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Two-stage/Sequential Markets
ENERGY POLICY ACT OF 1992

Two-stage markets are the norm in energy systems!  msw ooy

le A—Exempt Wholesale Generators
Sec. 711. Public UtltyHld %‘C mpany Act reform.
Sec. 712. State consider: flects of power purchases on utility cost of cap-
ital; consider: fth effects of lev emg d ptal tmctures on the
reli blty fwhl ale poweraelle and ct d of adequate fuel

Sec. 713. PubF tltyhld ng companies to own interests in cogeneration facili-

Designed to incentivize transactions in the e 14 2 e

ords.
Sec. 715. Invi tmet freg-n utilities

presence of uncertainty s u:wm,:tf;;,s,.l,t;cm:?m
* Forward Market: Future contracts ° s
° Spot Market: Immediate COmmItmentS o Smte“tho::l:zi.ﬂeC——StateandlncalAuthorities
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Benefits of forward contracting
* Hedge against future risks day-ahead vs real-time prices

* Increased efficiency [Allaz & Vila ‘93]

Natural solution to electricity markets L.

* Day-ahead: Forward Market
* Hedge via a forward position

i Real-time: Spot Market >2000 1060 2060 30‘00 4060 5060 6600 7(;00 80‘00
 Correct: Last-resort/realized uncertainty Source: NYISO
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Operational Challenges in Electricity Grids

* Undesired price manipulation by market participants

e California Electricity Crisis — Enron ‘00-'01

* Today: ~2% hours with non-competitive bids in the CAISO

market (2021)

* Proliferation of renewable energy sources

Rapid growth in solar and wind energy

U.S. renewable electricity generation, including end use
AEO2021 Reference case
billion kilowatthours

2,500 2020
history | projections » Ak
2,000 | ;
| wind
1,500 | geothermal
hydroelectric
1,000 |
\
|
500 20,
0 ' : : =—4%
2010 2020 2030 2040 2050

Source: U.S. Energy Information Administration

| Day-Ahead Single Point
Prediction

Uncertainty

3,180 MW Error

Real-Time 73% Forecast Error

" |Production

Hours EST
® Real-Time Generation (MWh) B Day-Ahead Forecast (MWh)

Source: Midcontinent ISO (Jun 26, 2019)
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Dollars per Megawatt Hour
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SOURCE: Congressional Budzet Office based on data for the northem and southem regions from the California Enersy Com-
mission (available 2t www.energy.ca govielectricityfweprfmonthly._day._abead_prices hirl).

Net demand trend

System demand minus wind and solar, in 5-minute increments, compared to total system and forecasted demand.

11/01/2021 ~

MW

Download ~

Options ~

High ramp requirement

32,000

27,000

22,000 — =

Net Deman

17,000 The=SRLee—— L\

12,000

D et

7,000 A

Wind

2,000 3-hour average ramp
~7,878MW

a0 - SoOlar

0

3 4 5 6 7 8 9 10 1" 12 13 14 15 16 17 18 19 20 21 22 23 24

Hour-ahead forecast ~ ® Demand ® Net demand Solar  ® Wind

Source: California ISO

- Day-ahead net forecast
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O p p o rt un It 1eS Global cumulative energy storage installations

GW
¢ UtiIity-ScaIe Storage s Rapid growth in Energy .?;:;: —
* Rapidly growing technology 1000 Storage installations! Japan
* Can be used across all grid services (regulation, o \ 1 e
ramping, volt/var, etc.) SRR sFance
. . < & ™ _ ™ s southeast Asia
* High cost, complex to quantify 200 1L ® Latin Ameria
8= : - - ermany
. . 200 _-!:::-IIIIIIII:EfiltaedStates
* Distributed Energy Resources (DERs) . ___===;;..||||| & China
° FERC 2222 opens the door for demOCFatlzed 2018 2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040
participation in Markets Source: BloombergNEF

* Multiple types: solar, wind, batteries, smart
meters, demand response, EVs, etc. S —

* Heterogeneous functionalities/incentives / 172 FERC § 61,247 ﬁ \%
DEPARTMENT OF ENERGY

IFEDERAL ENERGY REGULATORY COMMISSION

Q1: How does participants' behavior affect 18 CFR Part 35
market outcomes? What are their incentives? | pocerno. ryi1s:9:000: 0rder No. 22221 |

NN,
I,

Participation of Distributed Energy Resource

Q2: How should new types of participants bid | Aggregations in Markets Operated by Regional

I Transmission Organizations and Independent System

)]

in energy markets?

Operators

l (Issued September 17, 2020) l LY 2$S

Enrique Mallada (JHU) 5



Unintended consequences of market designs

* The role of inelastic demand in two-stage markets

* Market power mitigation via default bids



The Role of Strategic Participants in Two-Stage
Settlement Markets

Pengcheng You, Marcelo A. Fernandez, Dennice F. Gayme, and Enrique Mallada

Preprint, August 2022




Existing Paradigm - Wholesale Energy Market Design

. . Day-Ahead F t
Generator centric view: . ayrrheadrorecas
§24000
= Day-Ahead Market (Forward Market) .
= Market clears based on demand forecasts gzm
= Account for majority of trading in market & 1000
= Hedge against uncertainty via a forward position ::

HHHHHHHHHHHHHHHHHH

28500

= Real-Time Market (Spot Market) o RS
= Market clears at faster timescale, typically 5 min

= Participants buy or sell to adjust commitments
= Correct: Last-resort/realized uncertainty

W)
5
g

inM
8

20500

Demand (
8

16500

ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

CAISO, 2021
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Two-stage Settlement in Electricity Markets “”ea?”pp'é‘f;”‘)‘:T”
= 3\

[Klemperer, Meyer ‘89]

RT \RT
bids A
BDA 5RT
|
| total generation
DA \DA
¢ A schedule ( day | qQ = qRT + C]DA
|
prices L ahead |
|
|
|
I P4 | diT total demand
d=d™ +d"4

)\RT

day ahead: forward position real time: last resort/opportunity
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Challenge: Operation Not Fully Understood

Market Power is Major Concern :
« Competitive Equilibria -> Price Convergence \P4 = \FT !
* Evidence the lack of price convergence § ]
* MISO [Bowden et al. ‘09, Birge et al. ‘18] L
* NYISO [Jha & Wolak 19, You et al. ‘19] o o
» CAISO [Borenstein ‘08] and more.. T rkeden” YISO, 2018

T T
——— Day-ahaad load
Real-time oad

Is the Spot Market Operating as Last Resort?
 Systematic bias in real-time demand

Our focus: Understanding the role of strategic load
participants

Feb Apr Jun Aug
Time of year 2018

Dec

NYISO, 2018
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An Extensive-Form Game

* Between G homogeneous generators and L heterogeneous inelastic loads
* Perfect foresight and complete information

Quadratic cost Individual generator 7 € G

1
50(61}-)‘4 +¢/t)?

Day-ahead market Real-time market _
Day-ahead Real-time

. DADA __ DA _ .
market clearing | >_ 87" AP =) d D BT =% df" | market clearing
JEG lel J€g lel
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An Extensive-Form Game

* Between G homogeneous generators and L heterogeneous inelastic loads
* Perfect foresight and complete information

Linear supply

Quadratic cost IndiVifum generator j € § function bid
DA DANDA §C(q‘7DA * QfT)2 RT RT/RT
g =B A g =8 A
Day-ahead market Real-time market _
Day-ahead . o U o Real-time
market clearing | >_ 87" AP =) d D BIART =3 "4 market clearing

JEG lel JEG lel
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An Extensive-Form Game

* Between G homogeneous generators and L heterogeneous inelastic loads
* Perfect foresight and complete information

Linear supply

Quadratic cost IndiVifum generator j € ¢ function bid
50(61}-)‘4 +¢/t)? o

quA _ BJDA)\DA qJRT _ BJRT)‘RT

A 4 \ 4

Day-ahead market Real-time market _

Day-ahead . o U o Real-time
market clearing | >_ 87" AP =) d D BIART =3 "4 market clearing
JEG lel JEG lel
dDA dRT
l Individual load l € £ - o
Quantity bid
d; = dP + df*t
7

Inelastic demand

Enrique Mallada (JHU) 10



An Extensive-Form Game

* Between G homogeneous generators and L heterogeneous inelastic loads

* Perfect foresight and complete information

Individual generator j € G

1 A
§C(qu +q;")?

qu_)A — gDA)DA qJRT — BRT\RT
Day-ahead market Real-time market
Z ,BJ-DA)\DA — Z dlDA Z,BRT)\RT ZdRT
jEG leL JEG leL
dDA dRT
: Individual load I € £ ’

dy = dP4 +df"

Enrique Mallada (JHU)

Generation goal

1
max )\DA DA_|_)\RT RT__C(qj)Q
gPAgRT 2

A
s.t. g = qu + qu

Demand goal

max APAqPA L \ETGRT
dDAdRT

s.t.  dp =dPA 4+ dftt

10



Model: Nested Game

* Real-time subgame: given day-ahead market outcome
* Day-ahead competition: anticipate real-time market outcome (global view)

Individual generator 7 € G

DA DA RT RT _RT 1 DA RT\2
[ 5?1?}2{0)\ 4G T ] [é%@go)\ 4G - 50(%‘ +g; )J
optimal real-time profit BRT
RTx (DA, pDA DA J
Uy *(5] 7/8—j ,d=7)
{ Day-ahead market ] [ Real-time market ]

de’ |dﬁT

Occur later

Enrique Mallada (JHU)
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Model: Nested Game

* Real-time subgame: given day-ahead market outcome
* Day-ahead competition: anticipate real-time market outcome (global view)

Individual generator 7 € G

[ 5??}2{0 ADADA | RT ] [5?7??) AR RT _ %C(qu_m n qu)QJ
gPA BET
{ Day-ahe;d market ] { Real-time market ]
real-time price 4PA “ “leT
)\RT* (dlDA; d?lA, BDA) — '

>0,dfiT e
dP A+ =d | Occur later
Individual load [ € £ |

Enrique Mallada (JHU)
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Market Participant Types

* Price taker participants: respond (bid) optimally to given prices

* Competitive equilibrium
* A set of two-stage bids (P4, BRT, dP4, dRT) and prices (1P4, ART) s t.
* Bids are optimal for individual participants, given the prices;
* Supply matches demand in both stages.

* Strategic participants: anticipate
 Bidding impacts on clearing prices (through power balance);
* Day-ahead bidding impact on real-time market outcome;
* Nash equilibrium
* A set of two-stage bids (P4, BRT, dP4, dRT) and prices (1P4, ART) s t.
* Bids are optimal for individual participants, given others’ bids;

* Symmetric decisions for homogeneous generators:
e Supply matches demand in both stages.



Market Equilibria Characterization Recall: Homogeneous

Generation: ¢; = ¢
* Competitive equilibrium
* Equal two-stage prices at marginal cost )\DPA* — \ET* — ézl ; d,
* Any combination of bids with two-stage power balance ©
1

Generator: P4 + giT™* — - Load: dP#* + dft’™ =,
* Nash equilibrium ; a1 .
. : . DAx _ C\RT* RT'~ _ 2 =~ %
No price convergence: AT = 1 A with A C 2 G ZZEE di

* Demand allocation:

YecdPt LG —-1)+1
lZz;dz TG -1) ¢ (0. 1)

G: num. of gens (G >=3 for NE with strategic gens)

Enrique Mallada (JHU) 14



Quantification of Market Power Recall: Homogeneous

Generation: ¢; = ¢

* Total generation cost: optimal and fixed at all equilibria
* Reason: Generator symmetry and load inelasticity

* Market surplus allocation

Surplus: negative total generation
Profit of generators cost at equilibrium

Payment of loads

Enrique Mallada (JHU) 15



Surplus Allocation

* Inter-group market power shift
* More degree of flexibility for generators;

Generator centric view

Generator profit:

1 (X, di)? 1+ 1 .c(zleﬁdl)Q
9 G2 | 2 G- G2

Competitive equilibrium NE with strategic gens

Enrique Mallada (JHU)



Surplus Allocation

* Inter-group market power shift
* More degree of flexibility for generators;
* Loads offset generators’ market power by

: . Generator centric view
* allocating demand strategically;

1 c(Xiepd)? — <1+—1 ) c(Xiep i)’

Generator profit: 5 Q2 2 ' G —9 12
Competitive equilibrium \ NE with strategic gens
i 1 1 1 (Zleﬁ dl)z: L(G - 1) +1 . ¢ (Zleﬁ dl)2
\2 " G-2 G2 ' (L+1)%(G-2) G2
|

NE with strategic gens and loads

Enrique Mallada (JHU)



Surplus Allocation

Normalized Agg. Generator Profit

. 5
* Inter-group market power shift 3
« More degree of flexibility for generators; 2 =
* Loads offset generators’ market power by L 5 B
* allocating demand strategically; ﬁ
1 c (Zle/; dl)2 15 -
Generator profit: 5 2 14 -
Competitive equilibrium \ Phroeoen e 2’\° LG
(Lo gy) St O D+l c(Eiepd)
\2 " G-2 GZ ' (L+1)2(G-2) G?
|

NE with strategic gens and loads

Enrique Mallada (JHU)

1.8

1.6

1.4

1.2

0.8

0.6
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Surplus Allocation

* Inter-group market power shift

* More degree of flexibility for generators;
» Loads offset generators’ market power by L

* allocating demand strategically;

Generator profit:

1 c (Zle/; dl)2

2

G2

PR WON—_2O0OO0ONOOOIRRWN—

— b — bk b

Competitive equilibrium \

Normalized Agg. Generator Profit

D ™0 0A DD, N LD
G

NE with strategic gens and loads

Reversal of market power: General Condition

gen profit
NE both strategic

gen profit
Comp. Equilibrium

<

Enrique Mallada (JHU)

1 ).c(Zleﬁdz)Q: LG-1)41 cCepd)
G? ' (L4+1)2(G—2) G2

G>L+3

2

1.8

1.6

11.4

11.2

1

0.8

0.6
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Surplus Allocation

* Intra-group market power shift
* Load payment reduced by a fixed amount, regardless of load size;

______________ I Normalized Agg. Load Payment

G—1 ¢ ey d S LG -1+ (X di)

G—2 G " L(L+1)2(G-2) G

I NE with strategic gens | L

2
1.8

1.6

1.4

NE with strategic gens and loads
* Relatively, small loads are favored,;
* Incentive to split instead of aggregation

1.2

1

0.8

ORWN—_L0OCONOORARWN =

— b —t b b

0.6

* Special Case: virtual bidding BhReEAE ‘%50«'\«%‘5«%
* aload bidder with d; = 0, its payment (negative profit):

L'(G—-1)+1 . C(Zleﬁ d;) \DAx _ \RTx 1

CL(L+1)2(G-2) G ADAs T I e

~
-

L’= L+ num. of virtual bidder
Enrique Mallada (JHU) 16



Unintended consequences of market designs

* The role of inelastic demand in two-stage markets

* Market power mitigation via default bids



Market Power Mitigation in Two-stage Electricity
Markets with Supply Function and Quantity Bidding

Rajni Kant Bansal, Yue Chen, Pengcheng You, Enrique Mallada
IEEE TEMPR, September 2023




Recall: Two-Stage Standard Market

| Individual generator j € G
Maximize Individual Profit

BjDA )\DA 5RT )\RT

(" Day-Ahead Market Real-Time Market

Z BjDA)\DA — Z dlDA Z BJRTART — Z leT

Kjeg leL p \jeg lel y
)\DA dlDA )\RT
Individual load [ € £
Minimize Individual Payment

Enrique Mallada (JHU)

linear supply function

0 = 67N\

[Klemperer, Meyer ‘89]

generation goal

max )\DA DA_I_)\RT RT

DA _RT
qJ qJ

s.t. g = qj 44 qu

~2ela;)

demand goal

max APAqPA L \BTGRT
dDAdRT

s.t.  dp =dPA 4 dftt

18



dP#: Day-ahead allocation of load !

Equilibrium Analysis Summary dRT: Real-time allocation of load [
Market Competitive Equilibrium Nash Equilibrium
RT _ 3DA _ 21 DA | JRT _ pa_ L gr 24
Standard A A IRk dr +d; d, A — 1/1 , > d, <1

Enrique Mallada (JHU) 19



Market with Market Power Mitigation Policy

Day-Ahead MPM (DA-MPM) Policy
Individual generatorj € G ]

Real-Time MPM (RT-MPM) Policy

Individual generatorj € G ]

Maximize Individual Profit Maximize Individual Profit

A a

|
|
; .
D DA RT RT DA DA R RT
5; A B; l A B; A B; A
Day-Ahead Market ) ([ Real-Time Market ) E "Day-Ahead Market ) [ Real-Time Market )
1 :
S =y | | g [ | eyt | [ (e
QGQ J lel p \J'Gg lel y : \jeg leL p ('eg € lel y
A a | A A
DA DA RT |
A dl A | leT )\DA dlDA )\RT
Individual load [ € L ! Individual load [ € L
Minimize Individual Payment ! Minimize Individual Payment

*Assumption: Substituting with default bids — market estimates ¢; = ¢; + & > ¢;

Enrique Mallada (JHU) 20



Main Results: Real-Time Market Power Mitigation (RT-MPM)

Nash Equilibrium

= Does not exist!

= Gens and loads incentivize to make bids

]DA — 0 and demand dP4 - 0

Competitive Equilibrium
= Same as the standard market

= Approximately efficient but non-unique
= Equal Prices at approx. marginal cost:
ART — /1DA —

= Prices are not clearly defined
DA

A1
2jeg ¢

/1DA —

= | oad allocation:

Z-BDA_)?
d{)A_I_d{?T:dl 1]

*R. K. Bansal, Y. Chen, P. You, and E. Mallada, Market Power Mitigation in Two-stage EIectri;ity Market with Supply Function and Quantity Bidding, arXiv:2301.04267
*R. K. Bansal, Y. Chen, P. You, and E. Mallada, Intercept Function Bidding in Two-stage EIGEtFicity Matkét With Market Power Mitigation, arXiv:2308.05570
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Equilibrium Analysis Summary

dP4: Day-ahead allocation of load [
dX": Real-time allocation of load [

Competitive Equilibrium

Nash Equilibrium

2 d L Y, dPA
/1RT — /‘{DA — , dDA 4+ dRT = d DA _ RT 1“1 1
Standard Y ol l l 1| A Tt S, <
JRT — DA — 21 di dPA 1+ 4RT — 4 No Equilibrium
RT-MPM > CJ—1' l l L dPA S 0

Enrique Mallada (JHU) 22



Market with Market Power Mitigation Policy

Day-Ahead MPM (DA-MPM) Policy
Individual generatorj € G ]

Real-Time MPM (RT-MPM) Policy

Individual generatorj € G ]

Maximize Individual Profit Maximize Individual Profit

A a

|
|
; .
D DA RT RT DA DA R RT
5; A B; l A B; A B; A
Day-Ahead Market ) ([ Real-Time Market ) E "Day-Ahead Market ) [ Real-Time Market )
1 :
S =y | | g [ | eyt | (e ra
QGQ J lel p \J'Gg lel y : \jeg leL p ('eg € lel y
A a | A A
DA DA RT |
A dl A | leT )\DA dlDA )\RT
Individual load [ € L ! Individual load [ € L
Minimize Individual Payment ! Minimize Individual Payment

*Assumption: Substituting with default bids — market estimates ¢; = ¢; + & > ¢;

Enrique Mallada (JHU) 23



Main Results: Real-Time Market Power Mitigation (RT-MPM)

Nash Equilibrium

I . 1_ c—£(6-2)
Exists for: G = 3, 7 = =505

= Mild reduction in the market power
= Prices as in the standard NE:
/1DA — L /‘{RT
L+1

= | oad allocation:

pa_ € L G—lz
Zdl T c+elL+1G-2 l d

Competitive Equilibrium
= Same as the standard market

= Approximately efficient but non-unique
= Larger prices than true marginal cost:

/‘{RT — ADA —

-1
2jeg €

= | oad allocation:

zdlDA Z](CJ-I_EJ) Z

l
Total rj,NE:D " (normalized with CE) Total 7rj NESErdaRs (normalized with CE) Total pI,NE:D T (normalized with CE) Total pI'NE:Stan o (normalized with CE)
AR D198 0.86 0.79 0.75 0.71 0.69 0.67 0.66 0.65 0.64 0.63 0.63 K] 0.83 0.75 0.70 0.67 0.64 0.62 0.61 0.60 0.59 0.58 0 .09 0:93 0.89 0.87 0.86 0.85 0.84 0.83 0.83 0.82 0.82 0.81 J§¥] 092 0.88 0.85 0.83 0.82 0.81 0.81 0.80 0.80 0.79 0 2
2 JI]j0I95 0.87 0.82 0.78 0 0 0 0 0.70 0.69 0.69) 1.89 ¥ 0.89 0.82 0.78 0 0 0.70 0.69 0.68 0.67 0 1053/0.97 0.93 0.91 0.89 0 0 0.86 0.86 0 R:MR:ZY (1.44 (1.11 0.94 091 0 0 0.86 0.85 0.84 0.84 0.83 0.8
3 N I0eA091 0 0.84 0 0.80 0 0 0 0 1.38(1.12] 092 0.88 0.84 0.81 0 0 0.76 0 0 1<) 0.98 0.95 0.93 0.92 0 VRO RO R R:] (1.56(1.191.06 0.96 0.94 0.92 0 0.90 0.89 0.88 0.87 0.8 1.8
34 EBE 1K0510.98 0.94 0.91 0.88 0.86 0 0.84 0.83 0.8 24 1.48 |1.2141.08 0:95'0.91 0.88 0.86 0.84 0.83 0.81 0.80 .07 [1.02 0 0.95 0.94 0.93 0.92 0.92 0.91 0.9 1.24(1.11j0.04 0 0.95 0.94 0.93 0.92 0.91 0.91 0.90
== 5 1.111.04 0.96 0.93 0.91 0.89 0.88 0.87 0.86 =11.56|1.28 |1.1441.06 0.96 0.93 0.91 0.89 0.87 0.86 0.8 .05(1.02 0.98 0.97 0.96 0.95 0.94 0.94 0.9 ::)1.28(1.141.07 |1.03 0.98 0.97 0 0.94 0.94 0.93 0.9 1.6
% 6 1.15{1.08/1.03 0.9710.950:93]10:92]0:911 0:90 2.47 FE-INEEEIERE] IRTIENTE 0.97 0.95 0.93 0.91 0.90 0.89 f.08/1.04 0.98 0.97 0.97 0.96 0.95 0.9 1.31/1.16]4.0911.05|1.02 0.98 0.97 0.96 0.96 0.95 0.9
g 7 1.19/1.11}j1.06 |1.03 0 0 0 0 0 1.36(1.22|1.13§1.07 |1.03 0.98 0.96 0.94 0.93 0 09/1.06/1.03 0.98 0 0.97 0.9 1.33/1.18/1.11§1.07 [1.04 0.99 0.98 0.97 0.96 0.9 1.4
- 8 1.14§1.09/1.05|1.02 0 0 0 0 1.40(1.25|1.16§1.10,1.06|1.02 0.98 0.96 0.95 0 1.071.04/1.03 0.98 0.98 0.9 c11.35/1.20 1. 12'1 08/1.05(1.03 0.98 0.98 0.9
"6 9 1.16/1.11]j1.071.04 |1.02 0 0 0 1.42(1.27(1.18(1.12]j1.08|1.04|1.02 0.98 0.97 0 1.08|1.06|1.04 |1.02 0.99 0.98 3l 1.36 |1.21 1.14'1.09 1.06|1.04|1.02 0.98 0.9 1.2
=10 1.18 1.13'1.09 1.06/1.041.02 0.98] 2.6 211.44|1.29 |1.20 |1.14]}1.09.1.06|1.04|1.02 0.99 0 1.09/1.06|1.04|1.031.02 :k41.37(1.22|1.14]01.10/1.07 | 1.051.03|1.02 0.9
2 11 1.20/1.14j1.10,1.07 |1.05|1.03 |1.02 68 1.46|1.31(1.21(1.15|1.11§1.08 | 1.05 | 1. u 0.99 | 1.10/1.07|1.05|1.04 |1.03 ‘WR:ZY1.38(1.23|1.15(1.11§1.08 | 1.05|1.04 | 1.03 1
12 1.16/1.12)§1.09|1.06 |1.04 |1.03 0 :41.47(1.32(1.23(1.17 1.12'1.09 1.06/1.04|1.03 .08/1.06(1.04 |1.03 |1.02 :91.39(1.24|1.16 1.11'1.08 1.06|1.04|1.03/1.02
13 1.17/1.13j1.10/1.07 |1.05|1.04|1.03 :0011.491.33(1.241.181.13]1.10/1.07|1.05|1.04 [ 1.02 i J.08[1.06/1.05(1.041.03|1.02 :11.40(1.24[1.17[1.12]1.091.07|1.05/1.04/1.03|1.02 0.8
14 1.18/1.14/1.11}§1.08 |1.06 |1.05|1.03|1.02 AR RCEN 1.50 (1.34(1.25(1.191.14[1.11]1.08|1.06| 1.05/1.03 1.02| I1.09 1.07/1.05{1.04|1.03|1.02|1.02 74 1.40(1.25(1.17 |1. 12'1 .09(1.07/1.05/1.04|1.03|1.02
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Equilibrium Analysis Summary

dP4: Day-ahead allocation of load [
dX": Real-time allocation of load [

Competitive Equilibrium

Nash Equilibrium

2 d; L Y, dPA
/1RT — /1DA — ’ dDA 4+ dRT = d DA _ RT el 1
Standard Y ol z z L 4 Tt S, <
ART — 2DA — 2 d; dPA & 4RT — 4 No Equilibrium
RT-MPM = = Z]_ éj—l’ l L= ™ dP4 - 0
- DA
i d; szfA Zj(cj +€j) ! DA L RT Zldl
) RT _ 3DA _ _ APA = — & <1
DA-MPM A A ST 3,dPa I+ 1 > d,

Remarks:
= CE is efficient, unique and aligns with the standard market
= NE does not always exist

= DA-MPM results in mild market power mitigation, while RT-MPM leads to
undesirable market outcome
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Summary

* The role of strategic load participants in two-stage markets
* Modeling framework that accounts for gen and loads’ strategic behavior.
 Existence and uniqueness of Nash equilibrium
* Quantification of market power shift among participants

* Take-away messages:
* Accounting for load behavior is critical
* Competitive two-stage markets do not incentive clearing all the demand in day ahead
* Loads can only manipulate prices if generators are strategic!
* Generator’s profit can be below the competitive eq. profit

* Analysis further allows characterization of the impact of many policies, e.g.,
* Virtual bidding -> benefits from load market power
» Default-bid market power mitigation policies
e Real-time transaction charges



Thanks!
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