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Interconnection Regions
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ISO/RTO Generation Transmission Population States
gigawatts 1000 Miles millions

CAISO 57 26 30 1
ISO-NE 34 8 14 6

MISO 201 66 53 15
NYISO 41 11 19 1

PJM 165 56 51 13
SPP 66 51 15 6

ERCOT 70 40 23 1
TOTAL 634 256 205 43

Cover 70% of US load 
5/24/2016



ISO Principles
(for control area operators)

Non-discriminatory governance
No financial interest in market
Open-access transmission with single tariff
Rates promote efficient use of grid
Short-term reliability/relieve constraints 
Control of transmission facilities
 Incentives to be efficient

(Uniform price auction and marginal cost pricing)
Open information system
Coordinate with neighbors
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Market Design
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Market Designs Vary among RTOs
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Economic Dispatch
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Multiple Products and Markets
Day-ahead energy market
Real-time energy market
Forward capacity market
Financial transmission rights (FTR, CRR) auction 

market
Regulation market (capacity and mileage)
[Flexible Ramping Product]
Operating  reserves markets

• Spinning
• Non-spinning
• Replacement 
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Uniform Marginal Cost Pricing
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Two-settlements Energy Markets
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California ISO Market Timeline
Day Ahead Market (DAM)

10:00 13:00

DAM Process
Begins 

Clear the 
Market

Publish
Results
CMRI

Bids
Submitted

SIBR

T - 7 days

T-75min Beginning at midpoint of 
each 5min period

RTM Process
Begins 

Clear the 
Market

Bids
Submitted

SIBR

T-1 after 13:00

Real Time Market (RTM)

Receive 
Dispatches

ADS

Triggers the  
Real Time 

Market

Applications:
• SIBR - Scheduling and Infrastructure Business Rules
• CMRI – California ISO Market Results Interface
• ADS – Automated Dispatch System
• SLIC – Scheduling and Logging for ISO of California – Outages
• MRI-S – Market Results Interface-Settlements

Settlements
MRI-S
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Typical Daily Scheduling
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Why Two Settlements
 Reduces incentive for real time price 

manipulation through physical 
withholding and deviation from 
schedule (forward markets mitigate 
market power)

 Provides ex-ante price signals for 
demand response

 Provides a stable spot price for 
settlement of long term bilateral 
contract

 Improves reliability through economic 
deviation penalty (day ahead dispatch 
is financially binding with RT prices 
setting deviation penalties) 

DA

RT
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Two Settlements Mitigate Market Power

Price

Quantity

Residual demand = 
Total demand – Supply by Others

Marginal Cost

Q

P

∆𝑃𝑃

C

∆𝑄𝑄

F

∆𝑃𝑃𝑃𝑃𝑃𝑃 = ∆𝑄𝑄𝑄𝑄(𝑃𝑃 − 𝐶𝐶)

Fixed Price Contract Quantity
Q

P
∆𝑃𝑃𝑃𝑃(𝑄𝑄 − 𝐹𝐹) = ∆𝑄𝑄𝑄𝑄(𝑃𝑃 − 𝐶𝐶)
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Unit Commitment Optimization - MIP 
(Solved for 24 hours in Day Ahead market)

Decisions (financially binding): 
on/off , output level and compensated reserves for each unit in each of 24 
hours + locational marginal energy prices and reserve prices for each node 
and hour

Minimize Σ (fuel cost + no-load cost + startup cost) 

s.t.
 Load balance constraint at each node
 Unit output constrain for each generator
 Unit ramping limits for each gen
 Unit min up time and min down time for each gen
 Transmission constraints (DC approximation with thermal proxy 

limits)
 Reserves margin requirements 
 Contingencies (n-1)

(Cost and constraints data provided as offers in day ahead auction)
5/24/2016



Offer Structure in DA Market

MW

$

No Load Cost

Min Load Cost

Min Load

+
Start Up Cost

Ten Segment Supply Function
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Scale of Day Ahead Market Clearing
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Improving accuracy of Mixed Integer 
Programming reduced annual operating 
costs by estimated $23 million 
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Bid Cost Recovery (BCR) Uplift

 Generation units submitting bids (startup, no-load and 
variable energy cost) in the day ahead market, are paid only 
for market clearing energy awards according to the hourly 
LMP at their location but are guaranteed not to loose money 
over the 24 hour period.

 If a unit committed by the ISO in the day ahead market 
does not cover its total (as bid) commitment cost with its 
energy revenues, then the ISO will make up the shortfall as 
a BCR payment which is uplifted to load.

 In 2013 the California ISO paid $33 million BCR payments 
out of a total $10.7 billion total annual cost (0.3%)
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Power Flow Optimization (every five minutes) and 
Locational Marginal Pricing (LMP) For Generators that are 
Running and Synchronized

Decisions:
Price of energy (LMP) at node i = Marginal cost of energy at the 

node Calculated as the dual variable to energy balance 
constraint for the node in a linearized Optimal Power Flow 
approximation (DCOPF)  
 Minimize  Σ (Generator Fuel Cost)
s.t. 
• Energy balance (net supply = load at each node)
• Generator limits (including dynamic limits such as ramp rates)
• Transmission Constraints (AC model with voltage and thermal 

limits)
• Reserve requirements

(Cost curves and generator limits data provided as offers in real time 
auction every 15 minutes) 5/24/2016



LMP / Congestion Example

• Marginal value of transmission = $10/MWh  (=$50 – $40)
• Total congestion revenue = $10*26 = $260/hr
• Total redispatch cost = $130/hr
• Congestion cost to consumers: (40*106+50*64) – (45*170) = 7440 – 7650 = –$210/hr

~
West East

~
Limit = 26 MW

80 MW 90 MW

PW

Q1
106   120

45
40

Q1
50   64

50
45

PE

Key: Prices/Supplies under 26 MW limit
Prices/Supplies with no transmission limit
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Locational Marginal Prices with Loop flow

LMP3
= 2x45 - 1x30 
= 60

3
300 MW

<300 MW

100

45

MW

$/MWh

400

30

MW

$/MWh

500

60

MW

$/MWh

2

1

1/3

2/3
G1

G2

L3=0 +1

-1

-2/3

+2

+2/3

LMP is the price of serving one more MW at a location 
without violating flow limits
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𝑞𝑞𝑖𝑖 + 𝑟𝑟𝑖𝑖 = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖 ,      ∀𝑖𝑖 ∈ 𝑁𝑁 
              ∑ 𝑟𝑟𝑖𝑖𝑖𝑖∈𝑁𝑁 +  𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 0  
 −𝐾𝐾𝑙𝑙 ≤ ∑ 𝐷𝐷𝑙𝑙 ,𝑖𝑖𝑟𝑟𝑖𝑖 ≤ 𝐾𝐾𝑙𝑙 ,𝑖𝑖∈𝑁𝑁  ∀𝑙𝑙 ∈ 𝐿𝐿 
 𝑞𝑞𝑖𝑖 ≤ 𝑞𝑞𝑖𝑖 ≤ 𝑞𝑞�𝑖𝑖 ,         ∀𝑖𝑖 ∈ 𝑁𝑁    

Electric Power Network
 𝑁𝑁 = the set of buses 
 𝐿𝐿 = the set of transmission lines 
 
(MW = Megawatt) 
 
𝑞𝑞𝑖𝑖  MW output of the plant at bus 𝑖𝑖 
𝑟𝑟𝑖𝑖  MW import/export at bus 𝑖𝑖  

(import = +) 
 
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖  MW fixed load at bus 𝑖𝑖  
𝐾𝐾𝑙𝑙  Rating of transmission line 𝑙𝑙 (MVA) 
𝐷𝐷𝑙𝑙 ,𝑖𝑖  PTDFl,i of line 𝑙𝑙 with respect to  

a unit injection at bus 𝑖𝑖 and  
a unit withdrawal at the slack bus 

𝑞𝑞𝑖𝑖  Plant 𝑖𝑖’s must-run limit (MW) 
𝑞𝑞�𝑖𝑖  Plant 𝑖𝑖’s maximum capacity (MW) 
 
 

loadi

qi
ri

≤ Kl1

≤ Kl2
i
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Measuring Social Welfare

Quantity (MWh)

Marginal cost curve

Local 
Production = q

Production cost C(q) Local 
Consumption =   q + import  r

Inverse Demand Function (WTP) - P(q)

Benefit

Price  ($/MWh)
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DC- Approx. Optimal Power Flow (DCOPF) 
Maximizes Net Benefit (or minimizes as bid cost)
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KKT conditions for the DCOPF problem
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Over-generation, congestion and no storage 
capability can lead to negative prices
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Example of DA-RT Price Spread

5/24/2016



Convergence (Virtual) Bidding (CB)

CB enables market participants to opt for RT prices instead of DA 
prices. It Also increases market liquidity by enablein participants with 
no assests to take positions arbitraging the DA-RT spread 
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Typical Submitted and Cleared CB 
Volumes
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Convergence bidding volumes and 
weighted price differences Q4 2014
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Empirical Profitability of Arbitrage (Market Inefficiency) Before 
an After Instituting CB (CVaR constrained portfolio optimization) 
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Financial Transmission Rights (FTR) Market

 Under LMP Participants in wholesale spot market or 
bilateral contracts paying congestion charges are exposed 
to the LMP difference between the injection and withdrawal 
nodes

 FTRs were designed to hedge transmission service 
customers against congestion charge ( nodal price 
differences) risks

 FTRs are defined as LMP swaps between each pair of 
nodes and are settled based on the realized nodal price 
difference (to offset congestion charges)

 FTRs are available as options or as two sided contracts 
which may become a liability when the path is opposite to 
the direction of the actually congested flow 

 Auction conducted monthly for new FTRs and for trading of 
outstanding FTRs
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FTR Auction (ERCOT)
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72 Periods Optimized Simultaneously = 1300 Hours

Year One Year Two

Initial design had 72 time slices (24 monthly          
blocks divided into 3 time blocks

Bids (and offers) can cover any subset of the 
72 products

Clearing mechanism maximizes auction 
revenue subject to simultaneous feasibility  
test  (SFT) in every time slice

SFT ensures that physical grid could support 
physical exercise of all outstanding FTRs 
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Simultaneous Feasibility Guarantees Revenue 
Adequacy (congestion revenues cover FTR settlements )
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LMP + FTRs Supports Renewables 
Penetration and Sharing of Transmission

$5/MWh
when available

$30/MWh

LMP=$60/MWh
Thermal unit owns FTRs

LMP set by marginal 
MW produced Without wind, Thermal Gen earns 60-30=$30 per MWh

exported over transmission lines and its FTRs offset 
congestion charges. 
With wind, Thermal Gen has incentive to let wind 
maximize output and set LMP to $5/MWh and collect 60-
5=$55 per MWh exported over the transmission line for 
its unused FTRs. Wind can be subsidized by “use it or 
loose it” FTR awards to offset congestion cost5/24/2016



Ancillary Services
Automatic Generation Control (AGC) – Regulation 

(Up/Down)
Payment for capacity and performance payment for 

“mileage” (FERC Order 755)
Flexible Ramping
Opportunity cost payment based on energy bid

Reserves with varying different response time
Spinning (synchronized) Reserves - Spin
Non-spinning (non-synchronized) Reserves
Replacement Reserves 

Voltage Support
Black Start Capability

Payment for
capacity

Payment per
contract
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Cost Components (California)
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33% RPS --- Cumulative expected VERs build-out 
through 2020
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2013 2014 2015 2016 2017 2018 2019 2020

Solar Thermal 419 792 1,167 1,167 1,717 1,917 1,917 1,917 1,917
Solar PV 1,345 3,022 4,693 5,445 5,756 6,628 7,881 7,881 8,872
Wind 5,800 6,922 7,058 7,396 7,406 7,406 7,877 7,877 7,934

M
W

33% RPS --- Variable Resources Expected Build-out Through 2020

IOU Data through 2017
and RPS Calculator
beyond 2017

Source: California ISO5/24/2016



The Duck Chart
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Ramping need

Forecasted

Upper limit

Lower limit
Net system demand  at t

t+5 (advisory interval)t (binding interval) Time

Net system demand

Real upward 
ramp need at t

Real downward 
ramp need at t

Ramping need:
Potential net load change from interval t to interval t+5 
(net system demand  t+5 – net system demand t)

Existing dispatch: 
meet net load forecast

Flex ramp: meet a range 
of future net load

Source: California ISO5/24/2016



Ramp Reserves Captures Potential Future 
Interval Variation in Current Dispatch

Source: MISO White Paper5/24/2016



Flex ramp and regulation

tt-7 t-22

RTUC (15-minute) 
ancillary services procurement
flex ramp procurement

RTD (5-minute)
flex ramp 
re-optimization

AGC (4-second)

Pre RTD uncertainties: 
Load forecast change,
VER variation, outage,

…

Post RTD 
uncertainties:
Load deviations,
resource deviations,

…

Covered by regulationCovered by flex ramp
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Flexible ramping product
 What is flexible ramping product?

 Ramping capability between market clearing intervals
 Why ramping capacity is important?

 The future load and renewable generation may change faster than 
the fleet ramping capability

 Benefits of flexible ramping product
 Improve system reliability 

Increase real-time ramping capability to meet net load 
movement between intervals

Reduce power balance violations due to ramping shortage
 Improve market efficiency

Produce transparent energy and ramping prices
Reduce real-time price volatility

 Accommodate increasing penetration of variable energy resources
 Incentivizes and values flexible capability
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Modeling flexible ramping
 Any resource that is 5-minute dispatchable by the ISO can provide flexible 

ramping
 Upward and downward ramping constraints

 Ramping constraints in the same granularity as the market clearing 
interval: DA 60-minute, RTUC 15 minute, RTD 5-minute

 Co-optimized with ancillary services and energy
 System wide flex ramp requirements in the up and down directions
 Total upward awards including energy, regulation up, spin, non-spin, and 

flex ramp up for a resource should be less than or equal to its Pmax
 Total downward awards including regulation down and flex ramp down for 

a resource should be greater than or equal to its Pmin
 Two settlement system for flex ramp

 day-ahead flex ramp settled at day-ahead price
 difference between RTD flex ramp and day-ahead flex ramp is settled at 

RTD flex ramp price
 Flex ramp is paid lost opportunity cost (if any) for not producing energy 

while it is “in the money”
5/24/2016



Market Power

Should we Worry About it?
Mitigation Approaches.
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Market Power Mitigation Options

Hear No Evil, See No Evil, Speak No Evil
Let antitrust folks take care of it
Punitive Ex-post enforcement (The Antitrust Approach) 
Watch, Report and ?
Return to Cost-of-Service (Regression Therapy) 
 Price Caps and curtailments
 Long-term contracts with price caps
 Divestiture (the Big Stick)

Must offer with bid caps and Default Energy Bids (DEB)
 Structure based mitigation
 Conduct and impact based mitigation
(Both approaches approved by FERC as consistent with the “just and 
reasonable “rates criteria)
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Market Monitoring
• Each ISO has a Market Monitoring unit (either internal or external) 

which is paid for by the ISO but is independent and reports to 
FERC.

• Functions of the Market Monitoring unit
• Conducts ongoing empirical analysis of market data
• Publishes quarterly and annual report on the state of the market
• Submits opinions to the ISO staff on market design modifications
• Develops (subject to FERC approval) and implements market mitigation 

protocols including dynamic screening and mitigation of energy bids, and 
price caps on various bid components.

• Monitors participants’ behavior in all ISO markets and files complaints with 
FERC enforcement division if they detect price manipulation attempts. (in 
2013 JPMorgan settled an electricity market manipulation case with FERC 
for $410 million penalty) 
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Pre-day-ahead markets 
 For transmission rights: CRT/TCC/TRCs/FGRs 
 For generation capacity/reserves (ICAP) 
Market power mitigation via options contracts

Day-ahead market for reliability
 Centralized, bid based security constrained unit commitment
 Reliability unit commitment 
 Bid cost recovery (make whole payments)

Simultaneous nodal market-clearing auctions for energy, ancillary 
services and congestion
 Allow multi-part bidding
 Higher of market or bid cost recovery 
 Allow self scheduling 
 Allow price limit bids on ancillary and congestion

Real-time balancing myopic market
Markets are locational (nodal-based) marginal price (LMP)
Market power mitigation (structure-based or conduct and Impact)

SMD – Standard (Successful) Market Design
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Questions?

http://www.ieor.berkeley.edu/~oren5/24/2016

http://www.ieor.berkeley.edu/%7Eoren
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