mw | | b ] YEAR ¢ GAME

NDCCP NODE CONTRACT CAPACITY L) I 3 NODE MONTH YEAR ! GAME
NOCTE NOOE CONTRACT FIAM ENEAGY AVG., M I 3 NOOE YEAR ' GAME

NOCFL NQDE CONTRACT FIRM LOAD AVG. mw I 3 NODE YEAR ! GAME

NDCPD NODE CONTRACT PEAK DEMAND L] I 3 NODE MONTH YEAR ! GAME
NDDFL NODE DIRECT FIRM LOAD AVG. M 4 b ] NODE YEAR ' GAMR

NDOOG NOOR DAILY OVER GENERATION AVG. Mw I 3 NOORE DAY ! MONTH YEAR GAME
NDOPD NOOE DIRECT PEAK OEMAND L] I 3 NODE MOMTH YEAR ! GAME
NDERD DJAILY NODE MW AVG L/R ERROR L n 4 NODE DAY !: MONTH YEAR GAME
NDERE EXPECTED NODE MW AVG L/R ERROR L] | | 4 NoOR

NDERG GAME NOOL MW AVG L/R ERROR L] n 4 NOOE GAMR

NDERM NOURLY NODEL M® L/R ERROR L} | ! 4 NODE HOUR ! DAY MONTN YEAR GAME
NOZRM MONTHLY NODE MW AVG L/R ERROR L n 4 NMOOE MONTN ! YEAR GANE
WDERY YEZARLY NODE MW AVG L/R ERROR L] n 4 NODE YEAR ! GAMR

NDGCP NODE GENERATION CAPACITY L] I 3 NODE MONTN YEAR ' GAME
NDGPE NODE GENERATION FIRM ENEAGY AVG. mw b4 3 NODE YEAR ! GAME

NDHOG NODE HOURLY COVER GENERATION AVG. Mw )4 3 NODE HOUR ! DAY MONTN YREAR GAE
NDMED DAILY NODE MW MAX L/R ERROR L] R 4 NODE DAY ! MONTH YEAR GAME
NOMER EXPRCTEZD NODE MW MAX L/R ERROR L] r 4 NODE

NDMEG GAME NODE MW MAX L/R EAROR L] | | 4 NODE GAMR

NDMEM MONTHLY NQODE MW MAX L/R ERROR L) n 4 NODE MONTH ' YEAR GAME
NDMEY YEARLY NODE MW MAX L/R ERROR L] n 4 NODE YEAR ! G

NDMOG NOOR MONTHLY QVER GENERATION AVG. MM I 3 NODE MONTH ! YEAR GAME
NDMAM NODE NAME NAME A Q NooR

NDRCP NODE RESERVE CAPACITY L I b ] NODE MONTN YEAR ! GAME
NDSFE NODE SURPLUS FIANM ENERGY AVG. Mw I b ] NODE YEAR ! GAME

NOTCP NOOR TOTAL CAPACITY L] I 3 NQDE MONTH YEAR ! GAME
NDTTE NGDE TOTAL FIAM ENERGY AVG. Mm I 3 NODE YEAR ! GAME

NDTPL NOOR TOTAL FIRM LOAD AVG. M I 3 NOOE YEAR ! GAME

NOTPO NOOL TOTAL PLAK DEMAND L I 3 NOUE MONTH YEAR ' GAME
NOYOG NODR YEAALY OVER GENERATION AVG, MW I 3 NODE YEAR | CAME

NPRCN PTR: “FRON" NODE GIVEN CONTRACT INODEX I 1 CONTR

NPRLX PTR: "FROM™ NODE GIVEN LINK noEx b4 1 LINK

NGAMR NUMBER OF GAMES COUNTER I Q

NINNR LAST INNER I[TERATION COUNTER I 2

NINRL NUM. OF INNER LOOP ITERS COURTER I ¢

NINRZ WUM. QF INNER LOOP ITERS (FINAL) COUNTER t ¢

MOACQ NO AQUISITIONS FLAG T/F L [}

NODGL PTR: NODE GIVEN GLOBAL LOAD InOEX I 1 GLOAD

NOOGR PTR: NODE GIVEN GCLOBSAL nis INDEX GALs

NQOMV NODE MARGINAL VALUR MILLS/XWM NODE HOUR DAY MONTH ' YEAR GANE
MODPR PTR: NODE GIVEN PARTY noEx PARTY REGION

NODPS PTR: NODE CIVEN PUMPED STORAGE INOEX PSTORC

NODSL NODE OwN SLOFE M/nILL NQDR

NOUTR NUMBER OF QUTER LOOP [TEZRATIONS COUNTER

NRAVL NEW RTSOURCE AVAILABLE T/F REIJAC PARTY REGION

NEWRES YEAR ' GAME
NEWRES YEAR ' CAME
NEWRES YEAR ! CAME
NEWRES YEAR | GAME
NEWRES YEAR ' GAME
GAME

NEWRES YEAR

NEWRES YEAR ! GAME
NEWRES YEAR ! GAME
RESAC PAATY REGION

NRCAP NEW ALSQURCE INCREMETAL CAPACITY MW
L]

NRCMB NEW RESRC CAPACITY MARG.BENEFIT $/KwW-YR
NRENE NEW AKBRC LNERGY MARNG.BRNETIT 3/Kw=YR
NRERR NEN AKSOURCR AQ ERROR L]
WEY RESOURCE ABS AQ GAME ERAOR L]
NEY ARSRC MARGIMAL FIXXD COST 3/ Ku-YR
NRMOC WES RESAC MARG. OPERATING COST $/Xu~YR
NEN SRSAC NARG. OPERATING VALUE 3$/KW-YR
NEN RRSOURCE MAX RATE ADDITIONS Mw/YR
ARSOTRCE

BOBRBBR A NS B BRB BB Bt
COONFHOWUO N rWrWFWOO W WW WL LWL LO O W~ W~

NREAR NEW NANE NAME NEWRES

NRRIME WES RESAC MARG. TOTAL BENEFIT 3/Ku=-YR NEWRES YEAR ' GAME
NRRPR PTR: WEW Rgs GIVEN RES, PTY, REG INDEX RESRC PARTY REGION
NRSFE NEW RESOURCE FIRN ENEZRGY Anw NEWRES YEAR ! CAME
NRSGR PTR: NEW ARS GIVEN GLOBAL AE3 INOoEX GRES

NRYZR NEW RESOURCE ABRS AQ YEAR ERROR L YRAR ! GAME

NTOCN PTR “TO" NODE GIVEN CONTRACT INDEX CONTR

NTOLK PTR "TO" NODE GIVEN LINK INDEX LINK

OGFUL OIL/GAS FULL TYPE NUMAERR INDEX

OPORL OIL PRICE GROWTH DELTA FRACTION YZAR ! GAME

GPELE FUEL PRICE/ OIL PRICE ELASTICITY FRACTION FURL

OPTSC OIL PRICE TIME SERIES CORREL. FRACTION

ORDCN ORDER COMSTANT FOR LOAD UNC. FRACTION MONTH

OUTC LOAD QUTAGE COST MILLS/xWn LOAD PARTY

QUTCC OQUTPUT CONTROL FLAG T/F oune

QUTFM OUTAGE CHARGE ON FIRM LOADS MILLS/KuN

87



BPA »Power Market Decision Analysis Model

PANAM NAMES OF PATMS NAME ) ¢ PATH

PANMP PATH NAMES FOR METAPATH NAME ) ] LPATH MPATH

PARSK POOL ANNUAL RISK DAYS/YR R 3 POOL  YEAR ' GAME

POFTA PTR: “FROM" POD GIVEN TRANS INDEX I i TRANS

POTTR PTR: “TO® POD GIVEN TRANS INDEX 1 i TRANS

PEFP PATH RFFICENCY BY STAANS FRACTION R 3 STRANS ! HOUR DAY MONTH YEAR GaMe
PPCAP PATH “PRON® CAPACITY e I 3 PATH MONTH  YEAR

PLLFD PLANNING LOAD FACTOR DATA FRACTION R [ CMONTH PARTY LOAD

PLEAN POOL NAME GIVEN POOL NO. NAME A [} POOL

PLNLF PLANNING LOAD FACTOR FRACTION R 2 MONTH GLOAD

PLEPT POOL NAME GIVEE PARTY NO. NAME A 9 PARTY

PLPT POOL NO. GIVEN PARTY MO. INDEX I 1 PARTY

PLASK POOL MOETHLY RISK DAYS/YR n 3 POOL  MONTH YEAR ! GAME
PLTLF PLANT PHYJICAL LIFR YEARS 1 ] RESRC

PLVAC PARTY LEVELIIED AVERAGE COST RILLY/XWH R 4 PARTY  GAMR

PMR  PATM MARG. BENEFIT S/uN=YR R 3 PATH MOMTE YRAR ! GAME
PNANE NAMEE GF PARTILS HANE A ] PARTY

PECC PARTY HOMINAL COST OF CAPITAL RATIO R k4 PARTY YEAR

POCCP POOL CONTRACT CAPACITY - I 3 POOL MONTH YEAR @ GAME
POCLN POOL CAP LOSS MULTIPLIER ez /e R [ POOL

FOCPD POOL CONTRACT PEAE DEMAND L] I 3 POOL  MONTH YEAR ! GAME
PODCL POOL THRML DERRATE CAPACITY LOSS MM g 3 POOL  MONTH YEAR ! GAME
POONA NAMES OF POINTS OF DELIVERY NARE A ]

POOPA TRANSFER POINT OF DELIVERY NANE A ] PATH

POOTP POINT OF DELIVERY GIVEN TPATH INDEX b F TPATH

POFPL POOL FIAM PRTAK LOAD e I 3 POOL MONTH VYEAR ! GAME
POGCP POOL GENERATING CAPACITY L] 1 3 POOL MONTH YEAR ! GAME
POMCL POOL MAINTENANCE CAPACITY LOSS Lo 1 3 POOL  MONTH YEAR ! GAME
POMXE POOL MAX AISK ERROR BAYS/YR ) ]

POOLT POOL RISK T Lo n 3 POOL MONTH YEAR ' GAME
PORLX POOL RISR AELAXNATION COEFF $/0/0 n ] POOL

POSNS POOL 3TD OEV NET SURPLUS Ll R 3 POOL MONTH YEAR ! GAME
POSPR POOL SPIN RESERVE AEQUIREMENT L 1 3 POOL MONTH YRAR @ GAME
POUCL POOL MEAN CAPACITY LOSS il 1 3 POOL  MONTH YEAR ' GAME
POUNSE POOL MEAN NET SURPLUS Ll I 3 POOL  MONTH YEAR ! GAME
POUPL POOL MEAN PEAK LOAD Led T 3 POOL MONTM YEAR ! GAME
POVCL POOL VARIANCE CAPACITY LOSS L] R 3 POOL MOMTH YEAR ! GAME
POVEPL POOL VARIANCE PEAK LOAD o2 n 3 POOL MOKTH YEAR ! GAME
PPOCS PARTY PV OTHER COST . SMpt/ YR t 4 PARTY GAIE

PPVEC PARTY PV RATE BASE COST See/ YR b4 4 PARTY GAMK

PPVEBR PARTY PV RATE BASE AELVINUL SMm/ YR b4 4 PARTY GAME

PPVCC PARTY PV CAPITAL COST S/ YR b4 4 PARTY GAME

PPVER PARTY PV EXFORT AELVENUE SMat/ YR T 4 PARTY GAME

PPVFC PARTY PV FIXED COST SMM/YR 14 4 PARTY GAME

PPVIC PARTY PV IMPORT COST SMe/ YR T 4 PARTY GAMR

PPVNC PARTY PV NET COST S/ YR 1 4 PARTY GAME

PPVOC PARTY PV QPERATING COST SMM/ YR 14 4 PARTY [ ]

PPVTC PARTY PV TRANSNISSION COST SMM/YR b4 4 PARTY GAME

PPVTR PARTY PV TRANSHISSION AEVENUE S/ YR b4 4 PARTY GAME

PRATO SASK YEAR PONER RATLS MILLS/KWH R ] PRATE

PRBALC PARTY RATE BASE AVERAGE COST MILLS/RWH n 4 PARTY YEAR ! GAME

PRATV PARTY RATE BASE TERMINAL VALUL S b4 4 PARTY GAME

PRCC PARTY REAL COST OF CAPITAL FRACT ION R ] PARTY

PRPIL PROFILE CONTROL ON e L Q

PRIGR PTR: PROJECT GIVEN GRES INDEX I 1 GRES

PRINA GENERATING PROJECT NAME NAME A ] PRGY

PRNAM NAMES OF POWER RATLS NAME A -] PRATE

PRTGL PTR: POWER RATE CIVEN GLOB LOAD INDEX b4 i GLOAD

PRTYT PARTY RISK T L] R 3 PARTY MONTH YEAR ! GAME
PSARR PUMPED STORAGE ABS ERROR Ll n 4 [0 3

PSGR PTR: GLOB STORAGE GIVEN GLOB RES INDEX 1S i GRES -

PISHMV PUMPED STORAGE HOURLY MARG VALUE MILLS/KWH n 3 PSTORG HOUR DAY MONTH ! YEAR GAME
PSHME PUMPED STORAGE HOURLY NET GENER AVG. MWW b4 3 PSTORG HOUR ! DAY MONTH YEAR GAME
PSHSL PUMPED STORAGE HOUALY 3lorx MN/MILL/KWH A 3 PSTORG HOUR ! DAY MONTH YEAR GAME
PINST PUMPLD HOUALY END STORAGE AVG. M e 3 PSTORG HOUR ! DAY MONTH YEAR NS
PSHTS PUMPED STORAGE MOURLY TOTAL SLPL MM/MILL/WWH R 3 PSTORG HOUR ! DAY MONTH YEAR QAME
PSIEC PUMPED INITIAL ENERGY CONTENT FRACTION | ] ] PARTY .
PSMAX HYDRO STORAGE MAXInuUM i) b 3 PSTORG WDETR YEAR | GAME
PINER PUMPED STORAGE MAX ERROR Lo R 4 GAMB

PSMP COMMITTED PATH SHMARL GIVEN MP FRACTION R 3 LPATE HPATH MONTH YEAR ! GAME
PSMPR COMMITTED PATH SHARE GIVER MP(R) FRACTION R 3 LPATH MPATH MONTH YEAR | GAMR
PSMXS PUMPED STORAGE MAX STEP SIiE MILLS /R R 9

PSNAM PUMPED STORAGE NAME NAME A 9 PSTORG

PSNQD PTR: PUMPED STORAGE GIVEN NODE NDEx I 1 NoDE NPSTOR

PSRLX PUMPED STORAGE ALLAXATION CORFY n ]

PISCR PUMPED STORAGE/CAPACITY RATIO HOURS ] ] PARTY

PSTPR PRT: PUMPES STORAG GIVEN PTY, REG INDEX I i PARTY REGION

PTCAP PATH “TO® CAPACITY - t 3 PATH MONTH YEAR

PTCCP PARTY CONTRACT CAPACITY -t T 3 PARTY MONTH YEAR ! CAMR
PTCFE PARTY CONTRACT FIAM ENERGY L] I 3 PARTY YEAR ! GAME

PTCFL PARTY CONTRACT FIRM LOAD L] b 3 PARTY  YEAR ! GAME

PTCLN PARTY CAP LQSS MULTIPLIER M3/ R ] PARTY

PTCPD PARTY CONTRACT PRAK ORMAND -t I 3 PARTY MONTN YEAA | GAME
PTDCL PARTY THRML DERATE CAPACITY LOSS Mw I 3 PARTY MONTH YEAR ! GAME
PTOFL PARTY DIRECT FIRM LOAD L 4 3 PARTY ~ YEAR ! CAME

PTFPL PARTY FIRN PEAR LOAD L] I 3 PARTY MONTH YEAR ! GAME
PTGCP PARTY GEWERATING CAPACITY - I 3 PARTY MONTH YEAR ' GAME
PTCFE PAATY CREERATING FIRM ENEAGY L 4 3 PARTY YEAR ! GAME

PTHMP PATH INDEX FOR LPATN. MPATH INDEX I 2 LPATH MPATH

PTNON PATH APPLIES TO CURAENT MONTH Tr L 2 PATH MONTH YEAR

PTMCL PARTY MAINTENANCE CAPACITY LOSS wm 1 3 PARTY  MONTH YEAA GAME
PTMXE PARTY MAX AISR ERAOR CAYS/YR L} ]

PEPL PARTY NO.LIST GIVEN POOL NO. INpEX b 1 PLPTY POOL

PTPLP PARTY GIVEM PTHLNK, PATH INDEX I 1 PTHLNK PATH

PTRLX PAATY RISK ALLAXATION CORFP 3/0/0 R 9 PARTY

PTRIK PARTY MONTHLY RISK CAYS/YR ] 3 PARTY MONTH YEAR ' GAME
PTSFR PARTY SUAPLUS FIAM ENERGY - T 3 PARTY YEAR ! GAME

PTINS PARTY STD DEV NET SURPLUS R 3 PARTY MONTH YEAR @ GAME
PTSPR PARTY SPIN ARSEAVE REQUIREMENT L] 14 3 PARTY MONTN YEAR ! GAMR
PTUCL PARTY MEAN CAPACITY LOSS il 14 3 PARTY MONTE YEAR ' GAME
PTUNS PARTY MELAN NET SURPLUS -t b4 3 PARTY MONTH YEAR ! GAME
PTUPL PARTY MEAN PEAK LOAD -t b4 3 PARTY MONTH YEAR ! GAMK
PTVCL PARTY VARIANCE CAPACITY LOSS o2 R 3 PARTY MONTH YEAR ! GNGR
PTVPL PARTY VARIANCE PEAK LOAD MMe2 ] 3 PARTY MONTR YEAR ! GAMR
PTYGL PTR: PARTY GIVEN GLOBAL LOAD INDEX T i GLOAD



RECSL

PTR: PANTY GIVEN GLOBAL RESQUACE INDEX
INDEX
INDEX

PTR: PAATY GIVEN GLOAAL TRANS

PARTY GIVEN HYDRO

PAATY MAMR GIVEN PTHLMK.PATH
woot

LOAD
RATE SASE REVENUE
CAPITAL cos?T

MATIVE LOAD
OPERATING COST
PURCHASED POWRR
PAATY YEAR TRANSMISSION COST
PAATY YEAR TRANSNISSION REVENUR
RESQUACE ADDITION MONTN
RESOURCR ADDITION CAPACITY L
REISOURCE ADDITION PROJECT NAMR
RESOURCE ADDITION PARTY
ARSOURCE ADDITION REGION
RESOURCE ADDITION YEAR
RESCURCE ANNUAL FRM ENRAGY RATIO MWH/KW-YR

z

3
seisasEeiegl

a

3

13T YR AANOOM ANNUAL FULL PRICE YEAR

13T YR RANDOM ANNUAL LOAD YEAR
RRSOURCE AQUISITION SLOPE MM/MILL
POWER RATE FOR YEAR HMILLI/KWH
ALZCACATIONAL OEF ALLOWANCR (DATA} FRACTION
RECREATIONAL EV DEFICIT PENALTY SmM/YR
LS CAPITAL COST ESCALATION AATIQ

RES CAPITAL COST AEAL ESCALATION RATE/YR
RECREATIONAL GAM DEFICIT PENALTY Smm/YR
RECAEATIONAL MON DEFICIT 2ENALTY SMM/YR
RESOURCE WEERLY COMMITHENT FAAC FRACTION
AECREATIONAL DEF PEN SLOPEI(D) MILLS/TR
RECAEATIONAL YR DEFICIT PENALTY SMM/YR
PTR: RAENOTE DEM CONTR GIVEN NODR INDEX
18T YR RANOOM DAILY LOAD YEAR
DRATE FOR HEAD/THRML ELFFECTS FRACTION
RECRCATIONAL OEF ALLOWAMCE (DATA) FRACTION

RECREATIONAL OEFICIT FRACTION FRACTION
RECREATIONAL MARGINAL VALUL MILLS/KWH
RECREATIONAL ORF PFENALTY 3LOPE . MILLS/FR
PIR: ALGION GIVEN GLOBAL LOAD INDEX
PIR: AEGION GIVEN GLOBAL RES INDEX
REGION QF LOAD FOR A PARTY NAME
PTR: AEGION GIVEN NODE INDRX

RELAXATION COEFF ON NEN CAPACITY 1/35MM
ACLAXATION COEFF ON CTRANS *RICE
ACLAXATION COEFF ON TRANSMISSION
AEMOTE REGION NODE T
RESOURCE ACQUISITIONS BY MOLEL T/r
RESOURCE INSTALLEC OR COMMITTED T/F
RESOURCE AVAILABLE FOR OPERATION mMw
GENERIC RESQURCE CAPACITY L]

GENEAIC RESOURCE FIRM ENLAGY N

PTR: RESOURCE GIVEN GLOBAL RES INDEX
ARSOURCE MARGINAL COST MILLS/ Kwm
RESOURCE MARGINAL VALUL MILLS/ KW

NAMEPLATE INITIAL CAPACITY ~

ACSCURCE TYPES FOR PROJECT NAMR
RESQURCE FIRN ENEAGY FAACTION FRACTION
PTR: “FROM™ ARGION GIVEN LINK INDEX
REGION DAILY FUEL USE ry/m
REGION FURL LINMIT ZRROR FURL UNITS
REGION FURL SHADOW PRICE $/PURL UNIT
REGION HOURLY rFuEl Ust FU/YR
REGION MONTHLY PUEBL USE ry/Yn

PTR: AEGION GIVEN HYDRO INDEX

PIR: ALGION GIVEN ALGION NLWALS [NORX
REGION YEARLY FULL USE Fy/Yn
RETURN AEJRCTION PRICE RILLE/ KW
13T YR RANDOM LT FUEL PRICE YEAR

18T YR RANDOM LONG-TERR LOAD YEAR

AES WOWTHLY MAINT OUT SHAPL FRACTION
RALS OF RRGIONS nAME

RESOURCE WOT ON MAINTENANCE FRAC FRACTION

REGION WEW RESOURCE NANE NAME
PTR: REGION WRWAES GIVEN NEZWRES INDEX
RESOURCE BOURLY OPERATION FRAC  FRACTION
15T YR RANDOM DAILY PLANT AVAIL YEAR
RESNCC RELAXATION CORP FRACTION
CONTRACT RATE SCNEDULE NANE
ACSOURCE COMMITTID CAPAGLTY e
ALSOURCE DAILY AVAIL. FRACTION  FRACTION
ARSOURCE DALLY COST SN/ YR
ALSOURCE DAILY EMISSIONS N/ YR
AZSOURCE DAILY MARG. BEWEFIT $/KW~-YR
RESQUACE DAILY PRODUCTION AVG. W
ALSOURCE HOURLY COST /YR
ALSOURCE HOURLY EMISSIONS EM/YR
RESQURCE MOURLY MARG. BENBFIT $/XM-YR
ALSOURCE HOURLY GENERATION AVG.
MLSOURCE MONTHLY COST M/ YR
RESOURCE MONTMLY EMISSIONS N/ YR
3/KN=-YR

ALSOURCE MONTHLY MARG. BENEFIT

LR RS PR F EF R LN Yook F R IR L EFFE LS FFR R FRELERER ED IR 2 8 Lok ol R e e e e e R R e o o R Rl

I R CELE LY EF R P R B J
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GRES

GTRANS
HYDRO
PTHLNE PATH

PSTORG
PRATE
PATH

PAATY
PARTY
PAATY YEAR !
PAATY YEAR '
PARTY YEAR !
PAATY YEAR @
PARTY YEAR !
PARTY YEAR !
PAATY YEAR !
PAATY YEAR !
PAATY YRAR !
PAATY YRAR !
PAATY YEAR !
PAATY YEAR !
PAATY YEAR !
PAATY YRAR !
PAATY YRAR !
ADDNO
ADONO
ADONO
ADDNO
ADDNO
ADDNO
NEIMLS

SERRRRERERERERD §

PARTY
PRATE
WATER
HYDRO
YEAR

OYLAR
HYDRQ
HYDRO

YRAR ! GAME
DMOMTH PAATY

ARSRC
RESRC

! YEAR GANME

HYORO YEAR !
woot

GINONTH AESRC PANTY
HYDRO MONTM YRAR !
HYDRO {
HYDRO
HYDRO
GLOAD
GRES
LAAD
NOOE

PARTY REGION
MONTH YEAR
YEAR ! GAME

YEAR | GAME

YEAR
DAY
ARGION

CANE
MONTH YEAR GAME

GREs *

LINK

FUEL MEGION DAY | MONTH YEAR GAMR
FUEL MONTH YEAR | GAME
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ASMMW RESOURCE MONTHMLY PROOUCTION AVG. MW GRES MONTHM ' YEAR GAME
RINAM NAMES OF RESOURCES NAME RESRC

RSANR PTR: RESOURC GIVEN REGION NEWRES [NDEX REGNR

ASTAT ITERATION AESTART T/F

ASWMB RESOURCR WREXLY MARG, BENEFIT $/KW-YR GRLs WEELK MONTHM YRAR ! GAMB
ASYCC AESOURCE YEARLY CAPITAL COST SMM/ YR GRS YEAR ! GAME

ASYCS RESOURCR YRARLY COST SM/ YR GRES YEAR ! GAME

ASYEN RESOURCE YEARLY ENISSIONS BN/YR EMISON GRES YEAR ! GAME
ASYFC ARSOURCE YRARLY FIXED COST snt/ YR GRRS YEAR | GAME
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SPREGN DOMONTH

SPRFR SPINNING RESLRVE FRACTION FRACTION RESRC PARTY

SPRNA NAMES OF SNOWPACK REGIONS NAME SPREGN
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STPLP STRANS GIVEN PTHLNK., TPATH INDEX PTHLNR PATH
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STRCN STRATEGY LIST GIVEN CONTRACT INTEGER CONTR

STRAYR FIRST CAL YEAR OF MODEL YEAR

SUPAD SUPPLY CURVE CUMULATIVE ¥ Ld REGNR YEAR @ GAME
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SUPEN SUPPLEMENTAL ENERGY RATIO KM/ K® CONTR CONADY

SUPMC SUPPLY CURVE MARGINAL cost $/xw ARGNR  YRAR ! GCAME
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TCESR TRANS CAP COST AEAL ESC RATE RATE/YR OYEAR -

TEMDY TRANS EFF MAX ABS DAILY ERRQR FRACTION TRANS DAY ! MONTH YEAR GANE
TEMGH TRANS EFF MAX ABS GAME ERfOR FRACTION TRANS GAME

TEMMN TRANS EFF MAX ABS MONTH ERROR FRACTION TRANS MONTH . YEAR GAME
TEMYR TRANS EFF MAX ABS YEARLY ERROR FRACTION TRANS YEAR | GAME
TERDY TRANS EFF AVG ASS DAILY ERRCA FRACTION TRANS DAY ! MONTH YEAR GAME
TERGM TRANS EFF AVG ABS GAME ERACR FRACTION TRANS GANE

TERHR TRANS EFF HOURLY ZRRAOR FRACTION TRANS HOUR ' DAY HONTH YEAR GAME

TERMN TRANS EFF AVG ABS MONTH ERROR FRACTION
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TFCAP TRANS "FRONM" CAPACITY L]
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TPINL TRANSMISSION FPINAMNCIAL LIFE YEARS

TPAPD TRANSMISSION “FRON" PQD NAME TRANS

THE LV TOTAL KYDRO CRROR [ ] HYDRQ

TV HOURLY TRANSHISSION(PORMARD) AVG. M9 GTRANS HOUR ! DAY MOWTH YEAR GAME
THMMR HOURLY TRABENISSION (REVERSE) AVG, Mw GTRANS HOUR ' DAY MONTH YEAR GAME
TINAX TOTAL ITEBATIONS FOR STHAX CQUNTER

TIME TIME OF PRDAN MODEL AUN KAME IR

TIMNIN TOTAL ITERATIONS FOR STMIN CQUNTER

TLOSO TRANSHIZSION LOSS RATR § 0% LD FRACTION TRANS

TLOS]1 TRANSNISOION LOSS RATE 01009 LD FRACTION TRANS

TMME “TO" METAPATN MARG. BENEY $/KM-YR MPATH MONTH YEAR ° GANR

TMAME NAMES OF TRANSMISSION LINKS NAME TRANS

TOCAP “TO" CAPACITY L ADDNO

TORSC TRANS OPERATION COST ESCALATION RATIO YEAR

TORSR TRANS OPER COST REAL E3C RATE RATE/YR OYEAR

TOLVL TOPTY COMTRACT LEVELIZATION FACT FRACTION NEWCON YEAR

TOPCH PTR: “TO™ PARTY CIVEN CONTR INDEX CONTR

TOPEF TPATH TO EFriIc. FRACTION TPATH ! HOUR DAY MONTH YEAR GAME
TOPLE PTR: “TO™ PARTY GIVEN LINK INDEX LINK

TOPTY “TQ” CONTRACT PARTY NAME CONTR

TOREG “TO"™ CONTRACT REGION NAME CONTR

TOTIT TOTAL (CUM) OUTER ITERATION COUNTER

TPOPA TO END POD FOR PATH NAME PATH

TPMB “TO™ PATH MARG. BENEFIT 3/KM-YR

PATH MONTH YEAR ! GAME




TPNAM TPATH NAMER

TPPTM TPATH GIVEN PATH

TPTOM TPATH APPLIRS TO CURRENT MONTH

TRATE TRANSNISSION RATR

TRAVL TRANENISSION POSSIALE

TADME TRANSMISSION DAILY riow

TRDOL TRANSMISSSION CAPITAL SPENDING
BAI REVENUE

TRE TAANS WET "PRON”™ '@

TRHCC TRANSNISSION CAPITAL COST

TANFC ANWUAL OPSRATING COST

TRNGT PTR: TRANS ACT CIVEN GLOS TRANS
TANLG TRANS NAME GIVEN PTHLNK.PATH
TAPLEP TRANS GIVEN PTHLNK, TPATM
TRTCEF TRANSNISSION TO CAPACITY

TATTY RATE TYPE FOR TRANSINISSION
TAYCC TRANSNISSION YRAALY CAPITAL COS?T
TAYPC TRANSNISSION YEARLY PIXED COST
TRYMN TRANSNISSION YEAALY FLOW

TAYRV TIMII!:;EH YEARLY REVENUR

TICPC TRANSMISSION TO CAPAC CoamitTRD
TTOPD TAANSNISSION "TC" POD

TVHMOV TEANINAL MARGINAL CPER VALUE
UFERG UNDRAFLON ERROA GAME

UFMXS HYDRG UNDER MIN PLOW MAX STEP
UPRLX HYDAG UNDER MIN PLO® ARLAX

conr .
UPDTA UPOATE QUTER [TER AQUIRE SHADOS PRICES

UPDTI UPDATE [ANER [TER SHADOM PRICLS

UPOTC UPOATE OUTER (TIR OPERATION smu:o- PRICRS

USIZIE TYP. UNIT NAMEPLATE CAPACITY

USSMA UNIT SIZL SMAAR FOR A PARTY PIACTIO'
VARCOR VARIABLE OSM RATET MILLS/XwH
WCELO DATA WEEX CUNTRACT ENERGY LIMIT RATIO
WCELN WEERK COMTRACT ENERGY LIMIT RATLIO
WCESP WEST COAST EMISSION SHADOW PRICE $/RU
WCHER WEST COAST MONTMLY EZMISSIONS LU/ YEAR
WCYEM WEST COAST YEAALY EMISSIONS EU/YZAR
WCYET NC YEAALY ENISSIONS TAXES SM/ YZAR
WODWD MODRL WRDAY GIVEN DATA WKDAY WROAY
WOO0D WEEKR DAY OF DATA DAY INOEX
WDWGT WEIGHT ON WKDAYS [N weRK RATIO
WEKVR QUMMY WEERKLY VARIABLE (¥OT USED) XX

WROOY MOORL WERK OF MODLEL DAY INORX
WEWGT WEIGHT ON WELKS [N MONTM RATIO
WINLK PTR: WREK LIMIT GIVEN LINK INDRX
WLV WERK LIMIT MARGINAL VALUR MILLS/XWN
WUOIA WRER LIMIT NARE NAME
WDOY MODEL WRER MONTH OF MODSL DAY

WEELM WEST COAST EMISSION LIMIT ZMIS UNITS
WELTX WEST COAST IMISSION TAx $/tV
WPPR MOOEL WERK UPPRR LOOPF LINIT ImDEX
WYOOY NODEL WREK YEAA OF MODEL DAY INDEX
XBGHN LXCHANGE ENERCY BEGIN MONTM OMONTH
XRIMN LXCHANGE ENERGY END MOMTN CMONTM
XGAME LAST GAME NITR MARR START COUNTER
XHAS EXCHANGE HOURS PER YZAA HOURS
XMHAS LXCRANGE HOURS PER MONTA HOURS
YABHE YEARLY TOTAL ASS HYDRO ERAOR o
YHYMX YEARLY TOTAL HYDRO MAX ENLRGY =}
YLMLK PTR: YEAR LIMIT GIVEN LINK INDEX
YLV YRARLY LIMIT MARGINAL VALUR MILLS/wwm
YLMOA YEAR LIMIT NARE L]
YRWKD DAY GIVEN WKDAY. WREK INpRx
YTHE YRAALY TOTAL HYDRO ERACR v
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