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Presentation Outline

A Complexity of largecale institutions

A How might agenbasedmodelingenable pretesting
of institutional arrangements prior to implementation?

A Adventures in agerbased testbed development for
U.S. electric power markets

AMES= Agent-basedModelingof Hectricity Systems

A lllustrative findings




Complexity of
LargeScale Institutions

Modern societies depend strongly on largeale institutions for
the production and distribution of critical goods and services s
as energyhealth care, education, & financial credit

Institutional outcomes depend in complicated ways on

| Rulesgoverning participation, operation & oversight

| Structural restrictionson feasible actions

| Behavioraldispositionsof human participants

To be useful and informative, institutionstudiesneed to take
proper account of all three elements.



Can AgenBasedModeling (ABM) Help?

ABM tools are designed to handle complex systems.

ABM tools permits researchers to constriiest bedsin the
form of computational virtual worlds

Starting from usespecified initial conditions, world events are
driven entirely byagent interactions.

Agentscan range from structural and institutional entities with
no cognitive function (e.g., transmission grids and market
protocols) to sophisticated decision makers capable of
communication and learning (e.g., electricity traders).



ABM and Institutional Design

Key |SSUE Does a proposed or actual design enseifficient,
fair, and orderly sociabutcomes over timedespite possible
FGaSYLIWia o0& LINIODAOALIVYGa 02
with their own objectives?

ABM Approach:

1 Constructanagent-based test bedapturing salient aspects of
the institutional design.

1 Introduce selinterested cognitive agentsvith learning

capabilities Let the world evolve. Observe and evaluate the
resulting outcomes.



Concrete Example:
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Project Context

C InApril 2003the U.S. Federal Energy Regulatory
Commission (FERC) proposed that all U.S. wholesal
power markets adopt a market design whrticular
corefeatures.

G As of 2009, over 50% of U.S. generation capacity nc
2LISN) 0Sa dzy RSNJ az2yYS @I NJ
power market design.
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() Market to be managed by andependent market operator
(no ownership stake)

0 Two-settlement system:Concurrent operation of daghead
(forward) & realtime (spot) markets

() Grid congestion managed JViacational Marginal Pricing (LMP),
the determination of a separate price at each grid location whe
power is injected or withdrawn

() Oversight & market power mitigation by outside agency

C Has led in practice to complicated systems difficultdoalyze
by standard analytical/statistical tools !
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Our Project Goals

C Develop aragent-based test bedhat captures core features
of the FERC wholesale power market design

C Use this test bed to systematically explore dynamic
performance under the FERC market design, using Midwest
(MISO) and New England (ISB) as main case studies.

C Use this test bed to systematically explore new and/or
modified market design features

C Use this test bed to encourage ongoing communication
among researchers and power industry stakeholders




U.S. Wholesale Electric Power Transmission Grid
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Regions Operating Under Some Version of FERC Design
https:// www.ferc.gov/industries/electric/indusct/rto/rto -map.asp

Alberta Electric

System Operator
(AESO)

Independent Electricity
System Operator

_MISORTO

NerCoNNECtion

Platts POWERmap, November 2008 \ REQONAL TRANSMISSION ORGANIZATIONS 1




Midwest (MISO) Realime Market
Hub Prices and Fixed Demand: 2006
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RealTime Market Prices for Power in MISO
April 25, 2006, at 19:55
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CAGS ahydzi$a

Now $41.57, a 73% drop in price in 5 minutes!
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RealTime Market Prices for Power in MISO

September 5, 2006, 14:30
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Complicated Organization of a Typical U.S.
Wholesale Power Market Operating Under FERC Design
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AMES Market Test Bed:
Target Features and Release History

A Research/teaching/traininggrade test bed
(2-500 pricing nodes)

A Operational validityé G &aAYLIX S o6dzi y20 022 &
A Permitsdynamictesting withlearning traders

Permitsintensive experimentatiorwith alternative scenarios

>

Free opensource Java implementatio(full access to code)

>

Flexible & modulareasy to modify test bed features)

>

A V1.31 releasedlEEE Power & Energy Soc. Gen. Meeting, 2007)
A V2.02 releasedlEEE Power & Energy Soc. Gen Meeting, 2008)

A V3.0 in progress
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AMES Market Test Bed:
Flexible and Modular Architecture

E

E

E

Market protocols & AC transmission grid structure

n Graphical user interface (GUI) & modularized class strucpeemit easy
experimentation with alternative parameter settings and alternative
Institutional/grid constraints

Learning representations for traders

n Java Reinforcement Learning Modul@ReLN

n 6foolbo¥ LISNXYAGGAY3I SELISNRAYSY(GlFGAz2Y
of learning methods (RotErey Temp DifffGf ST N Ay I X X 0

Optimal power flow formulation
n Java DC Optimal Power Flow Module (DCOPRJ)
n Permits experimentation with various DC OPF formulations

Output displays and dynamic test cases
n Customizable chart/table displays &bis/30-bus test cases
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AMES Market Test Bed Graphical User Interface (GUI)
Tool Bar and Menus for Data Input and Output Displays
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AMES Architecture: Current Implementation
(based on business practices manuals for MISOHSE)

o Traders i Independent System OperatqiSO)
A GenCogsellers) A System reliability assessments
A LSEgbuyers) A Dayahead scheduling viaid/offer based
A GenCdearning abilities optimal power flow (OPF)

A Realtime dispatch
i Two-settlement system

A Dayahead market (double auction, financial contracts)
A Realtime market (settlement of differences)

i AC transmission grid

A Generation Companie$senCops & LoadServing Entities (LSES) located ¢
various transmission buses

A Grid Congestion managed \iacational Marginal Pricing (LMP)
determined by ISO via bid/offdrased OPF.
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Activities of ISO During Each Operating Day D:
Timing Adopted from Midwest ISO (MISO)

00:00
Day-ahead market
for day D+1
(ISO collects bids/offers
from LSEs & GenCos)
time
(spot) 11:00
S ISO evaluates demand
o bids and supply offers
day D 16:00
ISO solves D+1 DC OPF
and posts D+1 dispatch
and LMP schedule
Reaitime 23:00
settlement Dayahead settlement




Day-Ahead Market Data Flow
for AMESGenCosLSEs, and ISO

GenCos

Submit Supply
Offers

Receive LMPs/Dispatc

Learn from Results &
Update Supply Offers

N

LSEsS

Submit Demand
Bids

ISO
DayAhead Market

Clear Bids/Offers &
Publish LMPs/Dispatck

—

—>| Receive LMPs/Dispatc

N
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Form of LSE Demand Bids

E Hourly demand bid for each LSE j

S/MWh
Fixed+ PriceSensitive Demand Bid

A Fixeddemand bid ";(MWs)

A Pricesensitivedemand bid
= Linear demand function for
real powerp3; (MWSs) over
a purchase capacity interval:

Demand Bid for LSE]j

_ pF 5
})LJ' - PLJ' +PLJ'

D(p3) =¢ - 2d p3; —

L i Power

0 < P < SLMax,

n p3 X SLMax
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What do AMESsenCod. earn?
Hourly Supply Offers for the Dahead Market

A Supply offer for eaclicenCa =reported linear marginal cost
function over aeported operating capacity interval for real power
Pgi(in MWSs):

MCi(pg) =a + 20§ pg;
Cap- K pg XK Cag®

GenCogan strategically report highghan-true marginal costs
and/or lowerthan-true physical capacity.
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GenCoh Qa ! OGA2Z2Yy 52°

(Collection of possible reported marginal cost functions
MCRover possible reported operating capacity intervals)

$/MWh Reported MC Curve
4 MC™ = g™ +2 KO

I R, L
' True MC Curve

K

' Reported | True Cap
Cap\ | /_ .

0 Cap" 'CapRU CapU Power( QI)
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AMES(V2.02) GenCodJse
VRE Reactive Reinforcement Learning

choose

update normalize

Action Choice a; Choice Propensity g, Choice Probability Prob,

Action Choice a, ||~ Choice Propensity g, II# Choice Probability Prob,

Action Choice a, Choice Propensity g, Choice Probability Prob,

A EachGenCanaintains action choice propensities g, normalized to action choice
probabilities Prob, to choose actions (supply offers). A good (bad) reyfmactiona,
results in an increase (decrease) in bgtland Proh.




DCOptimal’Power Elow (OPF)-Maodule for AMES(V2.02)

GenCogseport hourly supply offers and LSEs report fixed &
price-sensitive hourly demand bids to ISO for dajnead marke

Minimize LSE gross buyer surplus
GenCareported ! R R, /
total variable costs D _laibei + bipdy] Z[CJPLJ d; pﬁj I+ 7| D [6 —dul ]
=L kmeBR
w.r.t. P, 1=1,....1; pij jg=1,...,J; dp, k=1,.... K
Subject to
Y pei — > (pr; + pE;) — > Brm [0k — dm] =
il JEJx kmormk € BR  w .
Bim [0k — 0m]| < PV ™~ Shadowprice for
sensitive demand Capf < pai < Cﬂ-PiR ; constraint gives
0 < pij < SLMax
Operating capacity 5~ 0 ¥~ Purchase capacity
: . 1= interval for LSE |
interval for GenCd

D=2
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lllustrative Experimental Findings
Using AMES(2.02)

B) H.Li, J. Sun, and L. Tesfatstod, SLI N} A2y | yR =2¢ I {
t NAOSa&a Ay wSailNXzO G dzNFB Rorkdné gapetinigrofyréss.

(Preliminary Published VersiorProceedings IEEE Power & Energy Society General
Meeting, Pittsburgh, July 2008)

B Focus:Dynamic LMP response and spatial EGEhCasupply
offer correlations under a range of treatments:

@ price-sensitivity of LSE demand bids [0 to 100%)]

@ learning capabilitiedabsent or present]

@ supply-offer price cap[none K ), high, moderate, low]
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5-Bus Transmission Grid Test Case
(used in many ISO business practice/training manuals)

CAQOGS LI2oSN aStft SNA DmMZIXZIDp YR KNF

LSE 3
Bus 5 Bus 4

_

Bus 1 Bus 2 Bus 3

GD G2 se1 G932
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Benchmark Case:

100% fixed demand, n@GenCdearning,

and no supplyoffer price cap

Fixed Demand (MWSs)
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Daily LLSE Fixed-Demand (Load)Profiles
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Initial Learning Calibration Experiments:
GenCax{ 4SS0 {LIR0G¢ [ S

(red C highestnet earnings)

beta=100| beta=350| beta=10 beta=2 beta=1\ beta=1/2

alpha=1

alpha=1/2

alpha=1/4

alpha=1/10

alpha=1/24

07056 o

A heat-map depiction of average daily net earnings

(Avg DNE) outcomes under alternative (a,[3) VRE

learning parameter combinations. a1




Relative DemaneBid Price Sensitivity Measure R from R=0.0 (O¢
to R=1.0 (100%])llustration for R=0.33

MPTD;(H) MPTD;(H) = Maximum potential total

demand in hour H for LSE j
60 MW

l = Fixed demand p FLJ-(H) in hour H
for LSE j

SLMaxj(H) = Maximum potential

30 MW price -sensitive demand in hour
H for LSE |
20 MW
R = SLMax j(H)/MPTD j(H):20/6O
10 MW = 10/ 30 = 0.33 for
Hours H

IIIIIIIIII

00 01 02 eeeeeeeeee 23
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Lerner Index (LI): Measure of Market Power

@ The LI for any GenCo i supplying a positive amount of power

P_. is defined as follows: Given binding capacity
constraint onGenCa,
/ can have_| > Owithout
LI;(Pai) = [LMP;;M B MCE'(PGI')} exercise of market
LMPy (4 power byGenCad.

@ Typically, LI measures are calculated on an hourly basis.

@ Ll is commonly used as a measure of Market Power, defined
for a GenCo as ability to affect market price in its own favor.
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Average LMP and LI Levels as Demdid Price Sensitivity Varies from R=0.0 (O
to R=1.0 (100%),With & WithousenCd_earnng

Avg LMRlocational marginal price) Avg LI (Lerner Index)

12000
10000 \
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\ 030
50.00 035 \

0.50

—~

\A
Vv

0.35

020
i 0.15
20.00 i
0.05
000 R ) 44— R
000 010 020 030 040 050 060 070 08 090 1.00 000 010 020 030 040 0S50 060 070 08 090 100
~4=AvgLMP (No Learning)  =Hll=Ave LMP(With Learning) ~4-AvgLl(No Learning)  =fl=AveLI(With Learning)
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LMP Results with Pric&ensitive Demand Bids
(no supplyoffer price cap, with/without GenCdearning)

P BOTTOM LINE:

Even with 100% priesensitive demand bids (R=1),
averageprices are much higher undésenCdearning !

B) NEEDED:

Active demanaside biddingfrom LSEs reflecting
better integration of wholesale/retail markets
Countervailing poweiactive supply AND demand
offers at wholesale level) could result in more

competitive pricing.

35



Average LMP Under Varied SupgBffer Price Caps
(with 100% fixed demand and witkeenCd_earning)

Avg LMP (locational marginal price)
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AvgLMP Volatility/Spiking Under Suppi@ffer Price Caps
(with 100% fixed demand and witkbenCdearning)

0.00

700.00 -
600.00 -
50000 1~
40000 1
30000 1~
20000 1

100.00

No PCap
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® Volatility

W Spiking
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Results for Varied Suppl@ffer Price Caps
(with 100% fixed demand and witkbenCdearning)

P BOTTOM LINE:

Supplyoffer price caps can lead tocreased.MP

volatility/spiking and inadequacy events (S<D)
especially around peak demand hours, even though
Average LMP declines!
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Daily LSE Fixed Demand (Load) Profiles:

Four Selected Hours for Cre€orrelation Studies

Fixed Demand (MWSs)

475
450
425
400
375
350
325
300
275
250
225
200
175

peak H17

Shoulder H11 ‘

Shoulder H20

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23

Hour
—e—LSE1 at Bus 2 —=— | SE2 at BUS 3

LSE3 at Bus 4
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5-Bus Transmission Grid:
LargestGenCo= G5; Next LargestenCo= G3

LSE 3
Bus 5 Bus 4
t
600 MY Gap @
200 MW Cap
S I
Bus 1 Bus 2 Bus 3
/ @ 1se1 &3 se?
N 7
110 MW Cap 100 MW Cap 520 MW Cay] 0




Correlations amongsenCeReported MC and Bus LMPs

with 100%fixed demand andGenCdearning
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Correlations among Bus LMPs
with 100%fixed demand andGenCdearning
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Correlations among Bus LMPs with 10@¥ice-
sensitivedemand andGenCdearning
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MISO LMP Correlations between MidAmerican Energy
Region and Neighboring Rems
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TABLE XX1
LMP CORRELATIONS BETWEEN THE MIDAMERICAN ENERGY iMEC) BALANCING AUTHORITY AND
NEIGHEORING BALANCING AUTHORITIES FOR THE MISO Day-AHEAD AND REAL-TIME MARKETS

[ [[ DA EIZ008) T DA TWEI00EY T DA (REZ008) T DA OTTZ00E T KT (&172008) T ET 8272008 T KT (3372008 T BT wi2008) ]

MEC-ALTW.MECE (IR LR LL54Y JIEEd L1544 U5/ IEJE! LILIE
MEC-MPW 0.996 1.994 [.99% 00 .99 0.970 0.973 00
MELU-OPPD 1000 1. 000 NEEE] LN 11996 IR 04973 LI
MEL-NPFL .55 [EER! IEEK] EELS 983 0.930 IR LI







