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Abstract

In March 2005, the Midwest Independent System Operator (MISO) will begin operating the first-
ever, formal wholesale market for electricity in the central and upper Midwestern portion of the
United States. Region-wide, centralized, security-constrained, bid-based dispatch will replace
the current system of decentralized dispatch by individual utilities and control areas.

This report focuses on how the operation of generators may change under centralized dispatch.
We analyze a stylized example of these changes by comparing a base case dispatch based on a
“snapshot” taken from MISQ’s state estimator for an actual, historical dispatch (4 p.m., July 7,
2003) to a hypothetical, centralized dispatch that seeks to minimize the total system cost of
production, using estimated cost data collected by the EIA. Based on these changes in dispatch,
we calculate locational marginal prices, which in turn reveals the location of congestion within
MISQO’s footprint, as well as the distribution of congestion revenues. We also consider two
sensitivity scenarios that examine 1) the effect of changes in MISO membership (2003 vs. 2004
membership lists), and 2) different load and electrical data, based on a snapshot from a different
date and time (1 p.m., Feb. 18, 2004).

Although our analysis offers important insights into how the MISO market could operate when it
opens, we do not address the question of the total benefits or costs of creating a wholesale market
in the Midwest.
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Executive Summary

In March 2005, the Midwest Independent System Operator (MISO) will begin operating the first-
ever, formal wholesale market for electricity in the central and upper Midwestern portion of the
United States. Region-wide, centralized, security-constrained, bid-based dispatch will replace
the current system of decentralized dispatch by individual utilities and control areas. Consumers,
generators, and government are justifiably concerned about the potential consequences (both
negative and positive) of such a major change in the organization and operation of the bulk
power system in the Midwest. Among other things, they would like to know:

1. What will be the net impact of changes in generation dispatch on total production costs for
the region? How will these changes be distributed geographically within the region?

2. What wholesale prices (LMPs) will result from centralized dispatch of generation in the
Midwest?

3. What will these LMPs reveal about the nature and patterns of congestion in the Midwest?

4. What will be the effect of using LMPs to, in effect, put a price tag on congestion?

This report addresses these questions based on what can be known in advance of the opening of
the MISO wholesale electricity market. The analysis in this report was prepared for the U.S.
Department of Energy (DOE) by an interdisciplinary team drawn from DOE’s Lawrence
Berkeley National Laboratory, the Federal Energy Regulatory Commission (FERC), and the
Energy Information Administration (EI1A).

The analysis focuses on how the operation of generators might be expected to change under
centralized dispatch. We analyze a stylized example of the changes by comparing a base case
dispatch based on a “snapshot” taken from MISQ’s state estimator for an actual, historical
dispatch (4 p.m., July 7, 2003) to a hypothetical, centralized dispatch that seeks to minimize the
total regional system cost of production, using estimated cost data collected by the EIA. We also
consider two sensitivity scenarios that examine 1) the effect of changes in MISO membership
(2003 vs. 2004 membership lists), and 2) different load and electrical data, based on a snapshot
from a different date and time (1 p.m., Feb. 18, 2004).

Although our analysis offers important insights into how the MISO market might be expected to
operate when it opens, we address only questions that can be examined by considering changes
in generator dispatch alone. We do not address the net benefits or costs of creating a wholesale
market in the Midwest. A comprehensive assessment of net benefits would require many more
snapshots of market behavior, accounting for inter-temporal constraints, over a much longer
study period. It would also require an assessment of the start-up costs associated with
establishing the market. And, it would have to consider the allocation, trade, and ultimate
settlement of congestion revenues associated with financial transmission rights.
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Table EX-1. Summary of Core Elements of Study

Study Element

Description

Comments

(PowerWorld)

Objective Compare an actual dispatch to | Sensitivity analysis considers
a hypothetical, bid-based alternate loads and generation
centralized dispatch for a based on historical dispatch at
single historical base-case: 1319 (1:19 p.m.) on February
1600 (4 p.m.) on July 7, 2003 | 18, 2004.

Tool AC Optimal Power-Flow Addresses loop flows and

voltage/reactive power issues
that cannot be captured by
transport or DC power-flow
tools. Enforces all
transmission line limits in
MISO footprint.

System Model

State estimator snapshot
provided by MISO

Includes a significant portion
of Eastern Interconnection
(~30,000 nodes, total, of which
~9,000 are within MISO
footprint).

Generator “Bids”

Generator production costs
provided by EIA

Generation fixed for 2% of
load for which cost data were
not available.

Key Study Conventions

Generation external to MISO
is fixed

Sensitivity analysis considers
different membership for MISO
(2003 vs. 2004).

Unit-commitment is fixed

This is a proxy for
representing security-
constrained dispatched in that
all units committed in this
historical dispatch are
available for (re-)dispatch in
the hypothetical centralized
cases.

Voltage limits not enforced
through re-dispatch

Transformer load-tap changes
are used to enforce voltage
set points. Generator reactive
power limits enforced.

Quantities Analyzed

Generator dispatch, line flows,
system variable production
cost, LMPs, congestion
revenues aggregated by
control area

Major congested paths are
identified within control areas.

A summary of the core elements of our study is shown in Table EX-1. Both the historical and

hypothetical cases share the same defining data:

e Load,

e Generator availability (commitment) and production characteristics (heat rate and fuel cost),

e Grid configuration and constraints, and
e Net imports from outside MISO.

Xii
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This study uses the PowerWorld © Optimal Power Flow (OPF) tool to calculate the costs of
production resulting from centralized dispatch and the LMPs and congestion revenues that result
from this dispatch. The tool models the electricity grid using an AC power-flow calculation.

The core assumption underlying the use of this tool is that the market is competitive and that
production cost information reported by generators to EIA can be used as a proxy for the bids
these generators will offer under centralized dispatch. If the market is not competitive and
generators are able to bid above their production costs and set the market clearing price, then our
results will tend to over-state the benefits of centralized dispatch.

Using the MISO state estimator model and data, EIA cost data, and the OPF tool we compute the
following quantities:

Generator dispatch,

Line flows,

Total system variable operating cost,

Locational marginal prices (separated into energy, losses and congestion components), and
Congestion revenues.

We now summarize our findings for each of the four questions posed earlier:

What will be the net impact of changes in generation dispatch on total production costs? How
will these changes be distributed geographically?

Our results show that the operation of a centrally-dispatched, competitive-market could lead to
significant changes in operating conditions. Table EX-2 summarizes change in dispatch by
generation fuel type. Generation by coal plants and to a lesser extent hydro and nuclear plants
increase significantly, while generation by gas and other units decrease. These changes are not
uniform; some coal plants decrease their output and some gas and other plants increase their
output.

The geographic distribution of these changes in generation can be seen in Figure EX-1. The
circles represent existing NERC control areas that are expected to participate in the MISO
market. The black lines represent one or more power lines between MISO control areas. The
green lines represent electrical connections between MISO control areas and control areas
outside of the MISO system. Figure EX-1 shows absolute changes in generation by control area:
from a roughly 1,000-megawatt (MW) increase (in the Detroit Edison Company area) to a more
than 1,800 MW decrease (in the First Energy area). The change in generation was concentrated
in the eastern part of the MISO geographical area.

Xiii
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Table EX-2. Generation Plant Output Changes from July 7, 2003 Base Case to Centralized

Dispatch Case, by Plant Type?

Changein % plants | % plants % plants

generation with with No with

(MWh) | Decreased | Change Increased

generation Generation

Coal Plants 5,403 11% 9% 80%
Gas Plants -3,520 69% 22% 9%
Hydro/ Nuclear Plants 705 0% 17% 83%
Other Plants® -2,504 44% 22% 34%

= outside of MISO

> 1,000 MW

0 MW -
outside of MISO )
< -1,000 MW

Figure EX-1. Absolute Change in Control-Area Generation between the July 7, 2003 Base
Case and Centralized Dispatch

The difference in operating costs between the dispatch in the base case and the hypothetical
centralized-dispatch provides an estimate of the production-cost savings that centralization might
provide. As one would expect from centralized dispatch, we find a reduction in these costs; in
this case, the reduction is significant (23%). The total variable cost of production in the actual
dispatch case was $1.4 M/h.* These costs decrease by $0.3 M/h in the centralized dispatch case.

2 We assume the full rated capacity is available for dispatch to serve load. However, actual
capacity may be limited for operational reasons.

% «Other” includes petroleum, wood, and pumped storage.

* This is the total cost of production for the generators for which we had cost data (which cover
approximately 91 percent of MISO area load).

Xiv



The Potential Impacts of a Competitive Wholesale Market in the Midwest: A Preliminary Examination of Centralized Dispatch

The sensitivity analyses yielded similar values for variable operating cost reduction: a 24%
reduction for the case that examine alternate MISO membership, and an 18% reduction for the
February 18, 2004 case. The change in generation was less consistent in the sensitivity cases.

What wholesale prices (LMPs) will result from centralized dispatch of generation in the
Midwest?

Our analysis calculated LMPs at every bus within MISO. The average, non-load-weighted LMP
of the entire system was $26/MWh. The average LMP of most individual control areas ranged
from roughly $14/MWh to $38/MWh, with one area significantly outside this range at
$59/MWh. The geographic distribution of these average prices is shown schematically by control
area in Figure EX-2. The values in the map range from an average LMP of $10/MWh to
$40/MWh, with darker colors indicating a higher average. The Northern Indiana Public Service
Co. (NIPS) control area is an exception, with an average LMP of $59. It is represented in the
figure as the large red circle to signify that its LMP lies outside of the otherwise well-distributed
range. This exceptional LMP for the NIPS control area is largely due to several buses with high
LMPs near a congested line connecting MISO and a control area outside MI1SO®.

CEVD
<$10 outside of MISO

Figure EX-2. Average Control-Area LMPs within the MISO System

> This LMP is likely sensitive to assumptions about trade between MISO and outside MISO, and
related seams issues, which we did not study. More importantly, it is important not to confuse
high LMPs with the resulting price of electricity because the effects of financial transmission
rights, which may offset the resulting congestion revenues associated with these LMPs, were not
examined in this study.
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The MISO membership sensitivity cases shows that changes in the size and composition of
MISO have a significant effect on LMPs. Figure EX-3 shows a general increase in LMPs with a
notable increase in the Wisconsin and Upper Peninsula area. The sensitivity study using the
February 2004 loads and generation shows results one would expect of a regional system that
less loaded and less congested; LMPs are uniform across the MISO area. This is in contrast to
the July case, also shown in Figure EX-4, in which congestion is evidenced by both the higher
LMPs and the broader distribution of LMPs.

What do these LMPs reveal about the nature and patterns of congestion in the Midwest?

Assuming adequate generation is available, differences among LMPs indicate the presence of
transmission congestion in a centrally-dispatched system; otherwise, flow would increase from
lower price regions to higher priced regions until prices equalize.® Centralized dispatch and the
resulting LMPs, ensures that the most economic use is made of available transmission resources.
In addition, LMPs, themselves, reveal the value of congestion in a transparent manner that
enables market participants to address congestion in an economically efficient manner.

The geographical distribution of LMPs in our July 7, 2003 case and the sensitivity cases, as well
as the location of the congested transmission lines listed in Table EX-2, indicate congestion in
the eastern portion of the network and in the Wisconsin area. In the eastern portion of the
network, the congested lines are at relatively low voltages, and yet result in considerable price
variation. The congested higher voltage lines in the Alliant East (ALTE) control area do not
appear to have a large effect in the July 7, 2003 case. Congestion in this region is more
pronounced in the MISO membership sensitivity scenario.’

Table EX-2. Fully-loaded Lines in the Optimized MISO System, July 7, 2003 Case

Max Nominal kV of Line # Fully-loaded Lines Location (Number of lines)
345 2 Alliant East (ALTE)(2)
138 4 Cinergy (CIN),
Consumers Energy (CONS),
LG&E Energy (LGEE),

Commonwealth Edison-Northern
Indian Public Service (CE-NIPS)
69 3 Ameren (AMRN) (2),

Cinergy (CIN)

® Differences in LMP will still exist due to losses.

"It is difficult to draw definitive conclusions regarding the absolute significance of this increase
because, by convention, we hold transactions external to the MISO footprint fixed in our analysis
and do not account for congestion that might exist at these points of interface.
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What will be the effect of using LMPs to, in effect, put a price tag on congestion?

Congestion revenues result due to the difference in value (price) for energy at the sending and
receiving ends of a transmission line. The product of the flow times this difference in price
represents a premium paid due to congestion. This premium may be low if the prices are nearly
equal on both ends of the line, or may be large if the prices diverge. Thus, congestion revenues
(these premiums) are natural measure of the impacts of congestion. Also important, when
summed over the whole system, congestion revenues represent the increased payments by loads
in excess of receipts by generators (not accounting for disbursements based on financial
transmission rights).

Net congestion revenue in the optimized MISO system for the July 7, 2003 case was nearly
$230,000/h. The majority of this congestion revenue was within the boundaries of existing
NERC control areas in the MISO footprint. Only 0.6 percent of total congestion revenue (about
$1,500/h) was at the seams between existing control areas in the MISO footprint. This is an
interesting finding because it might be presumed that the introduction of centralized dispatch
would result in greater congestion along the borders separating control areas. Our analysis
indicates that this is not the case.

Figure EX-5 shows the geographic location of both intra-area and inter-area congestion. All
intra-area congestion ranges from $15,000/h to -$15,000/h with the exception of Cinergy (CIN)
and LG&E Energy (LGEE), which have nearly $48,000/h and slightly more than $150,000/h of
congestion revenue, respectively. These areas are shown as slightly larger than the other control
areas to indicate this difference. Congestion between control areas ranges from nearly $6,000 to
around -$3,000/h on each line.

outside of MISO
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Figure EX-5. Congestion Revenue in Optimized MISO System, July 7, 2003 Case
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To place the congestion revenues in perspective, consider that the value for total congestion
revenues, nearly $230,000/h, is on the order of 20 percent of the value of the variable production
costs, which is about $1,100,000/h®. This markup indicates that congestion does have a
considerable impact on regional production costs, and it would be worth looking into
opportunities to increase transmission capacity at key locations®.  In terms of market operation
and settlement, it is important to note that these congestion revenues are disbursed to those with
financial transmission rights, which can mitigate financial burdens introduced by congestion.™

Conclusions and Next Steps

This report has examined important aspects of the evolving MISO wholesale electricity market
based on what can be known in advance of its opening. We confirm expectations that
centralized dispatch of competitive generator offers will likely lead to production cost savings
compared to the current, more decentralized system of dispatch of generation in the Midwest.
We also illustrate how reliance on centralized dispatch and LMPs can provide greater
transparency on the patterns and cost of congestion in the Midwest.

We emphasize that this study does not draw conclusions on the total impact of expected MISO
operations in the Midwest and on surrounding areas. This study has focused on two individual
snapshots of past operations and of necessity has made assumptions regarding the behavior of
generators (and loads) in the areas adjacent to the MISO footprint. This focus is short-term and
does not consider longer-term impacts from the creation of a transparent, competitive, wholesale
market in the Midwest. For example, we do not consider improved generator availability,
improved heat rates, optimal maintenance scheduling, more aggressive lowering of input costs,
especially fuel and labor, and the discipline imposed by new entry by increased incentives to
adopt newer low cost generating technologies. Similarly, many other aspects of the operation of
such a market, such as start-up costs and allocation and settlement of financial transmission
rights, should be included in a complete assessment of the costs and benefits of this market.

We hope that these study findings will inspire others to probe these issues in greater detail to add
to and provide greater context for the initial efforts presented in this report.

® For a more complete perspective, it would be valuable to compare congestion costs with those
incurred in the base case. Unfortunately, it is impossible to estimate the economic impact of the
congestion in the base case because we do not know the original schedules or the transactions
that were curtailed to ensure secure operation. One of the benefits of a competitive, LMP-based
market is that congestion and congestion revenues are made transparent.

% A careful study is needed to determine the impacts of transmission expansion, which should be
judged over many dimensions including changes in production costs. High congestion revenues
may serve as a flag to justify and direct transmission studies, but they are not, by themselves, a
direct or complete measure of the impacts of expansion of the transmission system.

19 For example, a particular allocation of financial transmission rights could return all of the
congestion revenues to those who paid premiums for energy due to congestion.
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1. Introduction

In March 2005, the Midwest Independent System Operator (MISO) will begin operating the first-
ever wholesale market for electricity in the central and upper Midwestern portion of the United
States. Region-wide, centralized, security-constrained, bid-based dispatch will replace the
current system of decentralized dispatch by individual utilities and control areas. The wholesale
market will include both real-time and day-ahead electricity products. Locational marginal
prices (LMPs) will be used to send participants a market-based measure of the value of
congestion on the system. Financial transmission rights will be created to compensate holders
for the congestion revenues that accrue from the difference between the price for power (i.e., its
LMP) at its delivery point and the price for power at its source.

Consumers, generators, and government are understandably concerned about the potential
consequences (both negative and positive) of such a major change in the organization and
operation of the bulk power system in the Midwest. Among other things, they would like to
know:

1. What will be the net impact of changes in generation dispatch on total production costs? How
will these changes be distributed geographically?

2. What wholesale prices (LMPs) will result from centralized dispatch of generation in the
Midwest?

3. What will these LMPs reveal about the nature and patterns of congestion in the Midwest?

4. What will be the effect of using LMPs to, in effect, put a price tag on congestion?

This report addresses these questions based on what can be anticipated before the opening of the
MISO wholesale electricity market. The analysis in this report was prepared for the U.S.
Department of Energy (DOE) by an interdisciplinary team drawn from DOE’s Lawrence
Berkeley National Laboratory, the Federal Energy Regulatory Commission (FERC), and the
Energy Information Administration (EI1A).

Of necessity, our analysis is speculative because it must be based on assumptions about how
participants will act once the market opens. As a starting point, the analysis assumes that the
market works as intended: it is cost minimizing, reliable, and competitive. This assumption is an
appropriate baseline against which to identify market design issues of potential concern before
the market opens; it can also guide market-performance assessments after the market opens.

The analysis focuses on how the operation of generators may change under centralized dispatch.
We analyze a stylized example of the changes by comparing a single, actual state of dispatch (4
p.m., July 7, 2003) taken from MISQO’s state estimator to the modeled performance of centralized
dispatch under same conditions but that seeks to minimize the total system cost of production,
using estimated cost data collected by the EIA.

Although our analysis offers important insights into how the MISO market could operate when it
opens, we address only questions that can be examined by considering changes in generator
dispatch alone. We do not address the net benefits or costs of creating a wholesale market in the
Midwest. A comprehensive assessment of net benefits would require many more snapshots of
market behavior over a much longer study period. It would examine changes in generator
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availability, heat rates, maintenance scheduling, impacts on input costs, especially fuel and labor,
and the discipline imposed by the entry of newer low cost generating technologies. It would also

require an assessment of the start-up costs associated with establishing the market. And, it

would have to investigate the allocation, trade, and ultimate settlement of congestion revenues
associated with financial transmission rights. Other studies have addressed some of these issues;
we compare relevant aspects of these studies to our findings.*

This report is organized in five sections including this introduction, plus two appendices:
= Section 2 describes the methods and data used for our analysis, including the critical role

played by MISO in providing us with a system model and by EIA in providing us with
information on generator production costs.

= Section 3 presents our findings on changes in production costs and the range and distribution

of LMPs as well as our preliminary observations on the nature and patterns of congestion.

= Section 4 describes the results of two sensitivity analyses: the sensitivity of our results to the

definitions of MISO’s membership and to different load and electrical data.

= Section 5 describes important caveats and limitations of this work and discusses how they
might be addressed.

= Appendix A compares our findings to relevant aspects of other recent studies of MI1SO.

= Appendix B lists the names and abbreviations of all the control areas/power companies
referred to in this report.

1 DOE. 2003. Report to Congress: Impacts of the Federal Energy Regulatory Commission’s
Proposal for Standard Design. report DOE/S-0138. April 30.

and

MISO. 2004. The Benefits and Costs of Wisconsin Utilities Participating in Midwest ISO Energy
Markets. March 26.
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2. Estimating the Impact on MISO of Centralized Generation Dispatch and Calculation
of LMPs

2.1 Approach

This study examines the potential impact on MISO of central dispatch and LMPs by comparing
how the system actually operated in the recent past to how it might have operated under central
dispatch. Both the historical and hypothetical cases share the same defining data:

e Load,

e Generator availability (commitment) and production characteristics (heat rate and fuel cost),
e Grid configuration and constraints, and

e Net imports from outside MISO.

For the actual system operation case, we use data from a single, past state of dispatch (4 p.m.,
July 7, 2003). The hypothetical case is created by dispatching generators to minimize the MISO-
wide cost of meeting the same load, given the actual historical generation commitment, grid
configuration, and net imports. The results show:

e Generator dispatch,

e Line flows,

e Total system variable operating cost,

e Locational marginal prices (separated into energy, losses and congestion components), and
e Congestion revenues.

The hypothetical case represents an idealized version of the new competitive wholesale
electricity market that MISO is striving to create. If MISO’s market were perfectly competitive,
generators would minimize system cost, and competition would replicate the outcomes of
centralized economic dispatch based on production costs. In other words, our analysis can be
viewed as comparing current market operations to a perfectly competitive wholesale market. If
the market is not fully competitive and generators are able to bid above their production costs
and set the market clearing price, then our results will tend to over-state the benefits of
centralized dispatch.

Historically, generators were dispatched to meet the relevant costs and constraints of their
individual owners, so power flows were optimized in a decentralized way. In the hypothetical
case, generators are dispatched to minimize the total system variable cost of production,
regardless of who incurs it. As a result, power moves within and across control areas as needed
to reduce total variable production costs, subject to the capability of the transmission system to
support these shipments. Our analysis examines the changes that result from this hypothetical
change in operation.

The hypothetical case relies only on generation that was actually committed (and was operating)
in the actual or base case snapshot provided by MISO. This is a restrictive assumption because it
means that generation not committed the base case is not available to serve load in the
hypothetical case; similarly, all generators that were committed in the base are held on line,
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possibly at very low load in the hypothetical case. However, this assumption may be appropriate
to the extent that generation committed is the base case was committed in part to meet reliability
criteria. If this were the case, then holding these generators on-line in the hypothetical case can
be viewed as one way to ensure security or reliability constraints are respected by our
hypothetical re-dispatch.*?

The historical period chosen for study is particularly important because the comparisons are for a
single hour of a selected day. Had the study been performed for every hour of a representative
year, the time period chosen would have had less influence on the results than a single hour’s
operation does. The historical period used in this study is discussed below in subsection 2.3. We
address the impact of the time period used in Section 4 in a sensitivity case that shows the results
of using a different reference case.

This study uses the PowerWorld © Optimal Power Flow (OPF) tool to calculate the costs of
production resulting from centralized dispatch and the LMPs and congestion revenues that result
from this dispatch™. The tool models the electricity grid using a full AC power-flow calculation.
Reliance on a full AC power-flow model, brings our analysis as close to reality as possible. We
do not use alternative power-flow models because they exhibit one of the following limitations:

= They do not capture the behavior of electricity power flows in a network (a limitation of the
“transport” representation commonly used in multi-area production cost models)
or
= They do not capture voltage and reactive-power considerations, which are important for
ensuring system reliability and which can affect prices (a limitation of DC power-flow
models).

PowerWorld’s advantage over a DC power-flow model is that it uses load-tap-changing (LTC)
transformers and variable shunt reactors to enforce voltage set points in the network, it accounts
for reactive power in transmission constraints and enforces generator reactive-power constraints
and generator set-point voltages. However, it has the limitation that it does not use generator
redispatch to enforce voltage constraints. All of these may directly or indirectly affect prices and
optimal centralized system dispatch.

In this model we enforce all the transmission line capacity limits that appear in the state
estimator data. In operation, MISO may not perform a full OPF, but instead enforce flow
constraints on pre-defined flowgates. We discuss the bias of a more restrictive full OPF in
Section 5.

12 The same cannot be said of transmission lines; we allowed re-dispatch up to the rated limits of
the lines, but we did not have information to determine whether these limits incorporated
security or reliability constraints.

13 Because our data derives from a historical condition that we assume was secure with the
allocated resources, we did not perform a more sophisticated security constrained OPF (SCOPF)
including unit commitment.



The Potential Impacts of a Competitive Wholesale Market in the Midwest: A Preliminary Examination of Centralized Dispatch

2.2 Locational Price and Congestion Revenue

The LMP of energy is the lowest system-wide cost of supplying or consuming one more unit of
power at a specific location.* When a system is free of losses and congestion, generators are
dispatched in merit order, starting with the lowest-marginal-cost unit and adding progressively
more expensive units until demand is met. In this case, all locations are subject to the same
marginal price, which is the marginal cost of the last generator dispatched to meet demand.
When different generators or consumers impose differential losses or congestion on the system,
LMPs reflect the unique costs (savings) each imposes on the system by its impact on congested
lines (and losses).

LMPs are computed from the solution of the OPF model: they are the shadow prices (Lagrangian
multipliers) associated with small changes in injections at generator and load buses. PowerWorld
has an AC optimal power-flow tool that determines the least-cost generator dispatch while
enforcing:

e Generator capacity limits,
e Line and security limits,"® and

e Energy balances (demand = generation — losses + net imports).

Congestion revenue for each line is calculated as the congestion component of the LMP at the
sink, less the congestion component of the LMP at the source, times the flow. Congestion
revenue values are usually positive, representing power flow from low cost to high costs, but
they can be negative, meaning that increasing consumption (or decreasing generation) at a given
point can reduce overall system costs by relieving congestion. The line-congestion revenues
calculated for our cases were summed within control areas and for MISO as a whole.

2.3 Data

Two primary data sources were used in this study. First, MISO provided the project team with a
snapshot of its system operation at 4 p.m. on July 7, 2003. The snapshot was prepared by
MISO’s state estimator and shows generation loading and line flows for every electrical element
of the MISO system as well of many of the other control areas interconnected with MISO.
Second, EIA provided the project team with estimated generator production cost data derived
from the EIA Form 860. Significant effort was involved in aligning these two data sources for
use in the study.

14 See for example: Schweppe, Fred et al. 1988. Spot Pricing of Electricity. Kluwer Academic
Publishers (page 32, equation 2.1.1).

1> powerWorld reports voltage violations consistent with its reliance on a full AC power-flow
calculation. However, PowerWorld does not use this information to adjust generator outputs to
ensure that voltages remain within specified tolerances. LTC transformers maintain voltage set
points in the network.
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A major issue for our analysis is the evolving membership of MISO. The make-up of MISO is
important because imports from or exports to control areas and utilities outside of MISO are held
fixed in our analysis. As noted, we analyze how dispatch might change by centrally dispatching
all generators that are within MISO; by convention, we do not allow any generators outside of
MISO to change output. This convention implicitly assumes that trade outside of MISO and
trade between MISO and outside regions are both roughly independent of the centralized market
dispatch. (Alternatives to this reliance on the historical trade pattern include calculation of a
global internal and external optimum in which a “hurdle rate” is applied to trade between MISO
and other regions. This is discussed in Section 5). As of April 2004, MISO identified 27 control
areas as expected members of its market'®. The members and information on their loads, native
generation, and original interchanges are listed in Table 2-1 and shown in Figure 1. The current
members make up an electrically, if not geographically, contiguous portion of the Eastern
Interconnection, spanning 11 states and three NERC reliability regions.

Membership in the MISO-run market is voluntary and has changed in the past and may change
again. We explore the potential impact of membership changes on our analysis using a
sensitivity case in Section 4.

control area map source: Bechtel

Figure 1. Midwest ISO Geographic Footprint

16 As of this writing, MISO expects Great River Energy (GRE) to be part of the market.
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Table 2-1. Base-Case Control-Area Load, Generation, and Imports/Exports, July 7, 2003

Area Name Generation | Base-Case Load Import (-)/
Capacity Generation (MWh) Export(+)
(MW) (MWh) (MWh)
Total Non-MISO Control
Areas 383,964 239,917 227,316 7,760

Total MISO Control Areas 123,005 80,108 85,953 -7,760
Allegheny Energy -
Wheatland IPL* 268 0 0 -17
Allegheny Energy -
Wheatland CIN V 268 0 0 -1
Alliant East 2,847 1,589 1,946 -430
Alliant West 5,270 2,343 3,004 -759
Ameren 15,710 10,704 9,480 1,062
Central lllinois Light Co. 1,290 679 1,082 -415
Cinergy Corp. 13,066 9,328 9,730 -588
Consumers Energy Company 9,542 6,337 6,383 -253
City WL&P-Springfield 614 398 396 1
Detroit Edison Company 11,217 7,582 8,894 -1,462
Duke Energy 640 0 0 0
First Energy 13,427 8,144 9,342 -1,362
Hoosier Energy Rural Electric
Coop. 1,498 929 540 340
lllinois Power 5,544 4,270 3,901 309
Indianapolis Power & Light
Co. 3,436 2,564 2,490 20
LG&E Energy 8,214 6,230 5,775 339
Montana-Dakota Utility Co. 235 144 389 -270
Madison Gas & Electric
Company 590 301 605 -316
Minnesota Power Co. 2,444 1,140 1,244 -162
Northern Indiana Public
Service Co. 3,873 2,167 3,149 -1,040
Northern States Power Co. 9,319 5,710 7,099 -1,566
Otter Tail Power Co. 1,545 1,276 1,250 -25
Southern Indiana Gas &
Electric 1,962 1,456 1,515 =77
Southern lllinois Power Coop. 473 275 204 63
Upper Peninsula Power Co. 194 148 238 -96
Wisconsin Electric Power 6,798 4,307 5,137 -928
Wisconsin Public Service
Coop. 2,721 2,089 2,161 -129

" The Allegheny Energy Wheatland IPL and Allegheny Energy Wheatland CIN generation-only
control areas have been decertified by ECAR and the Wheatland facility generation is now
metered to the CIN control area.
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Table 2-2. Number of Electrical Components in MISO Model, July 7, 2003

Components Number within MISO footprint | Number in entire model
Control Areas 27 106
Buses 8,926 27,798
Lines/Transformers 11,434 34,981
Loads 6,428 20,520
Generators 1,026 3,680

As noted, MISO provided an electrical model of their system from their state estimator for actual
operation at 1600 h (4 p.m.) on July 7, 2003. The model represents a much larger area than was

actually assumed to be in the MISO because MISO models and tracks activity on the grid that is

outside of what it controls but that can have an impact on its operations. See Table 2-2.

EIA provided estimated production cost information on the generators within MISO. For each
generator, the information consists mainly of fuel cost, full-load heat rate, and a small amount for
variable operations and maintenance costs. Production information was not available for all
generators represented in the MISO model for the July 7, 4 p.m. snapshot. However, the absence
of these data has only a very minor impact on our findings. More than 50 percent of generators
within the MISO footprint were matched with to EIA cost data, representing 77 percent of total
capacity within the region and about 98 percent of the capacity that was on line and generating
electricity during the July snapshot period. For the two percent of generation for which
production cost information was not available, we fixed generation in the hypothetical case to
match that recorded in the July snapshot (Table 2-3).

Table 2-3. Generation Capacity within MISO Footprint in the MISO Model, July 7, 2003

MISO Generation | Number of Units | Capacity (MW) Percent of | Percent of MISO

Capacity Total Capacity Load

Total 1,026 123,005 - -

On line 683 97,624 79% 114%

Available for Re- 558 95,300 7% 111%
dispatch

Fixed Output 124 1,964 2% 2%
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2.4 Summary of the Study Design

Table 2-4 summarizes the core elements of our study’s design and notes, in the “Comments”
column, key details that we discuss in our analysis of results.

Table 2-4. Summary of Core Elements of Study

Study Element

Description

Comments

Objective Compare historical dispatch to | Sensitivity analysis considers
hypothetical, bid-based alternate loads and generation
centralized dispatch at 1600 (4 | based on historical dispatch at
p.m.) on July 7, 2003 13:19 on February 18, 2004.

Tool AC OPF (PowerWorld) Addresses loop flows and

voltage/reactive power issues
that cannot be captured by
transport or DC power-flow
tools.

System Model

State estimator snapshot
provided by MISO

Includes a significant portion
of Eastern Interconnection
(~30,000 nodes, total, of which
~9,000 are within MISO
footprint).

Generator “Bids”

Generator production costs
provided by EIA

Generation fixed for 2% of
load for which cost data were
not available.

Key Study Conventions

Generation external to MISO
is fixed

Sensitivity analysis considers
different membership for MISO
(2003 vs. 2004).

Voltage limits not enforced
through redispatch

Transformer load-tap changes
are used to enforce voltage
set points. Generator reactive
power limits enforced.

Analysis

Generator dispatch, line flows,
system variable production
cost, LMPs, congestion
revenues aggregated by
control area

Major congested paths are
identified within control areas.
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3. Findings from the July 7, 2003 Case

In this section we compare the base-case historical dispatch from the July 7, 2003 MISO state-
estimator solution to the hypothetical case of centralized competitive market-based dispatch. The
subsections below describe the changes, from the base case to the competitive-market case, in
generation and power flow and system operating costs; we also describe LMPS in the
competitive-market case, and a description of congestion and associated congestion revenues.
The results show that centralized dispatch in a perfectly competitive market results in a
significant decrease in variable operating costs and that the optimal use of network resources can
results in increased congestion.

3.1 Generation and Power Flows

During the optimization of the centralized dispatch competitive market case, load was kept
constant, as were net interchanges between areas not in MISO; generation and flow on
transmission lines within MISO, however, were allowed to move. Generation under central
dispatch increased 84 MW compared to its historical value of 80,108 MW. The fact that the total
generation change was small is not surprising because the load was held constant. The absolute
increase in generation matched the observed increase in electricity consumed by line loss.
System losses increased because, during optimization, load was being met by lower-cost
generation that was farther away; flows between control areas within the MISO increased by
more than 2000 MW. Losses increased as electricity was shipped over longer distances,*® and a
small amount of extra generation was needed to cover these losses.

Although the net change in generation was not great from the base case to the competitive-
market case, the change in generation at some plants was large. Of the 558 plants that were
allowed to change power output, 304 increased production, 167 decreased production, and 87
experienced no change in production. The amount of change by plant, ordered by most positive
to most negative, is shown in Figure 2. The majority of coal-burning generators increased
generation whereas the majority of natural-gas generators decreased or experienced no change.
Table 3-1 summarizes the changes in generation plants by fuel type. Figure 3 and Figure 4 depict
the change in generation between the base case and the OPF solution for different fuel types, in
both MW and percent change per plant from the base case.

'8 Changing the pattern of usage of the transmission grid through centralized economic dispatch
will affect the formation of Electromagnetic Fields (EMF).

Transmission lines with increased flows will generally increase EMF, and lines with reduced
flows will generally decrease EMF.

11
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Figure 2. Generation Change in Redispatchable MISO Generators from Base Case to OPF Case,

July 7 Snapshot

Table 3-1. Generation Plant Output Changes from Base Case to OPF Case, by Fuel Type

% of Total | % of Total | Change in % plants | % plants % plants
# of Plants Capacity | generation with with No with
(that were | (that were (MWh) | Decreased | Change Increased
able to able to generation Generation
change) change)
Coal Plants 45% 66% 5,403 11% 9% 80%
Gas Plants 23% 10% -3,520 69% 22% 9%
Hydro/
Nuclear
Plants" 11% 10% 705 0% 17% 83%
Other
Plants® 21% 13% -2,504 44% 22% 34%

19 We assume the full rated capacity of units is available for dispatch to serve load, however
actual capacity available may be limited for operational reasons.
2% Includes petroleum, wood, and pumped storage.
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The geographic layout of these changes can be seen below in Figure 5 and Figure 6. The circles
represent existing NERC control areas® that are expected to participate in the MISO market, the
black lines represent power lines between MISO control areas, and the green lines represent
electrical connections between MISO control areas and control areas outside of the MISO
system. For the most part, the locations of the control areas on this map closely correspond to
their actual locations, but in some cases the geographic discontinuity of a control area, such as
Wisconsin Electric Power Company (WEC), is not represented on this map. This schematic map
will be used several more times in this text. These same explanations apply each time.

The first map, Figure 5, shows absolute changes in generation by control area; the second map,
Figure 6, displays the percent change in generation between the base-case historical and
optimized competitive-market systems. The absolute change in control-area generation ranges
from a roughly 1,000-megawatt (MW) increase (in the Detroit Edison Company area) to a more
than 1,800 MW decrease (in the First Energy area). The change in generation was concentrated
in the eastern part of the MISO geographical area. The percent change in generation is more
spread out than the absolute change; this value depends on how much capacity each control area
has to begin with; there is no geographic pattern to the variation in control-area capacity.

> 1,000 MW

oMW £
outside of MISO
<-1,000 MW

Figure 5. Absolute Change in Control-Area Generation between Historic System and Optimized
System

21 A few areas — Consumer Energy Company, Detroit Edison Company, and Montana-Dakota
Utility Company — are not distinct NERC control areas but were identified as separate areas in
our model.
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Figure 6. Percent Change in Control-Area Generation between Historic System and Optimized
System

The data displayed in the maps above are also shown in Table 3-2.

Table 3-3 shows the changes from the base case to the OPF redispatch in control-area imports
and exports. Because load is held constant in the OPF, the differences in generation and in
imports and exports are highly correlated. If generators increase production in a control area, this
extra power is exported; likewise, if generation decreases in a control area, more power must be
imported to meet the stranded demand. Small differences between the magnitude of change in
generation and interchange result from losses.

Power flows in the system changed along with changes in generation. As mentioned above,

system losses (and thus generation) increased because power was being shipped over longer
distances; flows between control areas within MISO increased by more than 2,000 MW.
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Table 3-2. Change in Control-Area Generation between Historic System and Optimized System

Control Area Base-Case OPF | Difference | Difference
Generation | Generation in in
(MW) (MW) [ Generation | Generation
(MW) %
First Energy 8,144 6,331 -1,813 -22%
Cinergy Corp. 9,328 8,886 -442 -5%
Wisconsin Electric Power 4,307 4,013 -294 -71%
Consumers Energy Company 6,337 6,047 -289 -5%
Central lllinois Light Co. 679 493 -185 -27%
Alliant East 1,589 1,485 -104 -71%
Ameren 10,704 10,622 -82 -1%
lllinois Power 4,270 4,205 -65 -2%
City WL&P-Springfield 398 372 -26 -71%
Wisconsin Public Service Coop. 2,089 2,065 -23 -1%
Allegheny Energy - Wheatland
CIN 0 0 0 0%
Duke Energy 0 0 0 0%
Allegheny Energy - Wheatland
IPL <1 <1 <1 -45%
Madison Gas & Electric Company 301 303 1 0%
Upper Peninsula Power Co. 148 156 8 5%
Southern lllinois Power Coop. 275 294 20 7%
Alliant West 2,343 2,366 22 1%
Northern States Power Co. 5,710 5,758 48 1%
Otter Tail Power Co. 1,276 1,328 52 4%
Montana-Dakota Utility Co. 144 204 60 42%
Southern Indiana Gas & Electric 1,456 1,673 217 15%
Indianapolis Power & Light Co. 2,564 2,832 267 10%
Minnesota Power Co. 1,140 1,413 273 24%
Hoosier Energy Rural Electric
Coop. 929 1,247 318 34%
LG&E Energy 6,230 6,625 394 6%
Northern Indiana Public Service
Co. 2,167 2,803 637 29%
Detroit Edison Company 7,582 8,671 1,088 14%

3.2 Variable System Operating Cost

Despite the slight increase in generation in the OPF case, system operating cost decreased
substantially as a result of optimization. The calculated system cost is not total cost because fixed
costs are excluded. By definition fixed costs are those (such as property taxes and long-term
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Table 3-3. Change in Control-Area Imports and Exports between Historic System and Optimized
System

Area Name Base Case OPF | Difference in | % Difference

Import (-)/ | Import (-)/ Exchange | in Exchange

Export (+) | Export (+) (MWh)

(MWh) (MWh)

First Energy -1,362 -3,179 -1817 133%
Cinergy Corp. -588 -1,039 -451 7%
Consumers Energy Company -253 -536 -283 112%
Wisconsin Electric Power -928 -1,210 -282 30%
Central lllinois Light Co. -415 -603 -188 45%
Alliant East -430 -534 -104 24%
Ameren 1,062 961 -101 -10%
lllinois Power 309 243 -66 -21%
City WL&P-Springfield 1 -26 -27 -2700%
Wisconsin Public Service Coop. -129 -142 -13 10%
Allegheny Energy - Wheatland
IPL -17 -19 -2 12%
Allegheny Energy - Wheatland
CIN -1 -2 -1 100%
Duke Energy 0 0 0 -
Madison Gas & Electric
Company -316 -315 1 0%
Upper Peninsula Power Co. -96 -89 7 -7%
Southern lllinois Power Coop. 63 85 22 35%
Alliant West -759 -736 23 -3%
Northern States Power Co. -1,566 -1,532 34 -2%
Otter Tail Power Co. -25 23 48 -192%
Montana-Dakota Utility Co. -270 -216 54 -20%
Southern Indiana Gas & Electric -77 134 211 -274%
Indianapolis Power & Light Co. 20 281 261 1305%
Minnesota Power Co. -162 106 268 -165%
Hoosier Energy Rural Electric
Coop. 340 651 311 91%
LG&E Energy 339 719 380 112%
Northern Indiana Public Service
Co. -1,040 -408 632 -61%
Detroit Edison Company -1,462 -377 1085 -74%

debt service) that cannot be affected by short-term changes in operations; these costs are not
relevant to short-term cost minimization. The difference in operating costs between the
decentralized base case and the centralized-dispatch optimized case represents the production-
cost savings that centralization would entail.
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Variable system operating cost was calculated in both the base case and the optimized case by
multiplying the generator cost (mainly fuel cost per MWh ) by the amount of generation.?
Because we did not have complete cost data for every generator (in particular, fixed cost
information was lacking), our calculated costs represent variable costs.

The total variable cost of production in the base case for the generators for which we had cost
data (which cover approximately 91 percent of MISO area load) was $1,440,574/h. There was a
decrease of $327,417/h in variable system cost between the historical case and the optimized
case, which amounts to about 20 percent of base-case variable system cost. This is a significant
decrease as a result of shifting to centralized competitive-market dispatch. The change is not
uniform throughout the MISO region, however. Table 3-4 lists the by control area. (Although
control areas do not have their traditional importance in the central-dispatch case, we use them to
organize the data geographically.)

The largest decrease in production costs occurs in the First Energy control region and is
consistent with the values shown in Table 3-2 and 3-3 that show the largest decrease in
generation and increase in imports. The majority of this large decrease in generation and cost
was at the petroleum units where fuel prices were nearly $4 more than at the coal plants in the
region. Some of the petroleum plants had significantly higher operating costs than other
generators in the area. Similar observations can be made for the other control areas. In the
Cinergy Corp. control area, the natural gas plants, whose fuel prices were high, decreased output.
The control area with the largest increase in system cost, Detroit Edison, owes most of this
increase to greater output at several coal plants.

°Z The generation costs were provided to us as cost curves, so the equation used to calculate
system cost was: (A + B*P + C*P"2 + D*P~3)*FC where A,B,C and D are constants; P is the
power output of the generator in MW; and FC is fuel cost.
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Table 3-4. Control Area Variable Operating Cost*®

Control Area Base Case OPF | Total Change | % Change
System System in System | in System
Cost ($/h) Cost ($/h) cost ($/h) Cost
Total | $1,440,574 | $1,113,157 -$327,417 -23%
First Energy $396,908 $195,287 -$201,621 -51%
Cinergy Corp. $159,317 $112,378 -$46,940 -29%
Ameren $135,515 $107,213 -$28,302 -21%
Consumers Energy Company $122,986 $98,595 -$24,391 -20%
Wisconsin Public Service Coop. $31,544 $21,553 -$9,990 -32%
Alliant West $34,560 $26,012 -$8,548 -25%
Alliant East $27,624 $20,658 -$6,966 -25%
Northern States Power Co. $50,880 $45,097 -$5,783 -11%
Wisconsin Electric Power $44,878 $39,849 -$5,029 -11%
lllinois Power $65,177 $60,679 -$4,499 -7%
City WL&P-Springfield $8,773 $4,848 -$3,926 -45%
Central lllinois Light Co. $11,897 $8,697 -$3,199 -27%
Montana-Dakota Utility Co. $4,152 $2,709 -$1,442 -35%
Southern Indiana Gas & Electric $21,573 $20,226 -$1,347 -6%
Indianapolis Power & Light Co. $36,727 $35,801 -$926 -3%
Hoosier Energy Rural Electric
Coop. $14,588 $13,730 -$858 -6%
Upper Peninsula Power Co. $2,404 $2,234 -$171 7%
Allegheny Energy - Wheatland
CIN $0 $0 $0 -
Duke Energy $0 $0 $0 -
Allegheny Energy - Wheatland
IPL -$14 -$8 $6 45%
Madison Gas & Electric Company $3,753 $3,770 $17 0%
Southern lllinois Power Coop. $3,566 $3,843 $276 8%
Otter Tail Power Co. $13,875 $14,447 $572 4%
Minnesota Power Co. $12,651 $14,759 $2,108 17%
LG&E Energy $95,454 $97,720 $2,266 2%
Northern Indiana Public Service
Co. $45,141 $55,033 $9,892 22%
Detroit Edison Company $96,643 $108,026 $11,382 12%

23 These values reflect production costs and should not be confused with the cost to serve control
area load. The cost to serve load is a sophisticated calculation involving imports, exports, the
allocation and treatment of financial transmission rights, and other transmission and
administrative considerations. We do not estimate the cost to serve load in this report.
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3.3 LMPs

Optimal power-flow algorithms, like the one used in this analysis, calculate LMPs at every bus
within the specified system, in our case MISO. The average, non-load-weighted LMP of the
entire system was $26/MWh. The average LMP of most individual control areas ranged from
roughly $14/MWh to $38/MWHh, with one area significantly outside this range at $59/MWh.

Table 3-5 lists these average LMPs along with measures of variation. Non-uniform LMPs within
a region indicate transmission congestion, and to a lesser extent, the effect of losses. As we will
note below, regions with significant differences in LMPs will have significant congestion
revenues. The geographic distribution of these average prices is shown schematically by control
area in Figure 7. The values in the map in Figure 7 range from an average LMP of $10/MWh to
$40/MWh, with darker colors indicating a higher average. The Northern Indiana Public Service
Co. (NIPS) control area is an exception, with an average LMP of $59. It is represented in Figure
7 as the large red circle to signify that it lies outside of the otherwise well-distributed range.

A outside of MISO

| CEVL
] I [
<$10 outside of MISO 4

Figure 7. Average Control-Area LMPs at All Buses within the MISO System
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Table 3-5. Average Control-Area LMPs

Area Name Marginal Cost Marginal Cost Coefficient of
Average Average Variation
($/Mwh) Standard (Standard
Deviation | Deviation/Average)
($/MWh)
Northern Indiana Public
Service Co. $58.58 61.25 105%
LG&E Energy $37.56 28.04 75%
Consumers Energy Company $34.72 2.28 7%
Detroit Edison Company $34.61 1.39 4%
First Energy $33.06 0.78 2%
Cinergy Corp. $31.30 13.55 43%
Hoosier Energy Rural Electric
Coop. $27.53 32.22 117%
Indianapolis Power & Light
Co. $27.21 1.77 7%
Duke Energy $25.14 0.00 0%
Allegheny Energy -
Wheatland CIN $24.27 0.00 0%
Allegheny Energy -
Wheatland IPL $23.25 0.00 0%
Southern lllinois Power Coop. $23.21 0.72 3%
Southern Indiana Gas &
Electric $22.76 3.60 16%
Ameren $21.76 2.29 11%
lllinois Power $20.22 2.66 13%
Montana-Dakota Utility Co. $19.28 1.37 7%
Upper Peninsula Power Co. $19.00 1.37 7%
City WL&P-Springfield $17.77 0.17 1%
Alliant West $17.64 0.99 6%
Northern States Power Co. $17.26 0.83 5%
Otter Tail Power Co. $16.39 2.38 15%
Central lllinois Light Co. $15.95 1.18 7%
Minnesota Power Co. $15.6