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ergy and reserves to
— High shortage price (e.g., $5,00
— Nodal pricing to reflect : ty
* Pretending no cong e

Day -ahead (posted-4pm).and ry hour. time) market Over o
Financial market with physical report of plans = TESId Pow
— Network and resources modeled for unit commitment (mixed-integer non-convex optimization)
—  Co-optimize energy and reserves to maximize as-bid social welfare subject to network and resource constraints
— Intraday: re-optimize every hour to reflect current system state

*  Rolling intraday settlement - b
— Nodal pricing to reflect scarcity at time and location '
*  Forward energy market (48 months to 1 day ahead) o -
—  Purely financial market [ —;______.-—__,_:*;"'-,‘

— Network and resources are not modeled . a
— Product is delivered energy in some future hour (MWh)

— Delivery point may be an aggregation of withdrawal nodes into a load zone (as in done today in all markets)
—  For risk management, operation, and investment (resource adequacy)







Demand-side
innovation is
impossible

Prices cannot
reflect local
scarcity

e Monopoly
utility has no
incentive to
add dynamic
rates

¢ |[nnovative
service
providers offer
dynamic rates
creating value
for EV owners



Transparent forward prices updated hourly with ample liquidity
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Reliability

-

Electricity system's ability to satisfy 100
percent of demand

(. .
Measures frequency, duration, and
magnitude of shortage events

e system average interruption duration
e system average interruption frequency

(" .

Outages are short and localized, caused by
routine events that cause demand to spike
and supply to drop

\. Failure of large units on a windless hot summer day

Resilience

r

A system's ability to be robust to a wide
range of environments

L

{ )
Events are rare and involve systemic failure
of many elements

& Cyber attack, extreme cold, etc.

s

Drop in supply and spike in demand
triggered by the same event

;
Events are system-wide, long in duration,
and have implications for other critical

infrastructure.
\_




Eléctricity crises in North America and Europe since 2000

Resiliency'event » California 2000-2001: arid year, unhedged utilities
Resiliency event -~ Northeast 2003: poor tree trimming, software bug
Resiliencyievent » Texas February 2021: cold snap, electric heat, little gas
Resiliencyievent» Europe 2022: Russia’s invasion of Ukraine, poor hedging

Traditional resource adequacy eliminates none of these events!



Resilience
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Winter Storm Uri, February 2021

“We find no systematic treatment of the costs of K
extreme weather and other hazards, the benefits of o,
resilience, and resilience metrics in planning analyses”
—Carvallo et al. Berkeley Lab report on resource
adequacy assessments, June 2023



Customers on dynamic rates respond to price, Britain 2020-21
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Emmanuele Bobbio, Simon Brandkamp, Stephanie Chan, Peter Cramton, David Malec, and Lucy Yu,
“Resilient Electricity Requires Consumer Engagement,” Working Paper, University of Maryland, August 2023.
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Low-carbon technologies increase price response
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“Resilient Electricity Requires Consumer Engagement,” Working Paper, University of Maryland, August 2023.
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Price-responsive demand improves resiliency
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Unresponsive

What if 44% of Texans responded demand
to the electricity price in crisis?

A normal weekday at 8 am
on a cold Texas day in February
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(February winter storm)
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System Operator Mission + Translation




Why the system operator
should conduct the market

Zero transaction costs (included in existing fees)
Complements day-ahead and real-time markets,
emphasizing transparency and efficiency
Leverages information already maintained by
system operator

Accommodates many products

Allows parties to manage climate goals or
jurisdiction-specific requirements

Allows system operator to establish highly
optimized collateral requirements that would
maximize the resiliency of the market to systemic
events with minimal collateral based on deviations
from balanced positions

Addresses resource adequacy, eliminating the need
for a capacity market

e Modest LSE obligation to buy coordinates trade




Key features

e Flexibility to e Reduces risk and e Easy participation
trade consistent market power with effective
with needs and e Robust clearing trade-to-target
capabilities prices strategies
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Forward
energy market

Derivative of day-ahead energy (hourly)
Monthly forward energy (up to 48 months forward)
— Hourly, weekday or weekend, load zones

Hourly forward energy (up to 30 days forward)
— Hourly, load zones
— Could also include hourly reserves by load zone
Flow trading (Budish-Cramton-Kyle-Lee-Malec)

— Persistent piecewise linear net demand for any product portfolio
(rate of trade in MW as a function of price)

— Cleared hourly
— Unique prices and quantities, trivial computation

Single key mandatory element

— Load-serving entity obligation to buy expected demand increases
from 0% 48 months ahead to 100% 1 month ahead

Conducted and settled by the system operator
Transparent forward pricing and positions

Flexible way to manage risk, operation, and investment
— Participant moves smoothly from current position to target

16



Many benefits

Transparent and efficient forward prices to guide investment and
operation of resources

Flow trading allows fine granularity of time and space, encouraging
resource flexibility when and where needed

Finer product granularity works from computation, liquidity, and
behavioral perspective

Renewable Energy Certificates allow efficient management of
jurisdictional renewable requirements

Replaces contentious capacity auctions and capacity requirements with
better instrument

Estimates of capacity value used for resource adequacy assessments, not
for administrative accreditation of resources, encouraging resource
innovation and avoiding costly accreditation fights

Embraces rapid resource innovation through technology-neutral rules
and payments

Resources are rewarded for their system value; the playing field is level
and transparent



Many benefits

Few administrative parameters; the key parameter is the value of
lost load, a parameter that becomes less critical as improved
flexibility reduces shortages

Detailed information to better understand and manage resource
adequacy; forward price information improves analysis in
resource adequacy assessments

Readily extended to intraday (rolling settlement) to improve
operational incentives and efficiency

Participants express preferences and trade in a way consistent
with interests to efficiently manage risk, create value, and avoid
adverse price impact

Transparency of positions enables regulators to understand and
manage market power

Position transparency lets system operator optimize collateral to
reduce counterparty risk and reduce participants’ collateral costs

18



Market design, properties, and feasibility

Supply and Demand Net Demand
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Eric Budish, Peter Cramton, Albert S. Kyle, Jeongmin Lee, and David Malec, “Flow Trading,” Working Paper, Univerlsgity of
Maryland, March 2023. [Presentation]
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Infer quadratic utility from “as-bid” linear portion of demand schedule

H L
Vi(x) = pffx = 2L (6)
/

Exchange solves the problem of finding quantities x = (x3,..., x7) to solve

S, xiw;=0 (market clearing)

I
max Z Vi (x)) subject to
X
=1

0 < x; <g;forall/ (order execution rate),

(7)
Theorem 1 (Existence and Uniqueness of Optimal Quantities). There exists a unique
quantity vector x* which solves the maximization problem (7)

Theorem 2 (Existence of Market Clearing Prices). There exists at least one
optimal solution (n*,A*, u*) to the dual problem (11). The solutions x* and
(z*, A", u*) are a primal-dual pair which satisfies the strict duality relation-
ship

g =V(x"). (12)

Eric Budish, Peter Cramton, Albert S. Kyle, Jeongmin Lee, and David Malec, “Flow Trading,” Working Paper, Univerzsoity of
Maryland, March 2023. [Presentation]
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Participating in market
is straightforward

* |Inputs
* Current position
e Expected net demand by hour
* Expected day-ahead energy price by hour
* Risk attitude and cost of capital

* Trade-to-target strategy
* Adjustment to reach target (MWh)
* Flow rate to reach target (MW)

* Slope of net demand curve: how much does flow rate
increase with a S1/MWh price decrease (MW)?




Quantity Ann Ann George

MW peak off-peak 50-50
60 120 90 55
50 100 70 51
Sell -40 90 60 47
: 30 80 50 45
An example: o i 0 .
) prod ucts, 10 64 34 a1
o 0 60 30 39
3 participants 10 54 2% 37

20 50 20 33
30 44 14 31
40 40 10 27
50 30 0

60 20 -10

[Interactive Demo] 2




Lucy 60-40

Ann off-peak




Net demand by order
Quantity (MW)
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Monthly forward prices, Houston, weekday (S/MWh
48 to 1 month ahead (48 x 24 = 1152 monthly products per load zone

onths Forward [/ Month
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Prices are highest at 4pm in July (seasonal and hourly effects)




Hourly forward prices, Houston, weekday (S/MWh), 30 to 1 day ahead

30 x 24 =720 hourly products per load zone

Hourly forward price matrix for the Houston load zone
Date [ Month / Days Forward [ Day / Weekend
2022

0 29 28 27 2 2 24 22 22 21|z 19 18 17 15 15 14 13 12 1 1 3 & 7 &6 5 4 3 2 1
Jwo ¢ 8 7 6 5 24 3 2 1|3 330 29 28 27 26 25 24 23 2 2 20 13 18 17 16 15 14 13 12
Bl1 o o o o o 1 1 0o o 0 1 6o 0 0 1 1 0
0 EE 40 55 &0 43 53 53
1 20 35 54 s8 42 43 =2
2 29 28 27 44 50 | 36 44 48
2 2 26 | 23 27 42 43 42 48
4 23 27 | 22 | 26 27 o35 40 3: 20 4
5 21 25 25 40 27 42 38 37 46
27 | 2s 25 “5 | sz 55 5z 45 ~ | 55 52 57 &7 50 | 3 | 38 53
7 27 | 26 46 51 52 8 52 50 51 48 54 45 52 55 54 3 3 57
G 26 | 23 33 38 39 42 38 37 33 4 ES 42 45 50 56 44 41 63
3 27 | 25 20 |29 | 27 | 30 | | 44 37 | 40 45 53 47 44 6l
10 28 | 27 20 25 28 38 52 42 44 50 59 56 54 69
11 38 36 42 4l 45 43z 39 | as 52 51 42 48 40 47 49 72 5557 63 6 71 &7 77
12 49 44 47 48 54 43 42 | s e 63 62 60 60 72 61 B4 61 77 80 84 72 78 8 90 87 93
22 e s 77 e1 =0 47 53 e so | e s8 102 s 58 sS4 105 S7 106 S0 71 85 88 101 122 122 148 S8 S8 155

o 46 115 135 133 141 141 55 el 153 166 162 €0 66 165 191 175 178 152 77 94 150 160 193

of se [1s0 183 232 | 221 RN 262 | 266 [NBMNCEN 255 | 202 | 314 PR EEN 257 | 278 | 202

1e]| 61 REESN2070 228 70 73 226 | 252 | 265 METAMRCIEN 264 | 204 222 MNP 20 | 274 | 276

7l 47 106 112 112 119 53 55 119 111 123 138 70 76 152 175 193 82 105 188 192
:=[38 47 51 55 €3 sz 43 51 s5  e4 | 73 s2 86 63 67 93 83 100 93 104 70 81 100 102 110 120 125 98 108 150
sl 28 =2 4 4 47 41 41 48 53 53|61 65 63 49 s 72 73 83 8 91 61 65 87 98 106 113 115 87 102 138
6 46 50 45 50 B4 42 52 e 78 78 e84 83 66 82 100
29 3® 43 46 42 46 45 54 55 56 63 68
28 37 |38 42 43 45 42 54 43 51 55 57
28 39 46 45 43 47 41 55 46 54 52 57

Summer hourly price impacts are large




Flow trade rate (MW) of 4GW Load Serving Entity using straightforward strategy

Flow trade rate in straightforward strategy (MW)
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Flow trade rate (M)

E - Flow trade rate is tiny until one day before day-ahead!
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https://www.cramton.umd.edu/papers2020-2024/budish-cramton-kyle-lee-malec-flow-trading.pdf
https://www.cramton.umd.edu/papers2020-2024/budish-cramton-kyle-lee-malec-flow-trading-slides.pdf

Rolling Intraday Settlement Prices, Houston, 26 August 2023 (S/MWh)
(24 x7 +23 +22+ ..+ 1 =444 new prices)

Delivery date [ Hour of day

26 28 37
21 24 31
32 29 33
27 27 31
26 21 22
21 17 20
24 20 13
28 33 28 NG
20 G 18 22
22 20 24 26 25
25 32 ES 3135 25 e
£ 24 32 a7 47 4 a4 P
69 57 73 73 66 74 72 70 g
250 261 269 263 | 237 296 304 368 326 349 364
812 S8l 971 2 1,129 1,28 S 1,961 2,056 2,307 2,346 2,429 2,558
: 1,488 1,485 1,140 12 2 1,019 1,183 8 1 - 1,120 1,115 984
2,003 3,155 2,234 3,175 2,360 2,706 2,526 2,658 2 6 1,918 2, 1,458 1,739 1,72
3,084 3,140 3,098 3,551 3,595 2 2,505 2,494 2 0 2,143 2,047 1,665 1, 23 1,291 1,125
3177 3,347 3,142 PR
ERCEREAERERIEE T 2 666 2,426 2,293 2,152 2,190 2,349 2,32 518 1,246 1,144 1,019 1,040 1,100 570
-m 80 =5 654 575 S11 450 473 423 404 454 441 430 ERPNIEERN,
106 106 111 110 113 136 157 178 175 153 151 155 152 185 181 178 172 155
50 | 48 49 48 44 46 53 58 56 51 43 48 42 44 39 35 42 43 49 57 49 54 53
35 30 30 26 23 24 26 22 24 29 24 26 26 30 33 31 32 33 44 44 51

[ ST B O TR R S

=]

Rolling settlement especially important on summer net peak days!
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(to be do
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ne)

e Backcast, for example, ISO-NE, PJM, SPP, or ERCOT

Forecast load and renewable production (net load)
Forecast day-ahead price on forward basis

Develop parameterized trade-to-target strategies for
natural buyers and sellers

* LSEs have target positions increasing from 0% to 100%
from 48 to 1 months forward

* LSEs deviate from target positions based on slope
parameter (net demand)

* Generators have target positions increasing from 0%
to 100% from 48 to 1 months forward

* Generators deviate from target positions based on
slope parameter (net demand)

Optimize parameters to determine equilibrium
(approximate best responses)

Evaluate risk relative to unhedged positions except day-
ahead market hedges real-time price risk

Develop collateral requirements that assure resiliency

* Forecast same market but with simulated spot
market using estimated resource structure

Midway through the energy transition, 2040

* At the end of the energy transition, 2060
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Computation at secure umd.edu facility

«Compute is handled by three 96-core AMD
EPYC 4th gen servers
« 288 cores total running at 2.4GHz base
[ 3.7GHz boost
+ 1,152GB of DDR5 RAM total running at
4800MT/s (2GB per core)
» Platform supports 512-bit advanced
vector operations (AVX-512)
*High per-server core density lets us trade off
speed and efficiency:
« Assign many cores per problem: fastest
time-to-solution, fewer solutions/hour
« Assign one core per problem: Most
solutions/hour, slower time-to-solution
-Data management handled by a dedicated
database server
« 36 cores and 768GB of RAM to support
desired scale of simultaneous
simulations
* 10Gb networking throughout to ensure
fast data transfers
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